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Structural and functional abnormalities in the
medial prefrontal cortex were associated with pain
and depressive symptoms in patients with

adhesive capsulitis
Jie Li®, Rui ZhaoP, Chenguang Wang®, Jiajun Song®, Xing Guo®, Yeqi GeP, Xu Chu®*

Abstract \
Introduction: Chronic pain and depression have been shown to coexist in patients with adhesive capsulitis (AC). Recent studies
identified the shared brain plasticity between pain and depression; however, how such neuroplasticity contributes to AC remains
unclear. Here, we employed a combination of psychophysics, structural MRI, and functional MRI techniques to examine the brain’s
structural and functional changes in AC.

Methods: Fifty-two patients with AC and 52 healthy controls (HCs) were included in our study. Voxelwise comparisons were
performed to reveal the differences in grey matter volume (GMV) and regional homogeneity (ReHo) between AC and HCs.
Furthermore, region of interest to whole brain functional connectivity (FC) was calculated and compared between the groups.
Finally, Pearson correlation coefficients were computed to reveal the association between clinical data and brain alterations.
Mediation analyses were performed to investigate the path association among brain alterations and clinical measures.

Results: Three main findings were observed: (1) patients with AC exhibited a higher depression subscale of hospital anxiety and
depression scale (HADS-D) score correlating with the GMV within the right medial prefrontal cortices (mPFC) compared with HCs;
(2) relative to HCs, patients with AC exhibited lower ReHo within the right mPFC, which largely overlapped with the structural
abnormalities; (3) the impact of pain duration on HADS-D score was mediated by ventral part of medial prefrontal cortices (vmPFC)
GMV in patients with AC.

Conclusion: In summary, our current findings suggest that vmPFC alterations correlate with both the pain duration and the
emotional comorbidities experienced by patients with AC. Our research provides an enhanced comprehension of the underlying
mechanisms of AC, thereby facilitating the development of more effective treatment approaches for AC.
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1. Introduction 3 years.?>28 Typically, the pain associated with AC has been

Adhesive capsulitis (AC), more commonly known as “frozen
shoulder,” is characterized by chronic pain and night pain,
affecting approximately 2% to 5% of the global population.®! This
condition has a large impact on an individual’s health and
economic status, with a duration ranging between 1 and

attributed to peripheral origins, stemming from the local in-
flammation and fibrosis of capsular tissue.® However, recent
research has shown that central pain mechanisms also have
acrucial role in patients with AC.*2*25 Furthermore, patients with
AC are at an increased risk of poor mental health due to persistent
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pain.? Research indicated that individuals enduring prolonged
pain frequently manifest symptoms of depression, with as many
as 85% of those grappling with chronic pain being affected by
severe depressive symptoms.® Furthermore, chronic pain
patients with psychological comorbidities such as depression
are also likely to have a worse outlook than those who only
experience chronic pain.?57:9:11.35

Over the past decades, research has demonstrated the
bidirectional relationship between pain and depression in
individuals experiencing chronic pain. Kroenke et al."” conducted
a longitudinal study that showed that pain was a powerful
predictor of future depression severity, and depression was
equivalently strong in predicting future pain intensities. To further
investigate this issue, recent studies have conducted neuro-
imaging techniques to investigate the neural correlates underlying
the mutual association between pain and depression. These
studies have shown a considerable amount of overlap between
brain functional and morphological changes in neuroplasticity
and neurobiological mechanisms caused by pain and depres-
sion.'®1433 The demonstrated significance lies in the shared
brain plasticity contributing to the concurrent onset and
advancement of chronic pain alongside depression. For example,
research has revealed a substantial overlap of brain regions
involved in mood regulation and pain modulation, such as the
prefrontal cortex, thalamus, insular cortex, anterior cingulate,
amygdala, and hippocampus. This structural basis supports the
coexistence of pain and depression.'0:14:16:21:22.30 Noreover,
studies focused on the molecular mechanisms associated with
chronic pain, and depression-induced neural plasticity changes
have also identified the shared molecular changes in both pain
and depression. These results demonstrated that the neuro-
plasticity associated with the cooccurrence and development of
chronic pain and depression may involve the same brain
structures, neurotransmitters, and signaling pathways. '
However, the precise neural mechanisms underlying the contri-
bution of cortical plasticity to AC remain largely unknown.
Furthermore, the association between these neural plasticity
changes and pain-associated emotional comorbidities has not
been extensively investigated.

Therefore, in this study, we employed a combination of
psychophysics, structural MRI, and functional MRI techniques to
examine the brain’s structural and functional changes in AC. We also
examined the association between these brain alterations and the
duration of pain, as well as pain-related emotional comorbidities
assessed using the hospital anxiety and depression scale (HADS).
By conducting these investigations, our study aims to enhance our
comprehension of the underlying mechanisms involved in AC
pathogenesis, thereby establishing a robust foundation for the
mechanism-based diagnosis of patients with AC.

2. Methods

2.1. Subjects

The Institutional Review Board of Xi’'an Honghui Hospital
approved this study, and each participant was provided with
written informed consent before each procedure. During 2022 to
2023, atotal of 54 individuals with a primary diagnosis of adhesive
capsulitis, along with 52 healthy controls (HC) were included.
To validate the reproducibility of our results, we used an
external data set using the same inclusion and exclusion criteria.
The external validation set included part of the data of an ongoing
prospective clinical trial registered in the China Clinical Trial
Registry (ChiCTR-2100047183). A total of 31 patients with AC
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and 32 HC were included in the Tianjin Medical University General
Hospital.

The inclusion criteria for patients with adhesive capsulitis were
as follows: (1) the external rotation of the affected shoulder was
reduced by 50%, in comparison to the unaffected shoulder,
which was below 30’; (2) the range of movements were reduced
by 25% in at least 2 planes when compared with the unaffected
shoulder; (3) the duration of the symptoms was more than 3
months; and (4) normal X-rays of shoulder. Exclusion criterion
included the following: (1) patients with secondary adhesive
capsulitis and other shoulder conditions (eg, injury, infection,
arthritis, cervical radiculopathy, previous surgery, etc.); (2) other
chronic pain issues such as fibromyalgia, rheumatic diseases,
and the like; (8) other comorbidities include cardiovascular,
neurological, and cognitive diseases; (4) patients who were on
antidepressants and/or anticonvulsants; and (5) cannot complete
the fMRI scan.

The same exclusion criteria for both data sets were applied to
healthy participants except for the diagnosis of adhesive
capsulitis.

2.2. Clinical assessment

For both data sets, all patients with AC were assessed within
1 week before their fMRI scan and were clearly instructed to
indicate the mean level of pain intensity (for the last month) with
a numerical rating scale (with values ranging from 0 to 100;
0 indicating no pain, 20 indicating threshold pain, and 100
indicating intolerable pain), as well as to report the duration of their
pain in months. Both patients with AC and HC were evaluated
using the HADS within 1 week before their fMRI scan. This study
used the Chinese version of HADS, which is a self-report measure
containing 7 items to measure anxiety (HADS-A subscore) and 7
items to measure depression, each scored from 0 to 3 (HADS-D
subscore).?°

2.3. Data acquisition and preprocessing steps
2.3.1. Data acquisition for discovery data set

A 64-channel phase-array head-neck coil was used with a 3T MR
scanner (MAGNETOM Prisma, Siemens, Erlangen, Germany) for
acquiring fMRI data. To reduce unconscious movement,
participants were provided with a sponge pad for head support
and directed to remain still. Furthermore, patients were asked to
close their eyes and maintain an impartial mental state, while
staying alert. The fMRI scanning was conducted with a simulta-
neous multislice gradient-echo echo-planar imaging (EPI) se-
quence with a repetition time (TR) of 800 milliseconds, an echo
time (TE) of 30 milliseconds, an in-plane resolution of 3 mm X
3 mm, a field of view (FOV) of 222 mm X 222 mm, a flip angle
(FA) of 54°, a matrix of 74 X 74, a slice thickness of 3 mm, several
slices of 48, a bandwidth of 1690 Hz/pixel, no gap, parallel
acquisition techniqgue mode, slice orientation of transversal,
a slice acceleration factor of 4, and a phase encoding
acceleration factor of 2. Four hundred fifty functional images
were acquired in a total time of 6 minutes. The 2-inversion
contrast magnetization prepared rapid gradient echo sequence
(MP2RAGE) was employed to acquire a high-resolution 3D T1
structural image in 6 minutes and 42 seconds. The parameters
used included an inversion time (TI1/TI2) of 700 milliseconds/
2110 milliseconds, TR/TE of 4000 milliseconds/3.41 millisec-
onds, matrix of 256 X 240, FA1/FA2 of 4°/5°, FOV of 256 mm X
240 mm, slice thickness of 1 mm, number of slices of 192, and
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slice orientation of sagittal with an in-plane resolution of
1T mm X 1 mm.

2.3.2. Data acquisition for external validation data set

Data were acquired using a 3.0T magnetic resonance scanner
(Discovery MR750, General Electric, German) with a 20-channel
phased-array head coil. Functional images were collected using
a gradient echo-planar pulse imaging (EPI) sequence with the
following parameters: repetition time = 2000 milliseconds, echo
time = 30 milliseconds, flip angle = 90°, field of view = 240 mm X
240 mm, matrix = 64 X 64, 38 slices, and slice thickness = 3.0
mm. A total of 180 images were collected in 6 minutes. Structural
images were collected using a 3D T1-weighted image (3D T1WI)
for coregistration and normalization of functional images with the
following parameters: sagittal acquisition, repetition time: 7.8
milliseconds, echo time: 3.0 milliseconds, inversion time: 450
milliseconds, flip angle: 13°, field of view: 256 mm X 256 mm,
matrix: 256 X 256, 180 slices, and slice thickness: 1.0 mm.

2.3.3. Preprocessing steps

Data preprocessing in this study was done with the Data
Processing Assistant for rs-fMRI (DPARSF; http://www.restfmri.
net/forum/DPARSF) toolbox. The preprocessing steps included
the following: (1) 10 time points from each scan were excluded
due to magnetization stabilization and acclimation; (2) Motion
correction was done through the realign function embedded in
the DPARSFA toolbox to eliminate the influence of head
movement; (3) the T1 images were coregistered to functional
images and normalized to the MNI template; (4) the voxels of
functional images were resampled to 3 X 3 X 3 mm?; (5) linear
drift, mean global signal, white matter signal, CSF signal, and
friston-24 parameters were regressed out as covariates; (6) the
scrubbing process was conducted on time points with high
motion; and (7) a filter step was performed across 0.01~0.08 Hz
to eliminate high-frequency noise. The data obtained were then
used for further analysis.

2.4. Brain functional and structural metrics
2.4.1. Grey matter volume

The T1-weighted images were used to conduct voxel-based
morphometry (VBM) analyses to obtain whole brain grey matter
volume for both patients with AC and HC. The preprocessing
steps for the high-resolution T1-weighted images by means of the
Computational Anatomy Toolbox (CAT12) and SPM12 included
(1) manually aligning the images to the anterior commissure
orientation after inspecting for any artifacts or gross anatomical
abnormalities for better registration; (2) splitting them into the
cerebrospinal fluid (CSF), white matter (WM), and gray matter
(GM) after adjusting for inhomogeneities in the signal; (3) through
DARTEL with nonlinear registration to a standard space, followed
by a linear and nonlinear intensity adjustment based on the
Jacobian determinant from the deformation fields; (4) finally
summing the volumes of the segmented CSF, WM, and GM
compartments to calculate the intracranial volume. Finally, the
resultant brain maps were z-scored for further analysis.

2.4.2. Regional homogeneity

The regional homogeneity (ReHo) value was calculated as
follows: The preprocessed data were used to calculate the
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similarity between a single voxel and the surrounding 27 voxels
through Kendall coefficient of concordance (KCC) based on
ReHo, to measure the similarity of the time series in the functional
cluster. Subsequently, the individual’s ReHo image was normal-
ized by dividing it by the mean ReHo value for the entire brain of all
participants in the group. Finally, the ReHo brain map was then
spatially smoothed using a 5-mm smooth core and z-scored for
further analysis. Regional homogeneity reflects the synchroniza-
tion of the fMRI BOLD signal between neighboring voxels,
providing a measure of local connectivity. By contrast, grey
matter volume (GMV) reflects structural volume differences, not
function. Although GMV shows structural abnormalities, ReHo
can reveal additional insights into functional changes.

2.5. Functional connectivity

Following the between-group comparison of ReHo and GMV to
identify significant regions, a post hoc functional connectivity (FC)
analysis was performed on 2 regions of interest (ROIs). Significant
clusters were analyzed by drawing spheres with a radius of 5 mm.
Two ROls were then defined, namely, the right ventral part of
medial prefrontal cortices (vmPFC) (%, y, z: 3, 63, 0) and left
amygdala (x, y, zz =18, —3, —12). The average temporal series
across all the voxels present in the ROIs was extracted, and the
voxelwise functional connectivity was calculated. This resulted in
ROI to whole brain FC maps, which were then converted to
z-scores for further statistical analysis.

2.6. Statistical analyses

The differences in ReHo, FC, and GMV were investigated using
voxelwise 2-sample t-tests between AC patient’s HCs within
a gray matter mask. False discovery rates (FDR) correction was
performed to address multiple comparison issues. The voxel-
level significance threshold was set to P < 0.001, and the cluster-
level significance threshold was set to P < 0.05 using SPM12
(http://www fil.ion.ucl.ac.uk/spm). Pearson correlation analyses
were performed to reveal the association among clinical
measures and were also performed to assess the relationship
between brain alterations in patients with AC and clinical
measures. Bonferroni correction was performed for multiple
comparison correction, and the significant threshold was set to
P < (0.05/number of correlation performed for a given analyses).

Furthermore, to investigate the path association among pain
duration, HADS-D subscore, and brain abnormalities in patients
with AC (eg, altered GMV within vmPFC identified by voxelwise
comparison), mediation analyses were performed. Considering
there is no empirical evidence suggesting the directional
association between pain duration and HADS-D score, 2 models
were tested: (1) in which GMV of vmPFC was the mediator, pain
duration was the independent variable, and HADS-D subscore
was the dependent variable; and (2) GMV of vmPFC was the
mediator, HADS-D subscore was the independent variable, and
pain duration was the dependent variable. The mediatory
association was investigated through a bootstrapped mediation
analysis to determine whether the total effect (path c) and the
direct effect (path c¢’) that involve the mediator (M) show
a substantial distinction. The PROCESS macro (www.process-
macro.org, version 2.16.3) in SPSS (IBM, version 23.0) was used
with 2000 bootstrap samples to identify 95% confidence intervals
for the components of the model. Statistically significant
mediation is present when the upper and lower 95% confidence
intervals  (Cls) determined through bootstrapping do not
contain zero.
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Demographic data of the discovery and external validation data set.

Discovery data set Validation data set
AC HC P AC HC P
Age 48.1 £ 10.2 473 75 0.64 474 =113 478 £ 7.2 0.87
Gender (F/M) 26/26 26/26 1 15/16 14/16 0.89
Education (y) 89 *52 9478 0.70 78 =64 76 *+52 0.89
Trait pain intensity 534 £ 111 N/A N/A 574 =132 N/A N/A
PD (mo) 97 +23 N/A N/A 99+ 30 N/A N/A
HADS-D 85+23 42+15 <0.001 92=*15 3817 <0.001
HADS-A 7122 40*+14 <0.001 73*x22 41+13 <0.001

AC, patients with adhesive capsulitis; F, female; HADS-A, anxiety subscale of hospital anxiety and depression scale; HADS-D, depression subscale of hospital anxiety and depression scale; HC, healthy controls; M, male; PD,

pain duration; PT, pain threshold; trait pain intensity, measure by numerous rating scale range from 0 to 100.

All analyses were performed in both the discovery data set and
external validation data set, respectively, to validate our results. It
should be noted that due to the relatively small sample size of the
validation set, we performed the statistical analyses within
preidentified brain regions (eg, GMV, ReHo comparison) obtained
in the discovery set.

3. Results

3.1. Demographic data

The demographic information and clinical assessments for both
discovery and external validation data sets can be found in
Table 1. There is no significant difference between patients with
AC and HCs regarding age, sex, or education years (P > 0.05).

3.2. Clinical assessment

Relative to HCs, AC patients exhibited a significantly higher level
of depression and anxiety score measured by HADS for both the
discovery and validation set (Table 1, Fig. 1A, B). The association
among clinical measures in AC patients for both the discovery
and validation sets was illustrated in heat maps (Fig. 1C, D).
Specifically, a mild positive association was observed between
HADS-A and HADS-D scores (discovery set: R = 0.32, P = 0.02;
validation set: R = 0.27, P = 0.13), and a positive relationship was
observed between HADS-D and pain duration in AC patients
(discovery set: R = 0.63, P < 0.001; validation set: R = 0.54, P =
0.002, survived Bonferroni correction). The scatter plots were
also illustrated in Figure 1E, F.

3.3. Grey matter volume, regional homogeneity, and Region
of Interest-to-whole-brain functional connectivity

In this study, we observed significantly lower GMV within the left
amygdala and right vmPFC in AC patients relative to HCs
(Fig. 2A; Table 2). Compared with HCs, AC patients also
exhibited a significantly lower ReHo within the right vmPFC

Grey matter volume differences between patients with adhesive
capsulitis and healthy controls.

Brain regions Peak MNI (x, y, 2) Voxels T value
Left amygdala —18 =3 —12 204 —-8.7
Right mPFC 3 63 0 323 -9.4

The clusters exhibited significant between-group differences in GMV between AC and HC revealed by
voxelwise 2-sample #test.
AC, adhesive capsulitis; GMV, Grey matter volume; HC, healthy controls; mPFC, medial prefrontal cortices.

(Fig- 2B, Table 3). Furthermore, these 2 significant clusters within
vmPFC identified by GMV and ReHo analyses were largely
overlapped (Fig. 2C).

For ROI-to-whole-brain FC, we found that the FC between
right vmPFC and right ACC (vmPFC-ACC) was significantly
higher in patients with AC (Fig. 2D, Table 4). Lower GMV within
the left amygdala and right vmPFC and higher FC between the
right vmPFC and right ACC were also observed in patients with
AC relative to HCs in the validation set (Fig. 2E). Furthermore, the
HADS-D score positively correlated with the GMV within vimPFC
in patients with AC (discovery set: R = 0.58, P < 0.001, survived
Bonferroni correction, Fig. 3A; validation set: R = 0.61, P <
0.001, Fig. 3E; survived Bonferroni correction). Furthermore, the
duration of pain also positively correlated with the vmPFC GMV in
patients with AC (discovery set: R = 0.47, P = 0.004, survived
Bonferroni correction, Fig. 3B; validation set: R = 0.36, P = 0.03,
Fig. 3F).

There was no significant association between ReHo and pain
intensity, between ReHo and pain duration. Regional homoge-
neity positively correlated with GMV (discovery set: R = 0.28, P =
0.04, Fig. 3C). For ROI-to-whole-brain FC, we found that the FC
between right vmPFC and right ACC (vmPFC-ACC) correlated
with pain intensity in patients with AC (discovery set: R = 0.44,
P =0.005, survived Bonferroni correction, Fig. 3D; validation set:
R = 0.24, P = 0.21), whereas no significant association between
pain duration and vmPFC-ACC FC, and between HADS-D and
vmPFC-ACC FC was observed.

3.4. Mediation analyses

In this study, the mediation analyses revealed that the impact of
pain duration on HADS-D score was mediated by vmPFC GMV in
patients with AC (direct effect = 0.44, P = 0.002, indirect effect =
0.16, 95% confidence interval: [0.04, 0.36)) (Fig. 4A). Further-
more, such mediatory effect could be replicated by our validation
data (direct effect = 0.18, P = 0.022, indirect effect = 0.08, 95%
confidence interval: [0.09, 0.21]) (Fig. 4B).

Regional homogeneity differences between patients with
adhesive capsulitis and healthy controls; adhesive capsulitis <
healthy controls.

Brain regions Peak MNI (x, y, 2) Voxels T value

Right mPFC 6 48 1 62 —8.1

The clusters exhibited significant between-group differences in ALFF between AC and HC revealed by
voxelwise 2-sample Ztest.

AC, adhesive capsulitis; ALFF, amplitude of low-frequency fluctuation; HC, healthy controls; mPFC, medial
prefrontal cortices.
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Medial prefrontal cortices-to-cortical functional connectivity
differences between patients with adhesive capsulitis and healthy
controls; adhesive capsulitis > healthy controls.

Brain regions Peak MNI (x, y, 2) Voxels T value
Right ACC 8 54 15 79 7.8

The clusters exhibited significant between-group differences in FC between AC and HC revealed by voxelwise
2-sample Ztest.
AC, adhesive capsulitis; ACC, anterior cingulate cortex; FC, functional connectivity; HC, healthy controls.

By contrast, the effect of the HADS-D score on pain duration
was not mediated by the vimPFC GMV (direct effect = 0.56, P =
0.051; indirect effect = 0.09, 95% confidence interval: [—0.03,
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0.29]) (Fig. 4C). Similar results were also obtained in validation
data (direct effect = 1.06, P = 0.013, indirect effect = 0.22, 95%
confidence interval: [-0.31, 0.53)) (Fig. 4D).

4. Discussion

In this study, 4 main findings were observed: (1) patients with AC
exhibited a higher level of HADS-D score, which correlated with
the GM atrophy within right vmPFC compared with HCs; (2)
relative to HCs, patients with AC exhibited lower level of ReHo
within right vmPFC, which largely overlapped with the structural
abnormalities compared with HCs; (3) relative to HCs, patients
with AC exhibited significantly higher vmPFC-ACC FC, which
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Figure 1. (A). Differences in depression and anxiety subscale of hospital anxiety and depression scale (HADS) between adhesive capsulitis (AC) and healthy
controls (HC) using discovery data. ****P < 0.001. (B). Differences in HADS subscore between AC and HC using validation data. ****P < 0.001. (C). The heat map
for association among HADS-D, HADS-A, pain duration, and pain intensity (NRS) in patients with AC using discovery data. (D). The heat map for association
among HADS-D, HADS-A, pain duration, and pain intensity in patients with AC using validation data. (E). The scatter plots for the significant correlation between
HADS-D and pain duration, between HADS-A and pain duration, and between HADS-D and HADS-A in patients with AC using discovery data. (F). The scatter
plots for the significant correlation between HADS-D and pain duration in patients with AC using validation data.
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A GMV alterations in AC patients:
Discovery dataset

D mPFC-ACC FC alterations in AC patients:
Discovery dataset

10

B ReHo alterations in AC patients

Discovery dataset

10

- ROI: GMV alterations in DCM

. ROI: ReHo alterations in DCM

. Intersection for two ROIs

E GMV and mPFC-ACC FC alterations in AC

patients: Validation dataset

*%

GMV (Z scored)
FC (Z scored)

AC HC

Figure 2. (A). The brain regions exhibited lower grey matter volume (GMV) in patients with adhesive capsulitis (AC) relative to healthy controls (HC) in discovery data.
(B). The brain regions exhibited lower ReHo in patients with AC relative to HC in discovery data. (C). The intersection for structural and functional alterations in the
ventral part of medial prefrontal cortices (vmPFC). The intersection was used for functional connectivity (FC) analysis. (D). The brain regions exhibited higher FC in
patients with AC relative to HC. (E). The brain regions exhibited lower GMV and higher FC in patients with AC relative to HC using validation data. **P < 0.01. ReHo,

regional homogeneity.

correlated with pain intensity; (4) the impact of pain duration on
HADS-D score was mediated by GMV of the right vmPFC in
patients with AC.

4.1. Relative to healthy control, patients with adhesive
capsulitis exhibited a significantly higher level of hospital
anxiety and depression scale score, which is associated with
brain morphological alteration

Our current findings were in line with previous studies that
negative emotions, such as depressed status and anxiety, are
associated with a heightened perception of pain in AC.° It is
considered that depression and anxiety may contribute to
a distorted perception, exaggerating the perceived impairment
beyond what is objectively measured, leading to more difficulty
in adapting to and dealing with problems of the upper
extremity; moreover, depression and anxiety could have an
impact on the efficacy of treatment.*® Such phenomenon has
also been reported in other chronic pain conditions and the
association between depression and chronic pain has been
demonstrated to be bidirectional, with both of them being
potential risk factors for one another.® Studies have found that
depression and anxiety can intensify the pain, whereas
prolonged pain can also trigger mood disturbances (eg,
depression and anxiety).®'518

Brain structural analyses showed that patients with depression
had notably diminished gray matter volumes in the medial

prefrontal cortex (PFC) and hippocampus, which were linked to
the severity of the depression. Moreover, researchers have
elucidated the medial part of prefrontal areas in the restraint of
pain through the descending pain modulation pathway.’1%:2°
Evidence has shown that the prefrontal cortex communicates
with the periaqueductal gray matter and is then connected to the
rostral ventromedial medulla, which sends direct signals to the
spinal cord, and this pathway is closely linked to pain relief.'® In
summary, chronic pain and depression may be based on
common neuroplasticity changes, which are a potentially impor-
tant route for the onset and aggravation of chronic pain and
depression.

4.2. Functional alterations in the ventral medial prefrontal
cortex overlapped with structural abnormalities

In this study, we observed altered GMV and ReHo within the
ventral part of mPFC, as well as higher vmPFC-ACC FC in
patients with AC compared with HC. It has been shown in
previous studies that more anxiety symptoms in fibromyalgia
correlated with higher levels of connectivity strength between the
vmPFC and right sensorimotor cortex, suggesting the potential
role of vmPFC in pain and negative emotions.®® Evidence from
anxiety-like behaviors in mouse models of chronic pain high-
lighted the crucial role of nNOS-expressing neurons in the
ventromedial prefrontal cortex (vmPFC) in the manifestation of
pain-induced anxiety'®; furthermore, these neural alterations
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The association between brain alterations and clinical measurements in patients with adhesive capsulitis. (A). The scatter plot for the positive association
between vmPFC grey matter volume (GMV) and HADS-D. (B). The scatter plot for the positive association between vmPFC GMV and pain duration. (C). The scatter
plot for a positive association between vmPFC GMV and regional homogeneity. (D). The scatter plot for the positive association between vmPFC-ACC FC and pain
intensity. (E). The scatter plot for the positive association between vmPFC- GMV and HADS-D. (F). The scatter plot for the positive association between vmPFC-
GMV and pain duration. ACC, anterior cingulate cortices; HADS-D, depression subscale of hospital anxiety and depression scale; vmPFC, ventral part of medial

prefrontal cortices.

were not confined solely to anxiety (eg, pathological or
physiological stress-related responses).'?3? Taken together,
neuroplasticity plays a significant role in the development and
manifestation of chronic pain and negative emotions, likely
involving similar brain structures, neurotransmitters, and path-
ways. Having said this, an alternative explanation also exists—it
has also been shown by recent studies that the altered FCs
between patients with chronic pain and HC were associated with
the timing of assessment, specifically the presence or absence of
pain at that moment of MR scanning.® Therefore, it is plausible
that functional or structural alterations precede the onset of pain
and may serve as predisposing factors rather than mere
consequences.

4.3. Structural alterations within ventral part of medial
prefrontal cortices mediated the influence of pain duration
on depression severity in patients with adhesive capsulitis

It is well established that there is a bidirectional relationship
between pain and depression in patients with chronic pain.
Kroenke et al."” conducted a longitudinal study that showed
that pain was a powerful predictor of future depression
severity, and depression was equivalently strong in predicting
future pain intensities. This study found that the impact of pain
duration on HADS-D score in patients with AC was mediated
by the structural abnormalities of the vmPFC in patients with
AC. Furthermore, the alternative path, where vmPFC GMV
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(A). The medication analyses in discovery data: The effect of pain duration on HADS-D was mediated by vmPFC GMV in patients with AC. (B). The medication
analyses in validation data. (C). The medication analyses using discovery data: The effect of HADS-D on pain duration was not mediated by vmPFC GMV. (D). The
medication analyses using validation data: The effect of HADS-D on pain duration was not mediated by vmPFC GMV. *P < 0.05. AC, adhesive capsulitis; GMV, grey
matter volume; HADS-D, depression subscore for hospital anxiety and depression scale (HADS); vimPFC, ventral part of medial prefrontal cortex.

mediated the effect of HADS-D on pain duration, was not
statistically significant in this study. This finding implies that
although there is a bidirectional relationship between pain and
depression, reciprocal causal effects on one another can be
initiated through distinct neural systems. Research is needed
to determine the exact neural mechanisms that mediate causal
effects. Moreover, the GMV abnormalities within the amygdala
observed in patients with chronic pain have been linked to
negative affective disorders by past research and can predict
the chronification of pain.?”:283* Regarding clinical signifi-
cance, our present findings demonstrated that AC is not only
generated peripherally but also associated with psychological
comorbidities such as depression and anxiety. Furthermore,
our results revealed the potential route for depression-induced
pain in AC and provided insights into possible analgesic
targets that could break the vicious circle between pain and
depression in patients with AC.

4.4. Limitations

It is noteworthy that our study has several limitations. First, the
participants have all received analgesics before enrolling in this
study. There is a possibility that this could affect our results.
Second, the vmPFC is composed of various distinct sub-
regions, and in this study, we have not explored the functional
and structural alterations in subregions of vmPFC. This limited
the illustration of detailed mechanisms. Third, are the
functional and structural changes that occur a characteristic
“brain signature” of AC, or do they overlap with other chronic
pain situations? This question remains unsolved. It remains
unclear whether pain is sensitized at the spinal cord level,

which can be clarified with spinal cord functional magnetic
resonance imaging.

5. Conclusion

In summary, our current findings suggest that vmPFC alterations
correlate with both the pain duration and the emotional
comorbidities experienced by patients with AC. Our research
provides an enhanced comprehension of the underlying mech-
anisms of AC, thereby facilitating the development of more
effective treatment approaches for AC.
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