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Objective: To measure the changes in cerebral cortical thickness in patients with herpes zoster (HZ) and postherpetic neuralgia
(PHN) by surface-based morphometry (SBM) and further estimate its correlation with clinical scores.

Materials and Methods: Twenty-nine HZ patients, 30 PHN patients and 30 well-matched healthy controls (HCs) were included.
Magnetic resonance imaging (MRI) data from all subjects were collected and then analyzed by SBM. The changes in cortical thickness
among the HZ, PHN and HC groups were analyzed by ANOVA and correlated with clinical scores.

Results: The thickness of the bilateral primary visual cortex (V1, V2) and right primary visual cortex (V3), left somatosensory cortex
(L3A), right anterior cingulate gyrus and medial prefrontal cortex (RS32) increased in PHN group, and the thickness the left insular
and frontal opercular cortex (LFOP4), left motor cortex (L3B), and right superior temporal visual cortex (RSTV) were decreased in the
HZ and PHN groups compared to the HC group. The thickness measurements of RS32, LFOP4, and (L3B) in HZ and PHN patients
were correlated with the duration of disease. In HZ and PHN patients, the Hamilton Anxiety Scale (HAMA) and Hamilton Depression
Scale (HAMD) scores were significantly positively correlated.

Conclusion: Changes in cortical thickness in the areas related to sensory, motor, and cognitive/emotional changes in patients with
PHN affect the neuroplasticity process of the brain, which may be the reason for the transformation of HZ into PHN and provide
a possible explanation for the neuropathological mechanism of pain persistence in PHN patients.
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Introduction

Herpes zoster (HZ) is a disease in which latent varicella zoster virus (VZV) is reactivated in the dorsal root ganglion,
resulting in the distribution of herpes on the skin innervated by the relevant neurons. Postherpetic neuralgia (PHN) is the
most common complication of herpes zoster. PHN is a typical form of chronic neuropathic pain that is still painful after
the disappearance of acute HZ skin lesions and lasts more than 1 month. Its main clinical manifestation is severe pain,
often accompanied by anxiety and depression. At present, the mechanism of PHN is not clear, resulting in poor
therapeutic effectiveness and repeated attacks of disease. However, studies have shown that neuropathic pain is
a direct effect of structural injury or disease of the peripheral or central nervous system desogestrel.' The pathological
basis of PHN consists of neuroplastic changes in the peripheral and central nervous system; the most important
mechanism is central sensitization.?

Owing to the rapid development of neuroimaging, magnetic resonance imaging (MRI) plays an increasingly
important role in the study of the central nervous system and neuropathic pain. Its advantage is noninvasive and
radiation-free. It has been widely used to study the neural mechanism of various neuropathic pain diseases. At present,
MRI research on HZ is divided into two main research directions: functional research and structural research. There are
far fewer studies on structural MRI than functional MRI of the brains of patients with HZ, especially cortex-related
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research. Previous studies have shown that the brain structure is mainly composed of the medulla and cortex. Previous
studies on the brain medulla mainly focused on diffusion tensor imaging (DTI),** which found that the microstructural
integrity of white matter in multiple brain regions of PHN patients changed. Previous studies on the cerebral cortex of
herpes zoster mainly included diffusion kurtosis imaging (DKI) and voxel-based morphometry (VBM). A DKI study’
found alterations in the pathophysiological microstructure of gray matter in patients with PHN. A VBM study®’ found
extensive gray matter volume (GMV) abnormalities in HZ and PHN patients.

There are two main latest research methods on resting-state MRI of cerebral cortex morphology; one is VBM, and the
other is surface-based morphometry (SBM). Both have been widely used to study brain morphology under normal and
pathological conditions.® '? However, there are few studies on the surface morphology of the HZ and PHN based on the
cerebral cortex. Compared with the traditional VBM method, SBM can achieve more accurate spatial positioning than
traditional VBM.'? Since the VBM study found a wide range of GMV abnormalities in HZ and PHN patients,®’ and the
GMV reflects comprehensive information on cortical surface area, cortical folding and cortical thickness, of which the
latter is closely related to volume;'* we can assume that there may be a wide range of brain areas with cortical thickness
changes in HZ and PHN patients.

Materials and Methods

Subjects

The participating patients, comprising 29 with HZ and 30 with PHN, were recruited from the pain department of the First
Affiliated Hospital of Nanchang University. The pain sites of the patients were diverse and were mainly distributed in the
bilateral head, face, chest, back and limbs, of which 25 lesions were located on the left side of the body and 34 on the
right side of the body. Pain intensity was assessed using a visual analog scale (VAS) before the fMRI scan, ranging from
0 to 10, indicating pain intensity from no pain to the highest intolerable pain. The Hamilton Depression Scale (HAMD)
was used to evaluate the degree of depression, and the Hamilton Anxiety Scale (HAMA) was used to evaluate the degree
of anxiety. A list of 90 symptoms was used to evaluate psychological or emotional disorders.

The inclusion criteria for HZ and PHN patients were as follows: (1) The patients were 30~85 of years. (2) All patients
were right-handed. (3) According to the diagnostic criteria defined by the International Association for Pain Research, the
diagnostic criterion for HZ is that the lesions appear on the skin and do not subside within 2 weeks. The diagnostic
criterion for PHN is that the pain lasts for more than 1 month after the recovery of HZ skin lesions; it was diagnosed by
two consultant physicians in the pain department. (4) All HZ and PHN patients had a pain score of > 5. (5) No painkillers
were taken at least 2 months before MRI. The exclusion criteria were as follows: (1) other chronic pain diseases; (2)
other mental or neurological diseases; (3) a history of head injury, alcoholism or drug abuse; (4) failed scans or poor
cooperation during MRI; and (5) claustrophobia. Thirty healthy right-handed controls matched with HZ and PHN
patients for age and sex, ranging in age from 56 to 78 years and lacking any spontaneous pain or sensory abnormalities,
substance abuse, neurological disorders or significant mental disorders were recruited. Written informed consent was
obtained from all participants or their guardians.

This study was reviewed and approved by the medical research ethics committee and institutional review board of the
First Affiliated Hospital of Nanchang University and conformed to the principles stipulated in the Declaration of
Helsinki.

Image Acquisition

MRI data were collected on a 3.0 T Siemens TIM Trio scanner (Erlangen, Bavaria, Germany) in the radiology department of
the First Affiliated Hospital of Nanchang University. Three-dimensional high-resolution T1-weighted images of the brain
were collected at 176 sagittal positions in each participant. The gradient-echo sequence had the following parameters:
repetition time = 1900 ms, echo time = 2.26 ms, flip angle = 9°, matrix = 240 x 256, field of view = 215x230 ms, slice
thickness = 1.0 mm, slice gap = 0 mm, scanning time = 3:34 minutes. During the MRI scans, participants were required to
close their eyes but remain awake. Earplugs were available to reduce the noise of the machine. At the same time,
conventional T2-weighted images were used to exclude visible brain structural abnormalities.
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Cortical Thickness Analysis

The main method of cortical thickness analysis is SBM, whose research tools currently mainly include FreeSurfer and
DPABISurf software. DPABIsurf (version 1.6; http://rfmri.org/dpabi) is a resting-state fMRI data analysis toolbox that
calculates cortical thickness from 3D T1-weighted imaging (T1WI). The software is an upgraded version based on

fmriprep20.2.1 and FreeSurfer software. It integrates multiple functional interfaces for preprocessing, statistical analysis
and result viewing. DPABIsurf is a mature and reliable tool for resting-state functional brain MRI research. In brief, the
preprocessing procedure consists of registering the T1WI scans to the Talairach space; performing offset field correction;
removing the non-brain structures by skull stripping; segmenting the brain tissue into white matter, gray matter and
cerebrospinal fluid; identifying the boundary between gray matter and white matter in each cortical hemisphere;
calculating the white matter/gray matter and gray matter/cerebrospinal fluid ratios; expanding and deforming the cortical
surface into a sphere; resampling onto the average surface; and smoothing the data with a 10 mm full width at half
maximum Gaussian kernel to reduce measurement error. Cortical thickness was calculated by measuring the distance
between the white matter/gray matter boundary and the gray matter/pia mater boundary. The built-in template for the
division of cortical anatomical regions in DPABIsurf software is from the Human Connectome Project (HCP).

Statistical Analysis

Statistical analysis was carried out in SPSS 22 software. The normality of different variables in the three samples was
confirmed by the Kolmogorov—Smirnov test, and the homogeneity of variance was evaluated by Levene’s test. ANOVA
was used to compare the differences in age, sex, VAS scores, 90-symptom list scores, HAMA scores, HAMD scores and
cortical thickness. Age and sex were used as covariates when cortical thickness was compared among HZ patients, PHN
patients, and healthy controls (HCs) using analysis of variance (ANOVA). After a false detection rate (FDR) correction
for multiple comparisons, P < 0.05 was considered statistically significant. If no significant clusters survived the
correction for multiple comparisons, the uncorrected statistical threshold was also reported as a change trend. Pearson
correlation analysis was used to further investigate the relationship between cortical thickness and clinical data in patients
with HZ and PHN.

Results

Demographic and Clinical Characteristics

We found that there was no significant difference in age (F = 1.59, P = 0.21) or sex (F = 1.05, P = 0.35) among HZ
patients, PHN patients, and HCs. There was no significant difference in VAS scores (F = 1.41, P = 0.24), 90-symptom list
scores (F =2.47, P = 0.12) or HAMA scores (F =2.71, P = 0.11) between HZ and PHN patients. There were significant
differences in disease duration (F = 4.17, P = 0.046) and HAMD scores (F = 5.694, P = 0.020) between HZ and PHN
patients (Table 1).

Cortical Thickness Alterations

When age and gender were used as covariates, the thickness of the bilateral primary visual cortex (V1 and V2), right
primary visual cortex (RV3), left somatosensory and motor cortex (L3A and L3B), and right anterior cingulate and
medial prefrontal cortex (RS32) increased in the PHN group compared to the HC group, while the thickness of the left
insular and frontal opercular cortex (LFOP4) and right superior temporal visual cortex (RSTV) decreased in PHN group
(all corrected by FDR, Table 2, Figures 1 and Figure 2). Compared with the HZ group, PHN patients showed increased
cortical thickness in LV1 and L3A, and the cortical thickness of RSTV, LFOP4 and L3B decreased (P < 0.05, not
corrected by FDR, Table 2 and Figure 2). Compared with the values from the HC group, the cortical thickness of bilateral
V1, V2 and left L3A in HZ patients increased, and the cortical thickness of RSTV and L3B decreased (P < 0.05, not
corrected by FDR, Table 2 and Figure 2).
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Table | Demographic and Clinical Characteristics of the Sample

HZ (n=29) PHN (n=30) HC (n=30) F P
Age (years) 624+ 104 66+10.7 63£9.0 1.59 0.21
Sex (M/F) 19/10 17/13 14/16 1.05 0.35
VAS score 6.1£0.9 6.4£0.9 - 1.41 0.24
Duration of disease (months) 0.35%0.17 5.43%13.39 - 4.17 0.046
90-symptom list score 124.6+18.4 136.7+37.3 - 247 0.12
HAMA score 13.7+6.4 17.3+9.7 - 271 0.11
HAMD score 14.9+4.5 19.3+8.9 - 5.69 0.02

Abbreviations: HZ, herpes zoster; PHN, postherpetic neuralgia; HC, healthy control; M/F, male/female; HAMA, Hamilton Anxiety Scale; HAMD, Hamilton Depression
Scale; VAS, visual analog scale.

Table 2 Brain Regions with Significant Changes from HC Cortical Thickness in Patients with HZ and PHN

HZ PHN HC
Brain Regions Right/Left Hemisphere Cluster Size (mm) MNI Coordinates (x, y, z) Mean SD Mean SD Mean SD
RVI R 174.37 7.18014, —75.7524, 13.5319 1.52 0.10 1.54 0.17 1.45 0.95
RV2 R 140.65 12.4656,-70.0993, —6.37935 1.71 0.14 1.75 0.13 1.60 0.16
RV3 R 57.24 9.37741, —75.3772, 23.188 1.79 0.16 1.81 0.15 1.70 0.15
RS32 R 18.35 6.6223, 30.572, —8.49025 2.60 0.29 276 0.48 247 0.24
RSTV R 19.61 61.5641, —36.4483, 9.25996 2.58 0.39 236 0.34 2.86 0.33
VI L 125.11 62.0247,-48.9723, —2.08364 1.49 0.06 1.51 0.09 1.43 0.08
Lv2 L 68.28 47.3374, —60.1029, 20.667 1.62 0.09 1.65 0.13 1.56 0.09
L3A L 18.23 12.5081, —16.9894, 67.2258 2.50 0.20 2.30 0.25 2.62 0.17
L3B L 15.05 32.3518, —30.4993, 58.5086 1.75 0.32 1.56 0.34 1.84 0.29
LFOP4 L 16.48 6.85307, 29.1373, —15.1879 1.59 0.25 1.41 0.26 1.71 0.26

Notes: color bar: warm colors indicate increased cortical thickness, and cold colors indicate decreased cortical thickness.
Abbreviations: VI, V2, V3, primary visual cortex; LFOP4, left insular and frontal opercular cortex; RS32, right anterior cingulate gyrus and medial prefrontal cortex; RSTV,
right superior temporal visual cortex; L3A, L3B, left somatosensory and motor cortex.

Correlation Analysis

There was a positive correlation between the thickness of RS32 (r = 0.537, P <0.001) and the duration of disease in HZ and
PHN patients (Figure 3). There was a negative correlation linking the thickness values of the LFOP4 (r = —0.28, P = 0.033)
and left motor cortex L3B (r = - 0.2, P = 0.027) to the duration of disease in HZ and PHN patients (Figure 3). There was
a significant correlation between the HAMA and HAMD scores in HZs and PHN patients (r = 0.78, P < 0.001, Figure 4).

Discussion

The cerebral cortex is the most important part of the brain, has many functional centers and is the basis of high-level
neural activities.In this study, SBM was used to study the changes in the thickness of the cerebral cortex in HZ and PHN
patients. Our main finding was that there were significant differences in the thickness of the bilateral V1 and V2, L3A
and L3B, RS32, LFOP4, and RSTV in PHN patients compared to HCs, which may be related to pain, anxiety, and
depression symptoms in patients.

The insula belongs to the “significance network” and is the key area for response and emotion regulation to significant
events such as pain. The insula plays an important role in human sensory and motor function, pain, emotion, cognition
and decision-making."> Previous studies have shown that reduced insular cortical thickness plays an important role in
patients with pain-related diseases such as somatoform pain disorder (SPD)'® and trigeminal neuralgia.17 The temporal
lobe is considered to play a very important role in mood regulation disorders (anxiety, depression) and language
memory.'®'? Thinning of the superior temporal gyrus cortex is also found in depression,?® trigeminal neuralgia,”' and
chronic pain disorder (CPD)."” The present study also found that the thickness of LFOP4 and RSTV decreased in PHN
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Figure | Brain regions with significant differences in cortical thickness in PHN patients compared with HCs.

Notes: 3a, 3b, somatosensory and motor cortex, not shown in the figure; color bar, warm colors indicate increased cortical thickness, and cold colors indicate decreased
cortical thickness.

Abbreviations: R, right hemisphere; L, left hemisphere; VI, V2, V3, primary visual cortex; FOP4, insular and frontal opercular cortex; $32, anterior cingulate gyrus and
medial prefrontal cortex; STV, superior temporal visual cortex.
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Figure 2 Significant differences in cortical thickness between PHN patients (n = 30) and HCs (n = 30).

Notes: The y-coordinate represents cortical thickness (cm). Average cortical thickness and degree of variation: the horizontal line in the middle of the figure represents the
median; the upper and lower line segments represent the third quartile and the first quartile, respectively; and the top and bottom asterisks and circles represent extreme
values.

Abbreviations: HZ, herpes zoster; PHN, postherpetic neuralgia; HC, healthy control; LV, LV2, left primary visual cortex; L3A, L3B, left somatosensory and motor cortex;
LFOP4, left insular and frontal opercular cortex; RVI, RV2, RV3, right primary visual cortex; RS32, right anterior cingulate and medial prefrontal cortex; RSTV, right superior
temporal visual cortex.
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Figure 4 Pearson correlation between HAMA scores (ordinate) and HAMD scores (abscissa) in HZ patients and PHN patients (r = 0.78, P < 0.001).
Abbreviations: HAMA, Hamilton Anxiety Scale; HAMD, Hamilton Depression Scale; HZ, herpes zoster; PHN, postherpetic neuralgia.

patients, which was consistent with the results of previous DKI®> and VBM®’ studies. Studies have shown that PHN,
somatoform pain disorder, trigeminal neuralgia, chronic pain disorder and chronic low back pain are types of chronic
neuropathic pain.®* It was found that the thickness of the insular and temporal cortex decreased in different types of
chronic pain patients, indicating that changes in insular and temporal cortex thickness may be the common mechanism of
pain in different types of pain-related diseases. This study also found that there was a negative correlation between the
cortical thickness of LFOP4 and the duration of disease in patients with HZ and PHN, indicating that the decrease in
cortical thickness of LFOP4 may be related to the progression of pain, and the cortical thickness of LFOP4 may be an
important indicator of the conversion from HZ to PHN. In addition, studies have shown that changes in insular cortical
thickness are related to depression, anxiety disorders, bipolar disorder, subjective cognitive impairment, clinical symp-
toms and neurocognitive deficits in psychiatric patients.”*** The temporal lobe is also considered to play a very
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important role in mood regulation disorders (anxiety and depression).'®!" It can be inferred that the anxiety and
depression symptoms of PHN patients may be related to decreases in the thickness of LFOP4 and RSTV.
The primary visual cortex was previously considered to be solely a visual processing region. However, the latest

25 and the visual cortex

research shows that the human primary visual cortex is a site of multisensory processing,
participates in many visuomotor integration processes.’® Previous magnetic resonance studies on the visual cortex have
found that patients with schizophrenia and bipolar disorder have abnormal cortical thickness in the visual network, which
is related to visual perception defects.?” An increase in cortical thickness in the V2 and V3 areas may be related to visual
aura in female migraine patients,”® and chronic pain such as trigeminal neuralgia may cause thickening of the primary
visual cortex.'” It can be inferred that the increased thickness of the bilateral primary visual cortex (V1 and V2) in PHN
patients may be related to the abnormal visual perception caused by chronic pain.

The RS32 is located in the prefrontal cortex and forms part of the default mode network (DMN). This region
participates in various forms of sensory stimulation processing and plays an important role in emotion, cognitive
processing and pain response.”’*° Previous studies have shown that changes in gray matter volume, cortical thickness
and neural network activity in the prefrontal lobe and cingulate gyrus of patients with chronic neuropathic pain diseases
such as chronic back pain,' chronic headache (CH),** and trigeminal neuralgia (TN)?' are related to emotion and pain
management caused by chronic pain.*® In the present study, the cortical thickness of RS32 increased in PHN patients,
indicating that the change in RS32 cortical thickness in PHN patients is related to anxiety and depression. This study
found that in HZ and PHN patients, HAMA and HAMD scores had no direct correlation with the duration of disease,
while the increase in RS32 cortical thickness, which was also responsible for anxiety and depression, was correlated with
the duration of disease, indicating that the changes in cortical thickness in brain areas related to negative emotional states
such as anxiety and depression were affected by the course of disease.

Although previous DKI® and VBM®” studies on HZ and PHN patients did not find structural changes in the primary
visual cortex, anterior cingulate cortex or medial prefrontal cortex, the present study found increased cortical thickness in
these regions. Studies have shown that there are two categories of possible reasons for a change in cortical thickness. One
category consists of pathological reasons, such as repeated painful stimulation, which leads to an increase in neuronal
excitability and glial cell activation in some brain regions, resulting in an increase in cortical thickness.** The second
category consists of physiological reasons, that is, the change in cortical thickness is affected by physiological factors
such as cerebral perfusion.®® Since previous studies on patients with chronic neuropathic pain'’2'**12 have shown that
the increase in the thickness of the primary visual cortex, anterior cingulate cortex and medial prefrontal cortex in
patients with PHN is a pathological change, it is reasonable to speculate that the increase in the thickness of the bilateral
primary visual cortex, right anterior cingulate cortex and medial prefrontal cortex in patients with PHN is due to chronic
pain, anxiety, depression and other pathological emotional states.

The somatosensory and motor cortex play a significant role in the perception, localization and regulation of pain.*®
Studies have shown that patients with trigeminal neuropathic pain'’ and patients with chronic low back pain®’ have increased
activation and thickness of the primary somatosensory cortex during nociceptive stimuli such as normal and pathological
pain. The increase in the cortical thickness of the L3A in PHN patients indicates that long-term chronic pathological pain in
PHN patients leads to activation of the primary somatosensory cortex, which may be the cause of hypersensitivity to pain in
this population. In patients with trigeminal neuropathic pain, the primary motor cortex contralateral to the pain becomes
thinner, indicating that pain can inhibit the motor cortex.*®** The decrease in L3B cortical thickness in PHN patients
indicates that PHN patients may avoid neuropathic pain by inhibiting motor function. A VBM study of HZ and PHN found
that the GMV of the somatic and motor cortex was decreased in PHN patients,” which is inconsistent with the results of this
study. There may be many reasons for the inconsistency of these cortical morphometry results; the main reason for the
different results may be different sample characteristics or research methods.*” Studies have shown that the accuracy of VBM
in spatial positioning is only 35% as high as that of SBM;* that is, the SBM can achieve more accurate spatial positioning
than traditional VBM, yielding more reliable results, but further research is needed.

ANOVA (uncorrected) between groups found that the cortical thickness of LFOP4 and L3B tended to be lower in
PHN patients than in HZ patients, and the cortical thickness of LFOP4 and L3B was negatively correlated with the
duration of disease in HZ and PHN patients (Figure 3), that is, the longer the duration of pain in HZ and PHN
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patients, the thinner the cortex in these regions, indicating that cortical thinning in LFOP4 and L3B may be a key
indicator of the conversion from HZ to PHN. Compared with HCs, HZ patients showed increased cortical thickness in
V1, V2, and L3A in HZ patients, while the cortical thickness of RSTV and L3B decreased. It may be that the duration
of pain in HZ patients is short (0.35+0.17 months), preventing the cortical thickness from changing significantly.

Limitations

There are several limitations of the study. First, we used a cross-sectional study design. Although changes in cortical
morphological index thickness in HZ and PHN patients were detected, we could not clarify the causal relationship
between the changes in cortical thickness and the persistence of HZ pain. We could not determine whether pain caused
changes in cerebral cortical thickness in HZ and PHN patients or whether changes in cortical thickness facilitated
progression from HZ to PHN. In addition, SBM is not suitable for examining the deep gray matter nuclei of the brain,
including the thalamus, basal ganglia and amygdala. Moreover, no study has separately analyzed patients with
different types and sites of pain. In the future, an expanded sample size should be used to study patients with different
types of HZ and PHN. In addition, spite adequately balanced selecting HZ (62.4+ 10.4), PHZ (66£10.7) and control
group (63£9.0), and age was used as covariate in ANOVA between groups, the effect of age on cortical thickness
should still be considered. In the future, we will try to select matched HZ and PHN patients and control group with
a small age range.

Conclusion

In conclusion, this study used SBM to study and analyze the cortical thickness of patients with HZ and PHN. We found
that the cortical thickness of PHN patients was altered in the areas related to sensory, motor, and cognitive/emotional
changes, which affected the process of brain neuroplasticity. These alterations may explain the transformation of HZ into
PHN and provide a neuropathological mechanism for the persistence of pain in PHN patients.
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