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Abstract: Objective: To determine the association between white matter structural changes and PHN by analyzing
the diffusion tensor imaging data of patients with herpes zoster (HZ) or postherpetic neuralgia (PHN), and the volunteered healthy controls (HC). Methods: A total of 48 participants with HZ, 40 participants with PHN, and 28 age
and sex matched HC were enrolled in this study. The diffusion tensor imaging data were collected by a Siemens 3.0T
magnetic resonance scanner, and FSL (FMRIB’s software) was used to analyze the differences in diffusion indexes
among the HZ, PHN and HC groups. In addition, the correlation between the image and the clinical parameters
was analyzed. Results: The results indicated that the microstructural integrity of the white matter, which affects
the information exchange and integration between pain and non-pain related brain regions, showed difference in
patients with HZ and PHN. Conclusion: The study may provide an experimental basis for more thorough longitudinal
research in the future to explore the changes of brain structure in patients with PHN from HZ and develop adequate
treatment strategy.
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Introduction
Herpes zoster (HZ) is an infection caused by
varicella zoster virus (VZV). It mainly manifests
as aggregated herpes, erythema, and neuropathic pain in the affected skin [1]. HZ is selflimited. With the improvement of herpes, the
acute pain symptoms disappear. Postherpetic
neuralgia (PHN) is one of the most common
complications of HZ [2]. A standard definition
of PHN has not been defined yet. The commonly accepted diagnostic criterion is the persistence of local pain for over a month after herpes subsides [3]. PHN is a common chronic
neuropathic pain syndrome, characterized by
persistent burning pain and itching. The pain is
often sharp, and hyperalgesia and abnormal
painful sensations are observed [4]. It can be
accompanied by sleep disorders, mood changes, depression and anxiety, and cognitive function changes [5]. This kind of pain has a pro-

found impact on the physical and mental health
and quality of life of patients, and increases
the economic burden of society [6]. The pathogenesis of PHN is complicated, including age,
herpes, pain, and skin lesions. Age is a significantly important independent factor that is
positively correlated with the incidence of PHN,
especially in people aged between 50 and 79
years old [4]. This may be due to the decline in
body immunity and resistance caused by aging.
With the increase in age, the incidence of PHN
increases significantly [7], which makes the
search for effective treatment of PHN more
urgent.
The pathogenesis of PHN is complex and has
not been fully understood. Today, most scholars
agree that there is a dual mechanism involving
the peripheral and central nervous system. The
peripheral mechanism mainly involves the reactivation of latent herpes zoster virus, which can
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cause degeneration and edema of peripheral
neurons and nerve fibers, inflammation, demyelination, necrosis and adhesion of fibers,
resulting in ectopic discharge of damaged
nerve fibers and mutual mixed transmission
induced discharge of neurons [8]. Another
study found that the pain associated with PHN
was not positively correlated with the damage
degree of peripheral nerve endings [9]. The
abovementioned studies indicate that the
occurrence and development of PHN are related to the damage of the peripheral and central
nervous systems. However, current studies
have little understanding on the central nervous mechanism of PHN. Some studies proposed that after the peripheral afferent sensory fibers are damaged, the activity of some
fibers is enhanced [5]. The nerve fibers can
equally cause excessive neural discharge by
small non-painful mechanical stimulation.
When a large number of abnormal nerve electrical impulses are introduced into the central
nervous system, it may lead to the sensitization of the central nervous system, thus causing hyperalgesia and even plastic changes in
the function and structure of the central nervous system [10].
Recently, with the rapid development of neuroimaging technology, a variety of magnetic resonance imaging (MRI) techniques are being
widely used in the study of PHN and the central
nervous mechanism of neuropathic pain. An
MRI study has reported changes in brain structure and function in patients with PHN [11].
Patients with PHN have complex functional
changes of the central nervous system and
white matter dispersion abnormalities [12].
PHN patients had a wider range of gray matter
lesions than HZ patients, involving both pain
and non-pain related brain areas. However, the
characteristics of white matter microstructural
changes in patients with HZ and PHN are still
unclear. Diffusion tensor imaging (DTI), a new
method to visualize brain structure, is a special
form of MRI. DTI is based on the direction of
water molecules’ movement and can reveal
how brain tumors affect neuronal connectivity
[13].
In order to further understand the relationship
between white matter structural changes and
PHN, three groups of participants including
patients with HZ, PHN, and healthy controls
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(HC) were analyzed. DTI was used to observe
abnormal diffusion in the white matter in
patients with HZ, PHN, and in healthy controls.
The correlation between the diffusion indexes
and clinical parameters (visual analogue scale
(VAS) score, course of disease) was compared
among patients with HZ, PHN, and healthy
controls.
Materials and methods
Volunteers
In this prospective study, 88 patients (including 48 patients with HZ, 40 patients with PHN,
and 28 HC) were recruited and screened from
the pain department of the First Affiliated
Hospital of Nanchang University. All patients
were diagnosed according to the criteria of
the International Association for the study of
pain (IASP) by two experienced pain physicians.
Based on the IASP criteria, all confirmed patients underwent MRI scan within one day after
inclusion in the study. All patients and HC met
the requirements of MRI. All participants and
their guardians signed informed consent forms
as required. The VAS was used to evaluate the
intensity of spontaneous pain (0-10 points, 0
point as no pain). The VAS score of all patients
was more than 5 points, while that of HC was
0 point. According to the literature, we included
40 PHN patients (36-78 years old) with persistent pain for more than 30 days, and 48 HZ
patients (46-75 years old) who had HZ within
one month, which had not subsided [3]. All
patients and HCs were required to be righthanded, and all patients were gender- and
age-matched to HC. HC inclusion criteria: (1)
participants with body mass index (BMI) within
the normal range (19≤ BMI <24); (2) participants with no smoking or drinking; (3) participants without diseases in the heart, liver, kidney, digestive tract, respiratory tract, blood,
and nerve system; (4) participants without
mental illness, pain, or paresthesia; (5) participants with normal blood biochemical indices,
blood routine, stool routine, urine routine, electrocardiogram, chest X-ray, abdominal B-ultrasound examinations; (6) participants without
a history of drug abuse and family history of
mental disorders. Exclusion criteria for HC:
pregnant women, breast-feeding women, women who plan to become pregnant within 6
months, women in menstruation, volunteers in
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other clinical trials or had donated blood within
3 months prior to the trial, volunteers with physical disabilities, volunteers with allergies, and
volunteers taking other prophylactic or therapeutic medications.
Inclusion criteria for PHN and HZ: (1) patients
who meet the diagnostic criteria of HZ and
PHN; (2) patients developed HZ within one
month before admission, and their condition
was not alleviated; (3) PHN patients with pain
lasting more than one month (>30 days) after
herpes resolution; (4) patients with VAS >5.
Exclusion criteria for PHN and HZ: (1) patients
with herpes zoster in special parts (such as
ear, eye or head and face); (2) patients with
other acute or chronic pain conditions, such
as headache, toothache, arthritis, lumbar or
cervical diseases; (3) patients with a history of
mental disorders, such as mood disorders,
epilepsy or head injuries; (4) patients with any
serious life-threatening diseases, such as
severe pulmonary and cardiovascular diseases, malignant tumours, etc.; (5) patients with
contraindications to MRI scanning, such as
dentures or claustrophobia. This study was
approved by the medical ethics committee
of the First Affiliated Hospital, Nanchang
University (Ethical number: (2020) Medical
Research Ethics Review (1-45)).
3.0T SiemensTrioTIM superconducting MR
scanner equipped with 8 channel cranial coils
was used for the MRI inspection in this study.
All the participants were scanned from head to
foot in the supine position, with the head fixed
using a foam cushion to reduce head movement. All the participants were permitted to
wear earplugs to reduce the discomfort from
the interference of the noise produced by the
scanner. For scanning, the same standard
head coil was used to transmit and receive MRI
signals. Participants were told to close their
eyes, keep their body relaxed, stay awake, and
try not to think before the scan.
The scanning sequence data included (1) DTI
diffusion weighting image acquired using single
echo planar imaging sequence. Thirty diffusion
sensitive gradient directions, B value = 1000,
2 repetitions; scanning without diffusion
weighting (b = 0), 2 repetitions. Image acquisition parameters were as follows: repetition
time (TR) = 6600 ms, echo time (TE) = 102 ms,
matrix = 128 × 128; field of view (FOV) = 256 ×
256 mm3; excitation times (nex) = 2; slice thick4352

ness = 2 mm, interval = 0.2 mm, total 62 sections, and voxel size = 1 × 1 × 3 mm3. (2)
Conventional axial T2WI images: TR = 3000
ms, TE = 122 ms, matrix = 256 × 256, FOV =
240 mm × 240 mm, slice thickness = 5 mm,
and total 19 sections; (3) conventional axial
T1WI images: TR = 250 ms, TE = 2.46 ms,
matrix = 256 × 256, FOV = 240 mm × 240 mm,
slice thickness = 5 mm, and total 19 slices. We
first performed conventional T1WI and T2WI
transection scans to exclude organic lesions in
the brain.
Data processing
FMRIB’s software library (FSL, http://fsl.fmrib.
ox.ac.uk/fsl/fslwiki/) was used for data analysis. During data processing, two radiologists
initially carefully examined all DTI images to
eliminate artifacts. Data processing was performed as follows: The Digital Imaging and
Communications in Medicine format of DTI
data were converted to NIfTI format by the
dcm2niigui tool in FSL. The FMRIB’s diffusion
toolbox in FSL was used to perform head movement and eddy current corrections, and the
brain extraction toolbox was used to peel off
the scalp. At the same time, a brain mask with
B = 0 was created. Finally, the whole brain
template was applied to DWI images. The diffusion tensor of each voxel was calculated, and
the scalar indexes of all participants were
obtained, including fractional anisotropy (FA),
mean dispersion coefficient (MD), radial dispersion coefficient (RD), and axial dispersion coefficient (AD).
Tract-Based Spatial Statistics (TBSS) analysis
TBSS analysis: (1) Image alignment: the FA of
all participants were non-linearly registered to
fmrib58 in the standard space of the Montreal Neurological Institute (MNI) 152 1 × 1 × 1
mm3 FA standard template; (2) the average
FA map and white matter skeleton were constructed based on all FA registered in standard space, and the average FA skeleton threshold was set as 0.2; (3) the average non-FA
map and white matter skeleton were constructed based on the FA skeleton; and (4) the two
sample unpaired t-test model in FSL was
used to analyze the inter group diffusion indexes (FA, MD, RD and AD) by replacement nonparametric test. Age was used as the covariate, and the replacement parameter was
5000. The results of Threshold-Free Cluster
Am J Transl Res 2022;14(6):4350-4362
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Table 1. Group characteristics
Clinical statistical data
age
Sex (male/female)
VAS score
Course (day)

PHN (n = 40)
61.30±9.33a
13/27
6 (6, 7)b
40 (30, 120)b

HZ (n = 48)
58.04±10.46a
22/26
6 (6, 7)b
9 (5, 16.5)b

HC (n = 28)
58.75±7.78a
9/19
-

χ2/Z/F value
2.486c
2.173d
0.506e
7.887e

P value
0.087
0.337
0.960
<0.001

Note: HZ: herpes zoster; PHN: postherpetic neuralgia; HC: healthy control. a: According to the normal distribution measurement
data, expressed with mean ± standard deviation; b: non normal distribution measurement data, expressed by median (interquartile interval). The following differences between groups were compared: c: age, ANOVA test; d: sex, chi-square test; and e:
course and VAS score, nonparametric test.

Enhancement (TFCE) correction were considered statistically significant when the difference between groups was P<0.01. Results
regions with more than 30 consecutive voxel
sets with significant difference were regarded
as the regions with significant results. The
cluster output command was used to locate
the coordinates and voxels of different brain
regions. The atlas query tool was used to locate the white matter fibers in different brain
regions. Johns Hopkins University (JHU) - icbmdti-81 white matter labels atlas and JHU white
matter tractography atlas were used to locate
the white matter fiber bundles in different brain
regions in the MNI space. For further correlation analysis, the regions with different TBSS
results in HZ, PHN, and HC groups were
taken as regions of interest, and the diffusion
indexes (FA, MD, AD and RD) within these
regions were extracted using FSL.
Statistical analysis
SPSS 24.0 software was used to describe and
analyze the clinical data of all participants in
the experiment. The ages of the HZ, PHN, and
HC groups were analyzed by one-way ANOVA
followed by Tukey’s post-hoc test. The gender
distribution comparison was conducted by a χ2
test. A difference with a P<0.05 was considered statistically significant.
Results
Demographic statistics
No participant was excluded from the study.
The final test samples included 40 PHN, 48
HZ, and 28 HC. The ages of the three groups
were analyzed by a one-way ANOVA and multiple comparison test. The homogeneity test of
variance yielded a f = 2, P = 0.368; the differences were not statistically significant (PHN vs
HC, HZ vs HC, and PHN vs HZ, P = 0.338, 0.754,
4353

0.148, respectively); there was no significant
difference in gender distribution among the
three groups based on the χ2 test (PHN vs HC,
HZ vs HC, and PHN vs HZ were P = 0.975, 0.241
and 0.203, respectively). The clinical characteristics of patients in the PHN, HZ, and HC group
are shown in Table 1.
TBSS analysis results
Compared with those of the HC group, FA in
some brain regions of the HZ group decreased
significantly, while MD, AD, and RD increased
significantly (P<0.01, TFCE correction). FA decreased significantly in the corpus callosum
(knee, body, and splenium), bilateral corona
radiata, bilateral anterior and posterior thalamus radiation, bilateral internal and external
capsule, bilateral superior fronto occipital tract,
bilateral superior and inferior longitudinal tract,
bilateral fornix/stria terminalis, bilateral anterior cingulate gyrus, left uncinate tract, right
cerebral peduncle, and bilateral corticospinal
tract. The brain regions with significantly increased MD included the corpus callosum (knee,
body, and splenium), bilateral corona radiata,
bilateral thalamus anteroposterior radiation,
bilateral internal and external capsule, right
superior fronto occipital tract, bilateral lower
fronto occipital tract, bilateral upper and lower
longitudinal tract, left fornix/stria terminalis,
bilateral uncinate tract, left cerebral peduncle,
and bilateral corticospinal tract. The brain
areas with significant elevation of AD included
the splenium callosum, bilateral corona radiata, left anterior thalamic radiation, left internal
capsule, bilateral external capsule, left upper
and lower fronto occipital tract, left lower longitudinal tract, bilateral superior longitudinal
tract, bilateral superior longitudinal tract, bilateral superior longitudinal tract, bilateral superior inferior frontal occipital tract, and left inferior longitudinal tract. The brain areas with
Am J Transl Res 2022;14(6):4350-4362
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Figure 1. TBSS analysis results of white matter diffusion index in HZ group and HC group (P<0.01, TFCE correction).
Green indicates the FA skeleton of all subjects, red indicates a decrease of indexes in patients with HZ, and blue
indicates an increase.

Table 2. TBSS analysis of the difference in FA value between HZ
group and healthy control group
Cluster White matter fiber tracts
1

Knee of corpus callosum
The corpus callosum
Splenium of corpus callosum
Internal capsule
corona radiata
Postthalamic radiation
Prethalamic radiation
Lower longitudinal tract
Lower fronto occipital tract
Cerebral peduncle
Corticospinal tract
External capsule
Anterior cingulate gyrus
Fornix/stria terminalis
Upper longitudinal tract
Prethalamic radiation
Internal capsule

L/R/B
B
B
B
B
B
B
R
B
B
B
B
B
L
L

MNI coordinate Voxel
Quantity
(x, y, z)
(57, 109, 62)
20645

radiata, bilateral anterior thalamic radiation, bilateral internal and external capsule, bilateral upper and lower fronto
occipital tract, bilateral upper
and lower longitudinal tract,
bilateral fornix/stria terminalis, bilateral uncinate tract, bilateral cerebral peduncle, and
bilateral corticospinal tract
(Figure 1; Tables 2 and 3).

Compared with those in the
HC group, FA value was significantly decreased in some
brain regions of the PHN group, while MD, AD, and RD values were significantly increased (P<0.01, TFCE correction).
The brain regions with significant decrease in FA value
2
(93, 109, 66)
652
included the corpus callosum
(knee, body, and splenium),
Note: all tests had a P<0.01 and were corrected by TFCE multiple comparison. L:
bilateral corona radiata, bilatleft. R: right. B: bilateral. x, y, z are the spatial coordinates of MNI152 template, z is
eral anterior and posterior thathe axial position of MNI152 template, and the unit of voxel value is mm3.
lamic radiations, bilateral internal and external capsules,
significant increase in RD included the corpus
bilateral inferior fronto occipital tract, bilateral
callosum (body, pressure part), bilateral corona
upper and lower longitudinal tract, bilateral for4354
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Table 3. The comparison between the HZ and
HC group with respect to MD, AD, and RD
values in brain regions
Brain region
Knee of corpus callosum
The corpus callosum
Splenium of corpus callosum
Internal capsule
corona radiata
Postthalamic radiation
Prethalamic radiation
External capsule
Lower longitudinal tract
Lower fronto occipital tract
Corticospinal tract
uncinate fasciculus
Fornix/stria terminalis
Upper longitudinal tract
Upper fronto occipital tract
cerebral peduncle

MD
B
B
B
B
B
B
B
B
B
L
B
R
L

AD

RD

L
B

B
B

L
B
L
L
L
L
B
L

B
B
B
B
B
B
B
B
B
B

Note: all tests were P<0.01 and were corrected by TFCE
multiple comparison, L: left. R: right. B: bilateral.

nix/stria terminalis, bilateral anterior cingulate
gyrus, bilateral uncinate tract, bilateral cerebral
peduncle, and bilateral corticospinal tract. The
brain regions with significant increase in MD,
AD and RD value included the corpus callosum
(knee, body, and splenium), bilateral corona
radiata, bilateral anterior and posterior thalamus radiation, bilateral internal and external
capsules, bilateral inferior fronto occipital tract,
bilateral superior and inferior longitudinal
tracts, bilateral fornix/stria terminalis, bilateral
anterior cingulate gyrus, bilateral uncinate
tract, bilateral cerebral peduncle, middle cerebellar peduncle, bilateral posterior cingulate
gyrus, and bilateral corticospinal tracts are
increased (Figure 2; Tables 4 and 5).
Compared with those in the HZ group, MD, AD
and RD values were significantly increased
(P<0.01, TFCE correction) in some brain regions
of the PHN group. The brain areas with significant increase in MD value included the corpus
callosum (body, pressure part), right corona
radiata, bilateral anterior and posterior thalamus radiation, bilateral internal and external
capsule, bilateral inferior fronto occipital tract,
bilateral superior and inferior longitudinal fasciculi, right lateral fornix/stria terminalis, bilateral anterior cingulate gyrus, bilateral uncinate
4355

tract, bilateral cerebral peduncle, bilateral frontal occipital tract, bilateral superior and inferior
longitudinal fasciculus, right fornix/stria, bilateral anterior cingulate, middle peduncle of the
cerebellum, left posterior cingulate gyrus, and
bilateral corticospinal tracts. The brain regions
with significant elevation of AD values included
the corpus callosum (body and pressure part),
right corona radiata, right thalamus anteroposterior radiation, right internal and external capsules, right inferior frontal occipital tract, right
upper and lower longitudinal tracts, right fornix/stria terminalis, right anterior cingulate
gyrus, right uncinate tract, right cerebral peduncle, and right posterior cingulate gyrus. The
brain regions with significant increase in RD
value included the corpus callosum (body,
pressure part), corona radiata, bilateral anterior and posterior radiations of the thalamus,
bilateral internal and external capsules, bilateral inferior fronto occipital tract, bilateral
upper and lower longitudinal tracts, bilateral
fornix/stria terminalis, left anterior cingulate
gyrus, bilateral uncinate tract, bilateral cerebral
peduncle, bilateral posterior cingulate gyrus,
and bilateral corticospinal tract (Figure 3; Table
6). There was no significant difference in FA
between the PHN and HZ groups.
Correlation analysis
When comparing PHN group with HZ group, the
mean of the difference regions of MD, AD and
RD values were positively correlated with their
VAS scores, respectively. When HZ was compared to HC, the AD value of HZ got the similar
results. The mean FA value in the region of considerably reduced FA was positively correlated
with the disease duration of PHN when PHN
was comparing with HC. Correlation analysis
results of FA, MD, AD and RD values with VAS
score and disease duration (days) in regions
with differences are listed Table 7.
Discussion
DTI is a non-invasive imaging method based on
the diffusion of water molecules in human
brain. The difference in the direction and rate
of free dispersion is detected and converted
into images and parameters to obtain the
structural integrity and spatial distribution of
white matter fibers, such as uncinate and longitudinal bundles [10]. DTI has four parameter
values: FA, MD, AD, and RD. FA is defined as the
Am J Transl Res 2022;14(6):4350-4362
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Figure 2. The results of TBSS analysis (P<0.01, TFCE correction) of white matter diffusion indexes in the PHN and
HC groups (P<0.01, TFCE correction) showed that all subjects had an FA skeleton. Red indicates that the PHN group
index decreased, and blue shows an increase.

parallelism of the fibers [14].
MD value reflects the average
dispersion ability of water molMNI coordinate
Voxel
cluster White matter fiber tracts
L/R/B
ecules in all directions of tisQuantity
(x, y, z)
sues; AD and RD are the diffu1
Knee of corpus callosum
(102, 150, 90) 44062
sion rates of water moleculThe corpus callosum
es in parallel and vertical axoSplenium of corpus callosum
nal directions, respectively, in
Internal capsule
B
which AD value reflects the
corona radiata
B
changes of axons [15] and RD
Postthalamic radiation
B
value reflects the changes in
Prethalamic radiation
B
the cell membrane and myelin
sheath [16]. TBSS optimizes
Lower longitudinal tract
B
the alignment and smoothing
Lower fronto occipital tract
B
of images based on non-linear
Cerebral peduncle
B
registrations. This method is
uncinate fasciculus
B
applicable to study the whoExternal capsule
B
le brain without pre-specifyAnterior cingulate gyrus
B
ing the region of interest and
Fornix/stria terminalis
B
can identify white matter abUpper longitudinal tract
B
normalities more accurately.
Note: all tests had P<0.01 and were corrected by TFCE multiple comparison. L: left.
Moreover, since the DTI indiR: right. B: bilateral. x, y, z are the spatial coordinates of MNI152 template, z is the
cators of individual subjects
3
axial position of MNI152 template, and the unit of voxel value is mm .
can be accessed, a more stable and reliable result will be
yielded in the follow-up statistics [17, 18]. In
proportion of the anisotropic component of
recent years, as an imaging technique for quanwater molecules in the whole diffusion tensor,
titative analysis of the structural characterisreflecting the integrity of the myelin sheath of
tics of white matter fibers, DTI has been widely
white matter fibers and the compactness and
Table 4. TBSS analysis of difference in FA value between the PHN
and HC groups
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Table 5. Comparison of the PHN and HC
groups with respect to MD, AD, and RD values in brain regions
Brain Region
Knee of corpus callosum
The corpus callosum
Splenium of corpus callosum
Internal capsule
Corona radiata
Postthalamic radiation
Prethalamic radiation
External capsule
Lower longitudinal tract
Lower fronto occipital tract
Corticospinal tract
Uncinate fasciculus
Anterior cingutate
Fornix/stria terminalis
Upper longitudinal tract
Medipeduncle
Cerebral peduncle
Posterior cingutate

MD
B
B
B
B
B
B
B
B
B
B
B
B
B
B

AD
B
B
B
B
B
B
B
B
B
B
B
B
B
B

RD
B
B
B
B
B
B
B
B
B
B
B
B
B
B

Note: all tests had P<0.01 and were corrected by TFCE
multiple comparison, L: left. R: right. B: bilateral.

used in the study of various central encephalopathies, such as schizophrenia, cluster headache, Alzheimer’s disease [17], and multiple
sclerosis [5, 14, 19].
TBSS is an unbiased, voxel-by-voxel analysis of
DTI data. Voxel based analysis (VBA) and TBSS
are the most common methods for MRI-DTI
data analysis. VBA has two significant shortcomings: uneven FA image registration boundary and no definite principle and standard for
the arbitrary selection of a smoothing kernel
[20]. TBSS overcomes these two shortcomings: alignment and smoothing issue. The nonlinear registration method and projection of
the average FA skeleton solves the registration
error. In addition, the analysis process of the
TBSS method does not involve smoothing, so
the need for selection of a smoothing kernel is
avoided. Moreover, the dispersion characteristics of the white matter were analyzed systematically [21]. TBSS can initially measure the
diffusion characteristics of water molecules,
which can not only evaluate the brain microstructure, but also investigate the degree of
myelination and fiber integrity. Beaulieu et al.
reported that FA plays an important role in
4357

measuring the structural properties of the axon
membrane, and the changes in FA values can
also reflect the properties of myelin sheath
[22]. In addition, the morphology and density of
axons can also be reflected by FA and AD values [23]. Song et al. found in their study on
mice that RD changes were closely related to
the characteristics of myelination in the corpus callosum of mice, which could reflect the
characteristics of changes in the structural
integrity of myelin sheath with time progression [24]. The method of TBSS can be used to
find differences in the microstructure of white
matter in each group of subjects, and further
explore the changes in the information of
transmission process between different brain
regions, thus providing a new technology and
new ideas for revealing the brain structure and
exploring central nervous system abnormalities.
In this study, the TBSS method was used to
compare the differences in DTI diffusion indexes among HZ, PHN, and HC groups. The results showed that compared with that of HC,
the diffusion properties of white matter fibers
in patients with HZ and PHN were abnormal,
indicating that the microstructural integrity of
the white matter in patients with HZ and PHN
was changed. Many studies have reported
changes in the structure and function of the
cortex and subcortical regions in patients with
HZ and PHN [25, 26]; changes in brain regions
including primary somatosensory cortex, thalamus, striatum, internal capsule, anterior cingulate gyrus, amygdala, hippocampus, posterior
cingulate cortex, caudate nucleus, cerebellum,
and fronto occipital temporal cortex, which are
directly or indirectly related to pain, have been
observed [26, 27]. Our results showed that
compared with that in HC, the FA values of the
corpus callosum and corona radiata, anterior
and posterior radiation of the thalamus, internal and external capsules, superior and inferior
fronto occipital tracts, superior and inferior longitudinal tracts, fornix/terminal stria, cingulate
gyrus, uncinate tract, peduncle of cerebrum,
and corticospinal tract were significantly decreased in patients with HZ and PHN, while MD,
AD and RD values were increased, indicating
that the integrity of the microstructure in these
areas was destroyed; the white matter fiber
connections in these regions involve information transmission and integration of pain
sensation, memory, emotional motivation, and
movement and affect the abnormal regulation
Am J Transl Res 2022;14(6):4350-4362
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Figure 3. The results of TBSS analysis (P<0.01, TFCE correction) of the white matter diffusion index in the PHN and
HZ groups (P<0.01, TFCE correction) showed that all subjects had an FA skeleton. Red shows that the PHN group
had a decreased index, and blue shows an increased index.

Table 6. Comparison of PHN group and HZ
group with respect to MD, AD, and RD values
in brain regions
Brain Region
The corpus callosum
Splenium of corpus callosum
Internal capsule
Corona radiata
Postthalamic radiation
Prethalamic radiation
External capsule
Lower longitudinal tract
Lower fronto occipital tract
Corticospinal tract
anterior cingulate cortex
Fornix/stria terminalis
Upper longitudinal tract
Uncinate fasciculus
Cerebral peduncle
Medipeduncle
posterior cingulate cortex

MD
B
R
B
B
B
B
B
B
B
R
B
B
B
L

AD
R
R
R
R
R
R
R
R
R
R
R
R
R

RD
B
B
B
B
B
B
B
B
L
B
B
B
B

R

B

Note: all tests had P<0.01 and were corrected by TFCE
multiple comparison, L: left. R: right. B: bilateral.

of pain and cognitive and emotional disorders.
The integrity of white matter fibers in patients
with HZ and PHN changes, which affects the
information exchange and integration of relevant brain regions and thus causes changes in
the health status of patients. A previous study
reported that the FA and AD values of pain-
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related and non-pain-related brain areas in
patients with PHN were decreased, but there
was no statistical difference in the MD and RD
values [12]. It is speculated that the microstructural integrity change of white matter in
patients with PHN is due to axonal degeneration without obvious demyelination, which is
consistent with some results of the present
study [15]. While a combined DTI and resting
state functional MRI study in PHN patients
showed that FA, MD, ALFF and/or fALFF indicated significant alterations in specific pain or
pain-related brain regions [13], indicating disruption in both brain microstructure and function in patients with PHN.
MD, RD, and AD values of white matter fibers in
some regions of patients with PHN were significantly increased when comparing with HZ,
which indicated that there were differences in
the integrity of white matter microstructure
between patients with HZ and PHN. These different areas with white matter microstructural
damage involve the inner and outer brain
regions of pain. The corpus callosum is a white
matter commissural fiber bundle that connects
the two hemispheres and transmits information between the cerebral hemispheres. The
corpus callosum-corona radiata-fronto-parietal-occipitotemporal cortex pathway is responsible for the integration of multi-dimensional
sensory information, including cognitive control, attention, and emotional response [28].
Our previous research showed that the thick-
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Table 7. Correlation analysis between diffusion index of different brain regions and clinical parameters (R/P)
Clinical Parameter
VAS score
Course (day)

FA

HZ vs HC
MD
AD

RD

FA

RD

HZ vs PHN
MD
AD
RD

0.495/ 0.599/ 0.839/ 0.542/

0.349/ 0.088/ 0.101/ 0.086/

0.715/ 0.848/

0.102

-0.152

0.040

-0.079

-0.030

-0.091

0.283

0.263

0.275

0.681/

0.021

0.045

0.127/ 0.234/ 0.216/ 0.228/

0.997/ 0.343/ 0.290/ 0.355/

0.001/ 0.001/

0.002/

0.223

0.001

0.344

0.333

0.175

0.182

0.117

ness of the bilateral primary visual cortex
and right primary visual cortex, left somatosensory cortex, right anterior cingulate gyrus and
medial prefrontal cortex increased in PHN
patients [29], which is similar to the results
of this study to some extent, indicating the corpus callosum-corona radiata-fronto-parietaloccipitotemporal cortex pathway was damaged
in PHN patients. PCC is the core node at the
back of the default network, and damage to the
default network is the basis of cognitive and
behavioral disorders [10]. The fornix originates
from the hippocampus and projects to the
papillary body, thalamus, and cingulate cortex
of the hypothalamus through the internal capsule and connects the contralateral hippocampus through the fornix junction. The terminal
stria is an important fiber connecting the amygdala and limbic system; the uncinate tract connects the prefrontal lobe, anterior cingulate
gyrus, and limbic system. The fornix/stria terminalis, uncinate tract, anterior cingulate gyrus,
thalamus, limbic system, and cerebral cortex
constitute multiple pathways and participate
in emotion regulation, energy balance, and reward processing [25, 27]. It is well known that
a large number of white matter fibers connect
the cortex and subcortical areas through the
corticospinal tract, cerebral peduncle, middle
cerebellar peduncle, longitudinal tract, frontal
occipital tract, and internal and external capsule, and participate in the transmission and
integration of information. In this study, we
found that compared with the local white matter fiber dispersion of patients with HZ, that of
patients with PHN was abnormal, which indicated that the integrity of white matter microstructure was changed, causing a communication disorder between the relevant brain regions and affecting the high-level central recoding definition of PHN. The results of the correlation analysis showed that the MD, AD, and
RD values in the brain regions were positively
correlated with the course of disease, our previ4359

PHN vs HC
MD
AD

0.154

0.171

0.150

0.390

ous cortical thickness study also found that
medial prefrontal cortex, frontal opercular cortex and left motor cortex were correlated with
duration in PHN [29], indicating that the demyelination of the white matter, nerve fiber inflammation, and axonal lesions became increasingly more severe with the progression of PHN.
However, no correlation was found between the
diffusion indexes and pain intensity. In conclusion, compared with that of the HZ group, the
changes of white matter microstructural integrity in patients with PHN are more extensive,
and these brain regions may participate in the
progression from HZ to PHN.
Based on the comprehensive analysis of the
white matter diffusion indexes, the results
showed that compared with that of the HC, the
abnormal diffusion of white matter fibers in
the HZ and PHN groups was characterized by
decreased FA and increased MD, AD, and RD
values. AD and RD values are considered imaging indicators reflecting the potential pathological changes of white matter [30]. The change of
FA value was caused by changes in RD or RD
and AD values [31]. There was no relationship
between MD and FA in mathematical logic. MD
value was positively correlated with demyelination, axonal edema and axonal decrease.
Therefore, we believe that the damage in white
matter microstructural integrity in patients
with HZ and PHN is characterized by demyelination, nerve fiber inflammation, and axonal
degeneration.
In the present study, MD and RD values in
some brain regions of patients with PHN were
significantly increased compared with those in
the HZ group, and AD values were mainly in the
right side of the brain and relatively limited.
However, there was no significant difference in
FA value between the PHN and HZ groups. FA
changes are related to demyelination, axon
loss and degeneration, and neuroinflammation.
Am J Transl Res 2022;14(6):4350-4362
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There was no significant difference between
the FA value of patients with PHN and HZ, which
may be attributed to the nonhomogeneous
changes of brain function and structure.
We noticed that the areas with changes in the
diffusion indexes were not completely consistent between patients with HZ and PHN, which
may be due to the different degrees of damage to the white matter microstructure in different regions. Conversely, it may be due to the
different pathological information, which is
reflected by different diffusion indexes.
Comparing previous DTI studies of PHN, we
found that the alterations for FA and MD were
more similar, and our study made a supplement to the changes in RD and AD. In conjunction with previous studies on chronic pain,
increased AD, RD and MD may reflect abnormalities in neural axons and reduced neuronal
density in the white matter of the brain in
patients with HZ or PHN [32]. In our results, it
indicated that PHN, HZ had increased AD, RD
and MD compared to HC, and the changes in
PHN were the most significant, these changes
were positively correlated with VAS scores,
suggesting that the pain is worsened with the
raise in structural damage degree to nerve
fibers. On the other hand, reduced FA and increased MD values may suggest direct tissue
damage and reduced cell density in patients
with PHN. Some previous studies have reported that swelling of glial cells may underlie
changes in FA [33], and reduced FA can be
induced by factors such as demyelination,
lower cell density or different membrane permeability, and is regulated by features such
as axon diameter and changes in fibrous organization, which may indirectly explain the
changes in MD. In the correlation analysis, we
found a positive correlation between FA values
and disease duration in patients with PHN,
which suggested that as the duration of pain
increases, glial cells outside the nerve fibers
may regenerate to compensate for the previously occurred damage, which was not found
in previous experiments of PHN. In the other
case, increased RD may be a biological marker
of demyelination, but the exact mechanism is
unknown and may be related to oedema, inflammation, and some studies have found that
as the disease changes from acute to chronic,
the information provided by changes in AD may
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be limited [34, 35]. This implies that the progression of HZ to PHN probably associated with
further aggravation of demyelination, and that
changes in MD and FA may be more important
for the mechanism of this transformation.
Notably, some of the DTI metrics changes
observed so far were similar to other types
of chronic pain findings, such as trigeminal neuralgia, fibromyalgia, which further supported
our hypothesis that brain white matter fiber
changes potentially mediate the perception
and regulation of chronic pain [36].
This study achieved preliminary results, but
there are some limitations to this study, which
will be improved upon in future studied. First,
the sample of this study was relatively limited,
and the courses of PHN was relatively short
due to the time limitation, which cannot fully
explain the small differences in white matter
microstructural changes between acute and
sequelae stages of HZ. In the future, we will
recruit more patients with PHN with longer
course. Second, none of the participants had
obvious clinical symptoms of anxiety and
depression, and we did not conduct professional cognitive and emotional assessments of
the participants. However, some studies have
shown that patients with PHN have depression
and anxiety, which may affect the microstructure of white matter fibers [5]. In future studies,
we will include cognitive and emotional assessments such as depression and anxiety.
Finally, it is not clear whether the microstructural change of white matter was the primary
cause of PHN pain or the secondary that
caused by functional changes, and whether
these structural changes would be ameliorated
after relief from the disease. This is a limitation
in all functional MRI studies on brain structure
changes in patients with PHN. However, a more
thorough longitudinal study in the future may
help to explore the changes of brain structure
in patients with PHN from HZ and to develop
adequate treatment.
In summary, TBSS and DTI methods were used
to reveal the changes of white matter microstructural integrity in patients with HZ and
PHN; these changes affect the information
exchange and integration between pain and
non-pain-related brain regions. The changes of
brain white matter microstructural integrity in
patients with PHN are more extensive.
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