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Background: Changes in functional activity and connectivity have been shown in patients
experiencing postherpetic neuralgia (PHN) pain. However, PHN-induced structural changes,
particularly in the gray matter of which volume and density was widely reported to be altered by
other chronic pain, have not been well characterized.

Objective: In this study, we aimed to detect the difference in the microstructure of gray matter
of PHN patients as compared to the healthy controls, and to analyze the correlation between
microstructural alterations and clinical features of PHN patients.

Study Design: Observational study.
Setting: University hospital.

Methods: Diffusional kurtosis imaging (DKI) was performed in 19 patients with PHN and in 19
age- and gender-matched healthy controls. Maps of axial kurtosis (K//), mean kurtosis (MK), radial
kurtosis (K1) in gray matter were calculated and compared between the 2 groups. Correlations
between kurtosis metrics in the regions where between-group difference was detected and pain
intensity as well as lesion duration were tested by Pearson’s correlation.

Results: Compared with healthy controls, PHN patients exhibited significantly decreased DKI
parameters in the bilateral insula and superior temporal gyrus, left middle frontal gyrus and
occipital lobe, right cerebellum anterior lobe, right thalamus, caudate and parahippocampal gyrus.
K// in the bilateral insula and MK in the right insula were negatively correlated with visual analogue
scale (VAS) scores of PHN patients, whereas no correlation was found between DKI parameters and
lesion duration of PHN pain.

Limitation: Relatively small sample size. We still cannot determine the causal and effect
relationship between the microstructural abnormalities in the gray matter and PHN.

Conclusions: DKI can specifically reflect pathophysiological microstructural alterations in the
cerebral gray matters of PHN patients. This feature enables magnetic resonance imaging (MRI)
to be a potentially valuable technique for objectively estimating the severity of PHN pain, which
would provide an opportunity for elucidating the central mechanisms underlying PHN as well.

Key words: Postherpetic neuralgia, diffusional kurtosis imaging, insula cortex, gray matter,
voxel-based analysis
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ostherpetic neuralgia (PHN) is the most common
complication of herpes zoster (HZ). In PHN
patients, pain persists in the infected regions
for months or even years after the HZ rash heals, which

affects the life quality of patients and elicits anxiety
and depression, particularly in the elderly (1,2). As
a typical chronic neuropathic pain, PHN produces
various neuropathic signs in both the peripheral and
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central nervous system (3). Yet few studies have focused
on the effects of PHN on brain functional activity using
functional magnetic resonance imaging (fMRI) (4,5).
These results indicated that brain regions in association
with sense, hedonics, reward, and punishment were
activated by spontaneous PHN. In addition, increased
cerebral blood flow (CBF) was found in the striatum,
thalamus, primary somatosensory cortex, insula,
amygdala, and inferior parietal lobule, and decreased
CBF was found in the frontal cortex (6). However,
comparing with the progress made in functional
imaging studies, the changes of the cerebral structure
in patients with PHN are still poorly understood.

It has been suggested that chronic pain other
than PHN may affect brain structures, especially in the
gray matter (GM) (7). Using voxel-based morphometry
(VBM), changes in the global and regional GM volume
and density were observed in patients with chronic back
pain (8), burning mouth syndrome (9), migraine (10),
fibromyalgia (11), and trigeminal neuralgia (12), etc.
However, whether PHN will also induce microstructural
changes in the GM of patients is still not well known
(13).

Diffusion-based MRI has long been used to assess
the tissue microstructure in the brain non-invasively.
Conventional MRI techniques, such as diffusion tensor
imaging (DTI), are based on the assumption that the
diffusion of water molecules is Gaussian (14). However,
factually a variety of tissue structures in the brain restrict
free water diffusion, which results in the deviation of
diffusion from the Gaussian behavior (15). As an exten-
sion of conventional DTI, diffusional kurtosis imaging
(DK1) is a novel diffusion imaging technique that has
been developed to characterize the non-Gaussianity of
water diffusion (16), and thus offers more comprehen-
sive and sensitive information of tissue microstructural
changes in the brain (17,18). Compared with DTI that
are appropriate for cerebral white matter (WM) studies,
DKI could more effectively quantify the microstructural
abnormalities in GM, due to the isotropic water diffu-
sion in GM (19). This sensitivity to GM is important in
the studies on the microstructural alterations induced
by chronic pain conditions, in consideration of the
widely reported alteration in GM.

In the present study, we hypothesize that PHN in-
duces microstructural abnormalities in the cerebral GM
of patients. To test this hypothesis, we employed DKI to
detect the difference in the GM microstructure of PHN
patients as compared to healthy controls, and then to
assess the relationship between microstructural altera-

tions in the corresponding regions and clinical features
of PHN patients.

MEeTHODS

Participants

The current study was approved by the Ethics Com-
mittee of our local hospital, and written informed con-
sent was obtained from all participants. Right-handed
PHN patients admitted to the pain clinic of our local
hospital were recruited in our study. The diagnosis of
PHN was based on the International Association for the
Study of Pain (IASP) criteria for postherpetic neuralgia
(20). The intensity levels of spontaneous pain was as-
sessed using a visual analog scale (VAS), with a range
from 0 (no pain) to 10 (most intense pain imaginable).
All PHN patients in our study reported persistent pain
for more than 2 months (2 — 24 months) after their HZ
rash healed, with a pain intensity of at least 5/10 on
VAS. No participant had a history of psychiatric or neu-
rological disorder. The MRI scanning was implemented
on the day of hospital admission and before the system-
atic treatment in the hospital. A standard anatomical
brain scan was performed first. Patients with visible
neurological abnormalities were not enrolled in our
study. Finally data from 19 PHN patients were analyzed:
9 men and 10 women, 13 patients with left-sided le-
sions and 6 patients with right-sided lesions, ranging
in age from 46 to 72 (mean 62.5 years). Nineteen age-,
gender-matched right-handed healthy volunteers (8
men and 11 women, ranging in age from 46 to 68) were
recruited as the control group. All volunteers in the
control group were free of pain conditions, brain struc-
tural abnormalities, and neuropsychiatric disorders.

Image Acquisition

All MRI experiments were implemented on a GE
Signa HDxXT 3.0 T MRI scanner (General Electric Medi-
cal System, USA) with a standard 8-channel head coil.
MRI scans and preliminary evaluation of images were
performed by an experienced neuroradiologist. For
each patient, earplugs were used to reduce the scan-
ner noise. Three b-values (0, 1000, and 2000 s/mmz2)
and diffusion encoding vectors along 25 nonparallel
directions for each nonzero b-value were applied in the
current study. DKI images were acquired by a spin-echo
single-shot echo planar imaging (EPI) sequence with pa-
rameters as follow: repetition time (TR)/echo time (TE)
= 10000/99.3 ms, slice thickness = 4 mm, gap = 0, flip
angle = 15°, slice thickness = 4 mm, field of view (FOV)
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= 240 mm x 240 mm, matrix = 128 x 128 and scan time
=530 s. In addition, T1 weighted images (3-dimensional
brain volume imaging, 3D-BRAVO) were obtained with
the following parameters: TR/TE = 7.8/3, inversion time
(TI) = 450 ms, FOV = 256 mm x 256 mm, matrix = 256
x256, slice = 1 mm, slice gap = 0 mm, number of signal
averages (NEX) = 1, flip angle = 15°, bandwidth = 31.25
Hz, scan time = 208s.

Image Processing

Image processing and analysis were implemented
by another experienced neuroradiologist. All DICOM
files were first converted to NIFTI format. Eddy-current
distortion and head motion were corrected using FSL
(FMRIB Software Library, Oxford, UK) (21). The toolkit
DKE (22) based on MATLAB R2012a (Math Works Inc.,
Sherborn, MA, USA) was applied to estimate the DKI
parametric maps, including the mean, axial, and radial
kurtosis (MK, K//, KL1).

For voxel-based analysis (VBA), all the parametric
images were processed by the following steps: First, b0
images of all patients were normalized to the standard
EPI template in SPM8 with a reslicing resolution of 3 mm
x 3 mm x 3 mm. The normalized b0 images were aver-
aged and smoothed with an 8 mm full-width-at-half-
maximum (FWHM) Gaussian kernel to generate the b0
template. Subsequently, all parametric maps including
K/, KL, MK, and each original b0 image were normal-
ized to the b0 template with a reslicing resolution of
3mm x 3mm x 3mm. The normalized images were
smoothed with an 8 mm FWHM Gaussian kernel as well.
To generate a GM mask, a T1 weighted image of each
patient was segmented into GM, WM, and cerebro-
spinal fluid (CBF) in its original resolution using SPM8.
The acquired GM images were then normalized to the
standard Montreal Neurological Institute (MNI) space
with a reslicing resolution of 3 mm x 3 mm x 3 mm. The
normalized GM images of each patient were averaged
and smoothed with an 8 mm FWHM Gaussian kernel,
and then converted into binary masks that overlaid on
the DKI parametric maps for further GM analysis.

Statistical Analysis

Demographic and clinical data were analyzed using
SPSS software (v.19.0.1, IBM, USA). Two-sample t-tests
were used for detecting the differences in the age, VAS
scores and pain duration between PHN patients and
health controls. %2 test was applied for comparison of
gender. The criteria for all statistical significance was P
< 0.05.

VBA was performed for only GM on normalized
and smoothed K//, K1, and MK maps using Statistical
Parametric Mapping (SPM8, Wellcome Department of
Imaging Neuroscience, London, UK) based on MATLAB.
A two-sample t-test was applied to determine the dif-
ference between groups. Combination of voxel with
P < 0.001 and cluster size > 13 voxel produced a cor-
rected threshold of P < 0.05, which was determined
by AlphaSim software (http:/afni.nih.gov/afni/docpdf/
AlphaSim.pdf).

Brain regions showing significant differences (P
< 0.05, corrected) in the values of DKI parameters be-
tween the 2 groups were extracted as the regions of
interest (ROI) masks. Thereafter these ROl masks were
projected onto the normalized and smoothed images
of each PHN patient, and the values of DKI parameters
in the ROIs were estimated and extracted. The correla-
tion between regional DKI parameters and VAS score,
and between parameters and pain duration were
determined using Pearson’s correlation, with P < 0.05
(two-tailed) considered as statistically significant.

REesuLTs

Demographic and Clinical Features

Clinical characteristics of PHN patients are shown
in Table 1. There were no remarkable differences in
age (62.53 + 7.62 vs 59 + 7.67, P = 0.164) and gender
(F/M = 9/10 vs 8/11, P = 0.744) between PHN patients
and healthy controls.

Comparison of DKI Parameters between Two
Groups

As shown in Table 2 and Fig. 1, patients with PHN
showed significantly decreased K// mainly in the bilat-
eral insula and superior temporal gyrus, left middle
frontal gyrus and occipital lobe, right cerebellum
anterior lobe, right thalamus, caudate, and parahip-
pocampal gyrus. Lower MK was observed in the bilat-
eral insula, right superior temporal gyrus, thalamus,
caudate, and parahippocampal gyrus (Table 3 and Fig.
2). Regions with decreased KL included the left insula,
right caudate, thalamus, and right parahippocampal
gyrus (Table 4 and Fig. 3). No regions with higher K//,
K1, and MK were detected.

Correlation between DKI Parameters and
Clinical Variables

The above regions with decreased K/, K1, and
MK were respectively extracted as ROI for correlation
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Table 1. Clinical characteristics of PHN patients.

NUM Age(y) Gender Location of lesion Pain duration (month) VAS score
1 61 F Left T10-12 3 6
2 71 F Left T1-4 2 5
3 53 M Right V1-2 3 6
4 70 M Left T1-2 24 5
5 64 F Left T5-7 18 6
6 67 F Right T12-L1 5 7
7 68 M Right C8-T2 3 7
8 61 M Left T1-3 5 7
9 57 1B Right T1-5 5 7

10 67 M Left C2-4 3 7
11 59 M Left 12-3 6 5
12 72 F Left T2-4 3 5
13 46 F Left V1-2 3 8
14 61 M Left L2-3 2 5
15 48 F Right V1 5 5
16 70 M Left C1-4 3 7
17 69 M Left S3-4 3 7
18 66 F Left C2-4 2 8
19 58 F Right V2 2 5

M = male; F = female; T = level of thoracic vertebrae; L: level of lumbar vertebrae;

S: level of sacral vertebrae; V1, V2: ophthalmic and maxillary branches of the trigeminal nerve

Table 2. Clusters of significant difference in axial kurtosis (K//).

NO. Anatomical location N M co;rdinate . Cluster size Peak t value
1 Superior Temporal Gyrus_L -53 5 -3 198 -4.23
2 Superior Temporal Gyrus_R 57 -9 0 77 -34
3 Insula_L -42 -12 6 155 -5.86
4 Insula_R 42 -6 -6 85 -4.94
5 Cerebellum Anterior Lobe_R 9 -50 -4 137 -4.51
6 Thalamus_R 5 -9 15 85 -4.28
7 Caudate_R 6 16 3 58 -4.8
8 Parahippocampal Gyrus_R 21 6 21 54 -4.84
9 Occipital Lobe_L -5 -64 1 65 -4.52
10 Middle Frontal Gyrus_L -33 51 -6 131 -4.57

L: left, R: right, MNI: Montreal Neurological Institute
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Fig. 1. Significant differences in K// between PHN patients and healthy controls in axial (A), coronal (B), and sagittal (C)
slices. Statistical differences are shown superimposed in color on a standard Montreal Neurological Institute (MNI) template.
The blue regions indicate significantly lower K// in PHN patients than healthy controls (P < 0.05, corrected). The MINT
coordinates are used for location in all directions. T-values are color-coded on the right. Left in the figure represents the right side
of patients.

Table 3. Clusters of significant difference in mean kurtosis (MK ).

MNI coordinate
NO. Anatomical location N y . Cluster size Peak t value
1 Thalamus_R 12 -27 12 64 -3.89
2 Parahippocampal Gyrus_R 18 2 -25 56 -5.11
3 Insula_L -41 -13 3 127 -4.97
4 Superior Temporal Gyrus_R 54 5 -9 58 -3.19
5 Insula_R 45 6 -9 51 -4.17
6 Caudate_R 6 16 2 64 -4.76

L: left, R: right, MNI: Montreal Neurological Institute

Fig. 2. Significant differences in MK between PHN patients and healthy controls in axial (A), coronal (B), and sagittal (C)
slices. Statistical differences are shown superimposed in color on a standard MINI template. The blue regions show significantly
lower MK in PHN patients than healthy controls (P < 0.05, corrected). The MNI coordinates are used for location in all
directions. T-values are color-coded on the right. Left in the figure represents the right side of patients.
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analysis with VAS scores and lesion duration. As shown
in Fig. 4, the K/ value in the bilateral insula and the
MK value in the right insula were negatively correlated
with VAS scores of PHN patients. However, no correla-
tion was detected between DKI parameters in ROl and
lesion duration of PHN.

Discussion

Alteration of GM volume or density in the brain
has been widely reported to be tightly associated with
chronic pain (9,12,23-26), although it is still debated
whether structural reorganization in the brain is part of
the cause or only the consequence of the pain. Rather
than measuring the gross changes in GM volume/den-
sity by VBM, recently a DTI study has demonstrated the
microstructural tissue abnormalities in the GM of pa-
tients with trigeminal neuralgia, and also the changes
of DTI parameters in specific brain regions were found
to be correlated with pain relief following treatment
(27). In the present study, the microstructural changes
in the relatively isotropic GM could be better character-
ized with the DKI method.

In the primary DKI parameters, MK reflects the
complexity of tissue microstructure and degree of dif-
fusion restriction, while K// and KL provide directionally
specific information on the kurtosis parallel and per-
pendicular to the principal diffusion tensor eigenvector,
of which K// reflects axonal integrity, whereas K reflects
myelin integrity (28). In the GM of PHN patients, we
observed that all the 3 DKI parameters decreased in dif-
ferent brain regions. These regions include the bilateral
insula and superior temporal gyrus, left middle frontal
gyrus and occipital lobe, right cerebellum anterior lobe,
right thalamus, caudate, and parahippocampal gyrus.
In these regions, the thalamus, insula, and prefrontal
cortex are the so-called pain matrix (13,29), which was
defined as the common areas involved in pain percep-
tion regardless of the location, duration, or nature
of pain. The thalamus is the area related to sensory
processes. Functional activities in the thalamus can be
intensively affected by spontaneous pain and tactile al-
lodynia of PHN (5,30). Also patients with other chronic
neuropathic pain have shown reduced GM volume in
the bilateral thalamus (31,32). In the current study, the

Table 4. Clusters of significant difference in radial kurtosis (KL).

NO. Anatomical location N M co;rdinate . Cluster size Peak t value
1 Caudate_R 6 12 7 54 -4.17
2 Parahippocampal Gyrus _R 21 5 -26 53 -5.12
3 Thalamus_R 4 221 6 51 -3.8
4 Insula_L -40 -12 4 76 -4.69

L: left, R: right, MINI: Montreal Neurological Institute

Fig. 3. Significant differences in K1 between PHN patients and healthy controls in axial (A), coronal (B), and sagittal (C)
slices. Statistical differences are shown superimposed in color on a standard MNI template. The blue regions show significantly
lower K1 in PHN patients than healthy controls (P < 0.05, corrected). The M NI coordinates are used for location in all
directions. T-values are color-coded on the right. Left in the figure represents the right side of patients.
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Fig. 4. Correlation analysis between DKI parameters and VAS scores. Panel A and B show that the K// value in the left and right
insula are negatively correlated with VAS scores of PHN patients. C: the MK value in the right insula is negatively correlated
with VAS scores as well.

3 primary DKI parameters all decreased in the right
thalamus, exhibiting strongly the involvement of tha-
lamic microstructural abnormalities in PHN pain. The

middle frontal gyrus is implicated in emotion modu-
lation and executive function (33). Decreased low-
frequency fluctuation (ALFF) and GM volume/density
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in the middle frontal gyrus were reported in patients
with irritable bowel syndrome (24,34). Consistent with
these reports, our data demonstrate the notably abnor-
mal tissue microstructure in the middle frontal gyrus,
which is presumably implicated in the emotional aspect
of PHN pain. The insula cortex plays an important role
in integrating sensory information and generating sub-
jective emotional experience (35). Patients with chronic
somatic and visceral pain showed remarkable reduced
GM volume in the insula cortex (36,37). Equally, our
data indicate significantly decreased DKI parameters
in the insula. More specially, correlation analysis in our
study indicated that the values of K/ and MK in the
insula were negatively correlated with pain intensity
of PHN. This result emphasized the vulnerability and
sensitivity of microstructure abnormalities of the insula
in PHN pain, which is supported by the previous func-
tional (38,39) and structural (23,40) studies.

The caudate, one part of the striatum, is involved
in the hedonics, emotion, and rewards, while the
parahippocampal gyrus links tightly to memory/affec-
tive process. K/, KL, and MK in our study all showed
a significant decrease in both the caudate and para-
hippocampal gyrus, suggesting strongly that the 2
regions are severely affected by PHN pain. This result is
consistent with the previous findings of PHN observed
using fMRI (4,6). In addition, reduced GM volume in the
parahippocampal gyrus found in patients with other
chronic pain supports our results as well (41,42). There-
fore, it is conceivable that microstructural abnormali-
ties in the caudate and parahippocampal gyrus might
account for the corresponding behavioral consequence
in the emotion and memory aspect of PHN pain. Other
regions where notable decreased DKI parameters were
detected include the temporal gyrus and occipital lobe,
along with the cerebellum. Consistent with our obser-
vation, patients experiencing other chronic pain such as
cluster headache, chronic low back pain, and migraine
also show gray matter loss in these regions in the previ-
ous VBM studies (43-45).

In GM, kurtosis can be influenced by altera-
tion in tissue water content and cell packing density,
changes in cytoarchitecture, as well as addition of basal
dendrites (46-48). In our study, K/, MK, and KL were
lower in PHN patients to a varying extent. More regions
with decreased K// were probed rather than MK and
KL (Table 2 and Fig. 1), and the decrease of K/ in the
insula was highly correlated with VAS score (Fig. 4 A
and B). These results suggested that the microstructural
complexity was remarkably reduced in all the diffusion

directions, of which K// is more sensitive to detect the
microstructural abnormalities induced by PHN.

Generally, the pathological mechanisms underlying
decreased MK may be associated with the myelin defi-
ciency, neuronal edema, and increased permeability in
the neuron membranes in local brain regions (49,50).
Lower K// is associated with a decrease in packing
density of fiber bundles and axons, changes in neuro-
fibrils or decreased extracellular complexity along the
axial direction, while decreased K1 is mainly ascribed
to demyelination or axonal loss that bring about less
restriction in the radial direction (51). Together, com-
bined with the shrunken GM volume reported in the
previous literature, our results implied that the lesions
in the GM of PHN patients may be primarily character-
ized by architectural alteration in basal dendritic spines
and reduced packing density of nerve fibers along the
axial direction.

Long-term pain widely affects brain anatomy pri-
marily via the cerebral adaptation mechanism to fre-
quent nociceptive inputs with regard to neural plasticity
(52). Moreover, altered regional CBF by PHN pain may
account for the structural abnormalities as well. It has
been suggested that frontal cerebral perfusion is associ-
ated with GM volume in heroin addiction (53). Similarly,
in line with the results from CBF alterations of PHN pa-
tients utilizing arterial spin labeling (ASL) techniques
(6), altered microstructures were also detected in the
insula, thalamus, and frontal cortex in our study. In these
regions, long-term changes in perfusion induced by
chronic pain may underlie the reorganization of neural
tissue, such as neuronal degeneration and proliferation
of astrocytes and microglia (54). In turn, the microstruc-
tural abnormalities examined in the present study prob-
ably contribute to the developmental process and the
consequent clinical manifestations of PHN. For instance,
changes of tissue structures in the somatosensory and in-
sula cortex affect processing and modulation of sensory
information, and thus presumably result in the sensory
deficits (55). Additionally, abnormalities in the thalamus
may be the structural basis exacerbating the disinhibition
of nociceptive inputs, which will induce allodynia (56,57).
Chronic pain-induced subtle alterations in the prefrontal
cortex lead to changes in an individual’s personality (58).
Therefore, these microstructural abnormalities revealed
in our study may be implicated in the central mechanism
of PHN pain, and account for the long-term persistence
of pain states (43,59).

In the current study, there is no significant correla-
tion between lesion duration of PHN patients and DKI
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parameter. However, it has been reported that neural
plasticity in GM following chronic pain is time-depen-
dent in the previous VBM studies. For instance, reduced
GM volume and density was positively correlated with
the lesion time of chronic pain (60,61). We speculate
this inconsistency may be due to the maldistribution
of lesion duration. Most of PHN patients in our study
had lesion duration of less than 6 months. The reason
is that the incidence of visible neurological abnormali-
ties such as demyelination in standard anatomical brain
MRI scans was much higher in PHN patients with pain
duration of more than 6 months. Thus, most of the
patients with long pain duration more than 6 months
were excluded as the current study only focuses on the
microstructural changes that cannot be detected in the
anatomical scanning.

There are some limitations in the present study.
Firstly, although DKI can detect the microstructural ab-
normalities non-invasively and more specifically, to date
the unique method to clarify the pathological altera-
tions underlying the decrease of DKI parameters is still
histopathological analysis. Secondly, it still cannot be
determined whether the microstructural abnormalities
in GM are the result or cause of PHN, and whether these
changes can be reversed after PHN pain relief. Further
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