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Abstract

Obijective: To study the characteristics of point-by-point destruction of white matter tracts in
patients using automated fiber tract quantification (AFQ).

Methods: Thirty-four classic trigeminal neuralgia (CTN) patients and 34 healthy control (HC)
subjects underwent 3.0 T diffusion tensor magnetic resonance imaging and T |-weighted imaging.
The fractional anisotropy (FA) and mean diffusivity (MD) of 100 nodes of 20 fiber tracts were
analyzed by AFQ, and the correlations of the FA and MD with the visual analogue scale (VAS) pain
score were assessed.

Results: The FA values of the left thalamic radiation (middle segment), left corticospinal tract,
callosum forceps minor, and right uncinate fasciculus were significantly lower in CTN patients
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than in the HC group. The MD of the left thalamic tract (middle segment), left corticospinal tract,
right superior longitudinal fasciculus, and left superior longitudinal fasciculus (anterior segment)
were significantly higher in the CTN group. Additionally, the VAS pain score in CTN patients was
positively correlated with FA and negatively correlated with MD.

Conclusion: Specific fiber tract nodes were damaged in CTN patients, which was related to the
VAS pain score. Multi-node quantitative studies of fiber tract damage are valuable for under-

standing the white matter tract damage pattern in CTN patients.
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Introduction

Classic trigeminal neuralgia (CTN) is a typ-
ical type of neuropathic pain that refers to
episodic discharges or pinprick pain limited
to the trigeminal nerve distribution."? The
pain is significantly different from other
neuropathic pain and is characterized by
the absence of significant sensory deficits
and the presence of intermittent pain.’
The annual incidence of CTN is 4 to 5 per
100,000 people, and it is estimated that 1 in
15,000 to 20,000 people worldwide are
affected by CTN.* CTN is mainly caused
by neurovascular compression of the tri-
geminal nerve root in the brain region,
and microvascular decompression surgery
is the most effective method to relieve this
type of neuralgia.”® However, the peripher-
al nerve injury caused by neurovascular
compression does not fully explain the per-
sistent long-term pain of CTN patients.’
Studies have shown that pain, attention,
and mood changes in CTN patients are
associated with structural changes in the
brain.®’ At present, a growing number of
researchers are using diffusion tensor imag-
ing (DTI) to visualize white matter fibers in
the brain.'” Previous studies of white matter

abnormalities caused by chronic pain and
peripheral nerve injury in CTN patients
have mainly focused on the analysis of frac-
tional anisotropy (FA), mean diffusivity
(MD), and other  parameters.''?
However, a study by Zhang et al. showed
that only one segment of the white matter
tract may be damaged, while the other parts
remain intact.'® Therefore, an ideal method
is needed to examine specific characteristics
along each fiber tract at the individual level
to provide more detailed information about
white matter abnormalities.

Automated fiber quantification (AFQ) is
a new analysis method that applies a deter-
ministic tractography approach to recreate
whole-brain white matter tracts and esti-
mate point-wise diffusion parameters of
specific tracts.'* In addition to quickly
and reliably tracing white matter tracts
within the context of an individual’s brain
anatomy without manual intervention,
AFQ segments each white matter fascicle
into several individual segments for quanti-
tative analysis across the spatial extent of
the white matter tract."> In recent years,
AFQ has been successfully applied to the
study of several neuropsychiatric disor-
ders.!*'%!7 Consequently, AFQ may
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provide a promising strategy to investigate
whether the microstructural integrity of
white matter is abnormal along the entire
tract or at a specific location in a tract
during the progression of CTN.

Because AFQ is a relatively new method,
only a few reports have been published
using this method to examine schizophre-
nia,'® development and aging,' depres-
sion,” and attention-deficit/hyperactivity
disorder.?! This method has not been stud-
ied in CTN patients. In the present study,
we aimed to analyze DTI data of CTN
patients using AFQ technology and explore
imaging markers of structural damage in
the brain.

Methods

Participants

All patients included in this study had right
trigeminal neuralgia. The study adhered to
the Declaration of Helsinki and was
approved by the ethics committee of
Jining No. 1 People’s Hospital. Written
informed consent was obtained from all
individual participants included in the
study. The reporting of this study con-
formed to the STROBE guidelines.*?

Screening was performed according to
the  International  Classification  of
Headache Diseases (third edition),” and
high-resolution imaging was performed to
exclude secondary causes of CTN. The fol-
lowing diagnostic criteria were used: 1) pain
occurred in one or more branches of the
trigeminal nerve distribution area, with no
pain outside the distribution area of the tri-
geminal nerve; 2) at least three episodes of
unilateral pain of the face, lasting from a
fraction of a second to 2 minutes, were
reported. The pain was described as click-
ing, shooting, or stabbing; 3) patients had
no neurological deficits.

The inclusion criteria of CTN patients
were as follows: 1) age >18 years old;

2) right-handed; 3) unilateral pain involving
one or more branches of the trigeminal
nerve; 4) patients did not use psychotropic
substances or have a substance abuse prob-
lem; 5) no contraindications to magnetic
resonance imaging; 6) patients did not
have head trauma or neurological prob-
lems. The inclusion criteria for healthy con-
trol (HC) subjects were as follows: 1) age
>18 years old; 2) right-handed; 3) subjects
did not use psychotropic substances or have
a substance abuse problem; 4) no contra-
indications to magnetic resonance imaging.

The exclusion criteria were as follows: 1)
other headaches; 2) chronic pain in other
body parts; 3) previous trigeminal nerve
surgery; 4) untreated hypertension or diabe-
tes; 5) left-handed; 6) subjects used psycho-
tropic substances or had a substance abuse
problem; 7) contraindications to magnetic
resonance imaging.

Magnetic resonance imaging and DTI

DTI data were collected with a 3.0 T mag-
netic resonance scanner (Achieva; Philips
Healthcare, Best, the Netherlands) with a
12-channel head coil, and tight foam pad-
ding was used to limit head movement. All
subjects underwent DTI and three-
dimensional (3D) TIl-weighted imaging
examinations. The data acquisition param-
eters for DTI were as follows: repetition
time (TR)/echo time (TE)=10,000ms/
91ms; field of view (FOV)=256mm x
256 mm; voxel dimension =2 mm x 2 mm X
2mm, and b=1000s/mm? collected from
30 directions. Meanwhile, a b=0s/mm?
image was collected, and the data scanning
time was 5 minutes and 27s.

The 3D T1-weighted imaging parameters
were as follows: TR/TE = 1900 ms/2.52 ms;
FOV =256 mm x 256 mm; voxel dimen-
sion=1mm x Il mm x 1lmm; 176 continu-
ous axial slices with a thickness of 1 mm.
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Data preprocessing

First, the image quality was checked using
MRIcron (Achieva; Philips Healthcare,
Best, the Netherlands). If the scanned
images had obvious defects such as arti-
facts, cross-layers, and other defects, they
were removed. Then, Dcm2nii.exe was
used to convert files in the Dicom format
to the NIfTI format, which is recognized by
Fsl software (FSL 4.1, FMRIB Software
Library, www.fmrib.ox.ac.uk/fsl). Finally,
head movement, eddy current correction,
T1 and DTI denudation, dispersion of
FA, MD and other indicators were calcu-
lated using Fsl software.

Automated fiber tract quantification

Briefly, the fiber bundle was first tracked.
When the tracked fiber FA value was less
than 0.2 or the angle was greater than 35°,
the fiber was considered to have terminated.
Second, the regions of interest of the aver-
age DTI image of each group were defined
in Montreal Neurological Institute stan-
dard space, and the fiber tracts within
the space were equidistantly segmented.
Finally, in the quantitative analysis
of fiber tracts, the average parameters of
100 points in each tract segmentation were
estimated, mainly including the FA and
MD. The 20 fiber tracts defined included
the bilateral thalamic tracts, bilateral corti-
cospinal tracts, bilateral cingulate cortex,
bilateral tracts connecting the cingulate
cortex and the hippocampus and the genu
and splenium of the corpus callosum, bilat-
eral inferior frontal occipital tracts, bilater-
al inferior longitudinal tracts, bilateral
upper longitudinal tracts, bilateral uncinate
fasciculus tracts, and bilateral arcuate
tracts.

Assessment of clinical parameters

All patients with CTN were assessed using
the International Headache Disease

Classification (3rd version) and the visual
analog scale (VAS) to determine the inten-
sity and frequency of pain. In addition, all
subjects underwent emotional assessment
and self-scoring using a self-rated anxiety
scale (SAS) and a self-rated depression
scale (SDS).

Statistical analyses

SPSS 23.0 (IBM Corp., Armonk, NY,
USA) was used to analyze all data. The
Wilcoxon signed rank test was used to com-
pare differences in FA and MD between
groups. Pearson correlation analysis was
conducted to examine the correlations of
FA and MD values of fibers that were sig-
nificantly different between the two groups
with the pain intensity according to the
VAS, pain course, SAS score, and SDS
score. Values of P <0.05 were considered
statistically significant.

Results

Demographic data and clinical
characteristics

Thirty-four patients (age 53.53 + 11.0 years;
22 women and 12 men) with CTN and
34 HC subjects (age 49.12+10.7 years;
22 women and 12 men) admitted to Jining
First People’s Hospital from August 2018
to April 2019 met the inclusion and exclu-
sion criteria and were selected for this
study. The demographic and clinical char-
acteristics of each group are summarized in
Table 1. There were no statistically signifi-
cant differences in gender, mean age
(53.53+11.0 vs. 49.12+10.7 years), educa-
tion level (6.14+5.1 vs. 6.48 5.3 years),
SAS scores (37.46+8.3 vs. 38.86+8.1),
and SDS scores (38.36 £5.7 vs. 37.64 +
6.9) between the CTN and HC groups.
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Table |I. Demographic and clinical characteristics of patients with CTN and HC subjects.

Variable CTN HC T value P-value
Sex (female/male) 34 (22/12) 34 (22/12) - -

Age (years) 53.534+11.0 49.12+10.7 1.59 0.12
Education level (years) 6.14+5.1 648 +5.3 —1.78 0.08
VAS 626425 NA - -
Medical history (years) 591+£74 NA - -

SAS 37.46 +8.3 38.86 +8.1 —1.79 0.08
SDS 38.36+5.7 37.641+-6.9 1.96 0.06

CTN, classic trigeminal neuralgia; HC, healthy control; VAS, visual analog scale; SAS, self-rating anxiety scale; SDS, self-

rating depression scale; “~” No data.

Comparison of FA values between the
CTN and HC groups on the basis of
AFQ analysis

In CTN patients, the FA values of the
middle segment of the left thalamic radia-
tion (nodes 1647, t=17.76, P“0.001),
middle segment of the left corticospinal
tract (nodes 40-61, t=11.45 P“0.001),
middle segment of the corpus callosum for-
ceps minor (nodes 40-67, t=18.16,
P*0.001), and middle segment of the right
uncinate fasciculus (nodes 30-61,
t=18.435, P0.001) were significantly
lower than those of the HC group (Figure 1
and Table 2).

Comparison of MD values between the
CTN and HC groups on the basis of AFQ
analysis

In CTN patients, the MD values of the
middle segment of the left thalamic radia-
tion (nodes 10-50, t=-—18.91, P“0.001),
middle segment of the left corticospinal
tract (nodes 52-79, t=—28.35, P“0.001),
anterior segment of the left superior longi-
tudinal fasciculus (nodes 1-61, t=—47.63,
P*0.001), and middle segment of the right
superior longitudinal fasciculus (nodes
36-80, t=—41.79, P0.001) were signifi-
cantly higher than those of the HC group
(Figure 2 and Table 3).

Correlation analysis of altered DTI metrics
and clinical variables

As presented in Figure 3, the FA value of
the middle segment of the left thalamic tract
was positively correlated with the VAS pain
assessment (r=0.454, P=0.007), while the
MD value of the middle segment of the left
thalamic tract was negatively correlated
with  the VAS  pain  assessment
(r=-0.0371, P=0.031).

Discussion

AFQ is a relatively novel method for auto-
matic quantification of white matter tracts
and can be used to quantify the diffusion
parameters of multiple fiber tract nodes. In
this study, a quantitative analysis of 100
nodes of 20 fiber tracts was performed in
the brains of CTN patients. The results sug-
gested that the middle segment of the left
thalamic radiation, middle segment of the
left corticospinal tract, middle segment of
the corpus callosum forceps minor, middle
segment of the right uncinate fasciculus,
anterior segment of the left superior longi-
tudinal fasciculus, and middle posterior seg-
ment of the right superior longitudinal
fasciculus were damaged to a certain
extent. Moreover, the FA and MD of dam-
aged fiber tracts were related to pain.

FA and MD are two common quantita-
tive metrics used to evaluate the structural



Journal of International Medical Research

Thalmic Radiation gL 080
» e a
o™
050
; [
" o420
LT ] — b
R i % 00 [ =" 100
L ol R
Cingulate 080
H |
o 08
———————————— 040 [
1 [ w o 0 3

1 L w0 1 L 10
Uncinate L ol
o
=
s
40
- a1 e
2
TTTTEET T 4 - i 7
1 » 10 1 “w w

Corticospinal
a L omi p

He
0.0 o™

1 ® w1 " w
[
L R’
SLF .
- LE ]
‘ &% o w
R A = %
040
1 "0 " 1 ® 100
Arcuate
ony are
1 are
e on
ary
.‘f‘ o are
1 0 w4 (] 0

Figure |. The FA value analysis of 100 nodes on 20 nerve fiber tracts in CTN patients and HC subjects.
Green represents the CTN group, and blue represents the HC group. The horizontal axis represents
100 equipartitioned nodes of the fiber tracts, and the vertical axis represents the FA values of different
fiber tracts. The red horizontal lines below the curves represent nodes in a fiber tract with a statistically
significant difference in the FA value between groups (P < 0.001).

FA, fractional anisotropy; CTN, classic trigeminal neuralgia; HC, healthy control; IFOF, inferior
fronto-occipital fasciculus; ILF, inferior longitudinal fascicle; SLF, superior longitudinal fascicle.

integrity of white matter on DTI. FA is a
scalar value representing anisotropic water
diffusion that reflects the degree of direc-
tionality of the anisotropy of the diffusion
process. In addition, higher FA values
reflect greater white matter integrity.>*
MD is a scalar value representing the
mean water diffusion at each voxel.
Therefore, the MD is lower in regions
where  white matter complexity is

increased.”> In this study, we found that
the FA value of the left thalamic radiation
and left corticospinal tract were decreased,
and the MD value was increased, indicating
that the fibers in this area are damaged in
CTN patients. The results were supported
by data from previous studies. Briefly, Jin
et al. found that the 18 main white matter
tracts in Alzheimer’s disease patients gener-
ally had decreased FA and increased MD,
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Table 2. Comparison of FA values of 100 nodes between the CTN and HC groups.
FA
Fiber tract CTN HC T value P-value
Left thalamic radiation (nodes |16—47) 0.42+0.09 0.45+0.08 17.76 <0.001
Left corticospinal tract 0.61 £0.06 0.63 £0.07 11.45 <0.001
(nodes 40-61)
Corpus callosum forceps 0.52+0.13 054+0.14 18.16 <0.001
(nodes 40-67)
Right uncinate fasciculus 0.38 £0.06 0.41 £0.06 18.44 <0.001

(nodes 30-61)

CTN, classic trigeminal neuralgia; HC, healthy control; FA, fractional anisotropy.

which may reflect the diffuse abnormality
of myelin and/or fiber axons in
Alzheimer’s disease.?® Mito and colleagues
revealed significant white matter loss at
both the microstructural and macrostruc-
tural levels in patients with Alzheimer’s dis-
ease, which was evident in specific fiber
pathways associated with the default mode
network node.?” Taken together, the find-
ings indicated that FA and MD can be used
as early predictors of the development of
CTN.

Clinically, the changes in FA and MD of
the left thalamic radiation and the left cor-
ticospinal tract, which are associated with
sensory input and motor output, suggested
projection fiber damage.”® No obvious
movement disorder was found in patients,
which may be related to the strong compen-
satory ability of sensorimotor cortex func-
tion during the pain interval. Furthermore,
the damaged projection fibers are on the
left side, supporting damage to the commis-
sural fiber, which 1is consistent with
the damage to the middle segment of the
corpus callosum found in the study. The
corpus callosum is part of the brain’s
highest-order, latest-to-mature neural net-
work. At different times, it is highly suscep-
tible to negative impacts, and central
nervous system plasticity is most likely to
occur because of peripheral trigeminal
nerve injury.”**°

In terms of fiber composition, the con-
centration of small, unmyelinated axons
was highest in the corpus callosum forceps.
It was speculated that early myelination
and the unique fiber composition of the
anterior corpus callosum may increase its
likelihood of causing pain in patients with
CTN.*!' The right uncinate fasciculus, right
superior longitudinal fasciculus, and left
superior longitudinal fasciculus play impor-
tant roles in connecting various brain
regions in the ipsilateral hemisphere.>* The
increase in the FA value and decrease in the
MD value of these fibers suggested that
the connection efficiency between relevant
brain regions decreases after fiber injury,
which may lead to the occurrence of rele-
vant clinical symptoms, especially the sen-
sation of pain. In this study, the degree of
pain was positively correlated with the FA
value and negatively correlated with the
MD value, indicating that with disease pro-
gression, white matter damage becomes
more serious, and pain sensation becomes
more serious with the aggravation of white
matter damage.

In this study, specific nodes of the dam-
aged fiber tracts were located and quantita-
tively analyzed, which is a more accurate
method than that used in a previous study
examining the average FA value of whole
fiber tracts. However, AFQ has some limi-
tations. The present study based on the
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Figure 2. The MD analysis of 100 nodes of 20 nerve fiber tracts in CTN patients and HC subjects.
Green represents the CTN group, and blue represents the HC group. The horizontal axis represents
100 equipartitioned nodes of the fiber tracts, and the vertical axis represents the MD values of different
fiber tracts. The red horizontal lines below the curves represent nodes in a fiber tract with a statistically
significant difference in MD between groups (P < 0.001).

MD, mean diffusivity; CTN, classic trigeminal neuralgia; HC, healthy control; IFOF, inferior fronto-occipital
fasciculus; ILF, inferior longitudinal fascicle; SLF, superior longitudinal fascicle.

Table 3. Comparison of MD values of 100 nodes between the CTN and HC groups.

MD
Fiber tract CTN HC T value P-value
Left thalamic radiation (nodes 10-50) 0.784+0.05 0.73+0.03 —18.91 <0.001
Left corticospinal tract 0.76 £ 0.06 0.73 £0.06 —28.35 <0.001
(nodes 52-79)
Superior left longitudinal tract 0.74+£0.01 0.71 £0.01 —47.63 <0.001
(nodes 1-61)
Superior right longitudinal tract 0.74+0.08 0.72 £0.06 —41.79 <0.001

(nodes 36-80)

CTN, classic trigeminal neuralgia; HC, healthy control; MD, mean diffusivity.
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AFQ method is limited to major white
matter tracts, and some small but useful
tracts may have been overlooked. Another
limitation of AFQ is that fiber tracts may
not follow the true brain information trans-
fer pathways because of limitations of trac-
tography parameters.'> In the future, more
advanced algorithms will be incorporated
to increase the accuracy of the AFQ
method. In addition, the sample size of
the study was small, and additional subjects
need to be enrolled to verify the stability of
the study results. Furthermore, in this
study, only the FA and MD values of the
white matter tracts were analyzed. Other
quantitative parameters, such as radial dif-
fusion and axial diffusion will be further
evaluated in subsequent studies.

Conclusion

Using AFQ technology to analyze the DTI
data of CTN patients, we found that some
specific nodes of fiber tracts were damaged,
and this was related to the pain scale score.
More importantly, this multi-node quanti-
tative study of the degree of damage of fiber
tracts revealed more detailed information
regarding changes in fiber tracts than

when the average value of the entire fiber
tract was examined.
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