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Abstract: Objective: To investigate the subtle differences in the structure of the unaffected trigeminal nerve between
patients with classic trigeminal neuralgia (CTN) and healthy controls (HCs) by means of radiomics, so as to further
explore the etiological mechanism of trigeminal neuralgia (TN). Methods: The imagine data of 95 CTN patients and
89 matched HCs were collected and retrospectively analyzed. They were assigned to four groups according to the
presence or absence of neurovascular compression (NVC) of the unaffected trigeminal nerve (HCs with and without
NVC; CTN patients with and without NVC on the unaffected side). All patients underwent magnetic resonance imag-
ing (MRI) scans. Bilateral trigeminal cisternal segments were manually delineated, followed by feature extraction,
dimensionality reduction, feature selection, model construction and model evaluation. Results: Six weighted tex-
tural signatures (sphericity, maximum 2D diameter, skewness, robust mean absolute deviation, large dependence
low gray level emphasis, and surface-to-volume ratio) were found in HCs with and without NVC, while 7 were found
in CTN patients without NVC on the unaffected side and HCs without NVC. The Rad_score was statistically different
between the two groups (P < 0.05). The AUC of the training set was consistent with that of the validation set. The
calibration curves of the training and validation sets demonstrated the high accuracy of the model. Conclusions:
NVC can alter trigeminal nerve structure and cause alterations in related characteristics; but NVC is not a neces-
sary condition for the formation of CTN, and its incidence is also high in asymptomatic healthy people, and thus it
is necessary to grade the severity of NVC. In addition, there are differences in the characteristics of the unaffected

side between CTN patients and HCs, which may be due to congenital or secondary factors.
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Introduction

Trigeminal neuralgia (TN) is a debilitating chron-
ic facial pain disease that is typically character-
ized by extremely intense, sporadic and shock-
like unilateral pain episodes [1]. The sensory
information of the craniofacial region is trans-
mitted by the trigeminal sensory system, which
is composed of peripheral structures (trigemi-
nal nerve, trigeminal ganglion, etc.) and central
structures (e.g., trigeminal brainstem sensory
nuclear complex) [2]. It can be either triggered
by stimulation of trigeminal sensitive areas or
occur spontaneously. The incidence rate is esti-
mated to be 4 to 13 per 100000 people per
year. The pain is often described as tingling,
paroxysmal, reminiscent of electric shock or
burning, and is limited to areas dominated by
one or more branches of the trigeminal nerve

[3]. The etiology of TN and the underlying mech-
anisms of this condition are still poorly under-
stood; but based on the etiology, it is mainly
categorized as primary TN (or classic TN, CTN),
secondary TN or idiopathic TN [4-6].

Neurovascular compression (NVC) is consid-
ered to be the main cause of CTN, which can be
treated by microvascular decompression (MVD)
[7, 8]. Preoperative high-resolution 3D magnet-
ic resonance imaging (MRI) has been shown to
be a reliable tool to diagnose NVC in CTN
patients. However, the NVC theory has been
controversial from the very beginning. The NVC
hypothesis is based on the fact that most
patients achieved sustained pain after micro-
vascular decompression surgery relief. Despite
this evidence, NVC can also be observed in
asymptomatic patients [9, 10]. This anatomical
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variation is also present in 25-49% of healthy
individuals and 14-39% of cadavers [11].
Studies on the incidence, extent, and charac-
teristics of NVC in asymptomatic individuals
remain scarce. Neuroimaging studies have
shown altered brain structure, function and
connectivity of TN patients that have been con-
firmed by different methods [12-15]. Here, we
invetigate the subtle differences in the struc-
ture of the unaffected trigeminal nerve from
the intra-group comparison among healthy con-
trols (HCs) and the inter-group comparison
between CTN patients and HCs, and to explore
the possible etiological mechanism of TN from
multiple perspectives.

Materials and methods
Research participants

This study was conducted after obtaining
approval from the Ethics Committee of Affiliat-
ed Hangzhou First People’s Hospital Zhejiang
University School of Medicine (IRB# No.
202107002). From July 2021 to December
2021, the clinical and imaging data of CTN
patients who visited the Affiliated Hangzhou
First People’s Hospital Zhejiang University
School of Medicine and underwent MRI scan-
ning were collected for retrospective analysis.
Patients’ inclusion criteria: (1) Conforming
to the diagnostic criteria of the International
Classification of Headache Disorders, 3rd
edition (ICHD-3) for CTN [8]; (2) Patients with
unilateral symptoms; (3) Those who underwent
a complete MRI scan, such as volume inter-
polated breath-hold examination (3D-VIBE)
and 3D short tau inversion recovery (3D-STIR)
sequence; (4) Patients with dextromanuality.
Exclusion criteria: (1) Patients with previous
TN-related surgery; (2) Patients with clear his-
tory of neurological diseases such as brain
trauma, cerebral hemorrhage or brain tumors;
(3) Patients with image artifacts or poor quality
that affect the final evaluation. Finally, 95
patients were retrospectively enrolled and
grouped as follows according to the presence
or absence of NVC of the unaffected trigeminal
nerve: CTN patients with NVC on the unaffect-
ed side and CTN patients without NVC on the
unaffected side.

Additionally, sex- and age-matching HCs were
included. Inclusion criteria for HCs: (1) No his-
tory of neurological, psychiatric or pain diseas-
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es; (2) No history of major central nervous
system surgery; (3) No contraindications to
MRI scanning. Exclusion criteria: (1) Previous
TN-related surgery; (2) Those did not undergo a
complete MRI scan; (3) Image artifacts or poor
quality that affect the final evaluation. After
screening, 89 HCs were included, and similarly,
they were assigned to HCs with NVC and HCs
without NVC according to the presence of NVC
manifestations of the trigeminal nerve.

Three experienced diagnosticians judged and
evaluated the presence and extent of NVC
based on preoperative MRI. The extent of NVC
was divided into contact only, compression
(indentation on nerve surface) and deformity
(nerve deviation or distortion) [16].

Inspection methods

All brain scans were performed with a 3.0T
MRI scanner (Discovery MR Verio, Siemens,
Germany) and an 8 channel phased-array head
coil, with participants placed in the supine posi-
tion. Foam pads and headphones were used to
reduce head movement and scanner noise.
The following two sets of sequences were used
to scan and capture images.

(1) 3D-VIBE sequence: repetition time 10 ms,
echo time 3.69 ms, flip angle 12°, field of view
220x%220, voxel 0.8x0.8x0.8, layer thickness
0.8 mm, 60 axial slices.

(2) 3D-STIR sequence: repetition time 3800
ms, echo time 194 ms, flip angle 12°, field of
view 230%230, voxel 0.9x0.9x0.9, layer thick-
ness 0.9 mm, 64 axial slices.

Radiomics and machine learning analysis

The imaging features of bilateral trigeminal
nerves of the subjects were analyzed using
the UuAl Research Portal (United Imaging
Intelligence) software. The specific steps were
as follows: (D Determination of regions of inter-
est (ROIs): the trigeminal cistern segment was
manually delineated layer by layer on the imag-
es of 3D-VIBE sequence (from the position
where the nerve left the pons to the entrance of
the Meckel’s cavity), avoiding the responsible
vessels; @ Feature extraction: based on the
original image and ROls, the following features
were extracted from feature categories: first
order, shape, gray-level co-occurrence matrix
(GLCM), gray-level size zone matrix (GLSZM),
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gray-level run-length matrix (GLRLM), neighbor-
hood gray-tone difference matrix (NGTDM)
and gray-level dependence matrix (GLDM); ®
Feature selection: two feature selection meth-
ods, namely, minimum redundancy maximum
relevance (MRMR), and least absolute shrink-
age and selection operator regression (LASSO),
were used for dimensionality reduction. mRMR
was used first to eliminate redundant and irrel-
evant features, after which LASSO was utilized
to select the most predictive feature subsets
and evaluate the corresponding coefficients; @
Model construction: the ratios of the training
set and the validation set were randomly set to
0.7 and 0.3, respectively. A radiomics signature
(Rad-score) was calculated for each patient via
a linear combination of selected features that
were weighted by their respective coefficients
and compared between the training and valida-
tion sets. Radiologic scores were then com-
bined with independent clinicoradiological pre-
dictors to construct a comprehensive logistic
regression-based nomogram; & Model evalua-
tion: first, the differences were quantified by
the area under the receiver operating charac-
teristic (ROC) curve (AUC), and then the calibra-
tion curve was applied to estimate the consis-
tency between the prediction model and the
actual results. Finally, the clinical net benefit of
the prediction model was visualized by the deci-
sion curve. See Figure 1 for details.

Statistics and methods

Statistical analyses were performed using
SPSS 26.0and R language (V.3.6.1). Categorical
data were presented as the number of cases
(percentage) while measurement data con-
forming to a normal distribution was presented
as mean = standard deviation. Clinical and MRI
morphological features were assessed using
the Chi-square test (nominal variables) and
Wilcoxon test (continuous variables). The model
effectiveness was evaluated by analyzing the
ROC curve of the machine learning module to
obtain the AUC and other model evaluation
indexes. P value < 0.05 indicated the presence
of statistical significance.

Results
Clinical data

Clinical grouping and clinical data comparison
between groups: According to the presence or
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absence of NVC manifestations of the unaf-
fected trigeminal nerve, the subjects were
divided into four groups: CTN patients with NVC
on the unaffected side, CTN patients without
NVC on the unaffected side, HCs with NVC, and
HCs without NVC. No significant differences
were found in number, sex and age between
CTN patients and HCs (P > 0.05). See Table 1
for details.

Statistics of clinical data of HCs with NVC: The
data showed that 62.9% (56/89) of HCs had
NVC manifestations; the probability of develop-
ing bilateral NVC was 30.3% (27/89), and the
incidence of NVC in all nerves was 46.6%
(83/178); the possibility of NVC occurring on
the left side, which accounted for 56.6%
(47/83), was slightly higher than that on the
right side. Females were found to be slightly
more susceptible to NVC than males, account-
ing for 58.9% (33/56). Of all nerves in HCs with
NVC, the overwhelming majority (96.4%) of NVC
showed only contact or indentation without sig-
nificant nerve deformity or deviation; only three
nerves had grade 3 compression that occurred
in the right mid-distal segment, two of which
were obviously compressed by the vertebro-
basilar artery, and the third was compressed
by the superior cerebellar artery to form an
obvious indentation. The most common offend-
ing vessel was the superior cerebellar artery
(89.2%), and the most common compression
site was the mid-distal part of the cistern seg-
ment (62.7%). No significant atrophic manifes-
tations were observed when comparing NVC
with uncompressed nerve cross-section and
cross-sectional area. See Table 2 for details.

Radiomics analysis

HCs with and without NVC: A total of 117 fea-
tures were selected from each ROI. After dimen-
sionality reduction using mRMR and LASSO, 6
weighted textural signatures were selected,
including sphericity, maximum 2D diameter
(column), skewness, robust mean absolute
deviation (rMAD), large dependence low gray
level emphasis (LDLGLE) and surface-to-vol-
ume ratio (S/V). The Rad_score was statisti-
cally different between HCs with and without
NVC (P < 0.05). Details are shown in Figure 2.

CTN patients without NVC on the unaffected
side and HCs without NVC: A total of 117 signa-
tures were extracted from each ROI. After
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Image Segmentation

Original Image

Feature Extraction

ROI Selection

Figure 1. Flow chart of radiomics analysis. ROI, regions of interest; LASSO, least absolute shrinkage and selection operator; ROC, receiver operating characteristic

curve.

8643

Shape Feature

Intensity Feature

Feature Selection

Model Construction and
Evaluation

Coefficients

LASSO Selection

g Lambda
0.0424137166681019

Feature Coefficient

original_frstorder

original_glszm_GrayLevelNonUniformityNormalized |

ROC Analysis
E::
L
. .
Calibration Curve
. .
. .
et ST "
8
5 e
8 S
§ o
’ 0.0 0.2 0.4 0.6 0.8
PR )

Cost:Benefit Ratio

Am J Transl Res 2022;14(12):8640-8649




Imaging histological analysis of the healthy side of primary trigeminal neuralgia

Table 1. Clinical data of CTN patients and healthy controls

CTN patients (on the unaffected side, n=95) Healthy controls (n=89) X2/t P
Number NVC, 59 (62.1) 56 (62.9) 0.013  0.9092
NVC, 36 (37.9) 33(37.1)
Sex (M/F)  NVC, 22/37 23/33 0.173 0.678°
NVC, 15/21 10/23 0.962 0.327°
Age NVC, 53.1+11.9 52.2+12.3 0.399 0.692°
NVC 52.9+12.2 51.6+11.8 0.449 0.650°

0

CTN, classical trigeminal neuralgia; NVC, neurovascular compression; NVCl, with NVC; NVCO, without NVC; P?, Chi-square test;
P?, independent-sample t test.

Table 2. Clinical data of healthy controls with NVC

Left side Right side Total X2 P
Ofv 3.338 0.342
Superior cerebellar artery 43 (58.1) 31(41.9) 74
Anterior superior cerebellar artery 1(33.3) 2 (66.7) 3
Anterior inferior cerebellar artery 0 (0) 1 (100.0) 1
Vertebral artery/basilar artery 0 (0) 2 (100.0) 2
Arteriole 3 (100.0) 0 (0) 3
POfvC 0.506 0.477
Proximal 1/3 16 (51.6) 15 (48.4) 31
Mid-distal 2/3 31 (59.6) 21 (40.4) 52
DOfvC 4.809 0.090
Contact only 21 (53.8) 18 (46.2) 39
Indentation 26 (63.4) 15 (36.6) 41
Deviation and deformity 0 (0) 3(100.0) 3

Ofv, offending vessel; POfvC, the position of offending vascular compression; DOfvC, the degree of offending vascular compres-

sion.
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Figure 2. Feature selection of HCs with and without NVC. A. Wilcoxon’s test of the Rad score between the two groups
of trigeminal-nerve cisternal segment feature selection and importance ratio. B. Wilcoxon’s test of Rad score in the
training set and the validation set. HCs, healthy controls; NVC, neurovascular compression; O, without NVC; 1, with
NVC.

(slice), large area high gray level emphasis
(LAHGLE), 10th percentile, cluster shade, mini-
mum, and gray level non-uniformity normalized

dimensionality reduction by mMRMR and LASSO,
seven weighted textural signatures were select-
ed, including flatness, maximum 2D diameter
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(GLNN). The Rad_score differed statistically
between CTN patients without NVC on the unaf-
fected side and HCs without NVC (P < 0.05).
The AUC of the training set was consistent with
that of the validation set, demonstrating good
fit of the model. A nomogram was constructed,
which visually simplified the complex regres-
sion equation. The calibration curves of the
training set and validation set demonstrated
the high accuracy of the model. Finally, the clini-
cal practicability of the model was assessed
using a decision curve. Details are shown in
Figures 3 and 4.

Discussion

TN, a complex oral and facial pain syndrome, is
characterized by unilateral paroxysmal stab-
bing pain in the trigeminal nerve distribution
area. The specific pathogenesis is still unclear.
Patients with TN often feel nervous or fearful of
pain as it may come at any time. This has
severely impacted on patients’ daily life, such
as talking, eating, tooth brushing, face wash-
ing, and even the most basic social activities.
Under such huge pressure for a long time, they
are prone to anxiety and depression, leading to
a continuous decline in their quality of life.
Therefore, it is of great clinical significance
to have a deeper understanding of its etiologi-
cal mechanism, so as to treat patients more
efficiently.
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Figure 3. Feature selection, model construction, and
evaluation of CTN patients without NVC on the unaf-
fected side and HCs without NVC. A. Wilcoxon’s test
of the Rad score between the two groups of trigem-
inal-nerve cisternal segment feature selection and
importance ratio. B. Wilcoxon’s test of Rad score in
the training set and the validation set. C. Nomogram.
CTN, classical trigeminal neuralgia; HCs, healthy
controls; NVC, neurovascular compression; O, CTN
patients without NVC; 1, HCs without NVC.

Clinically, NVC is widely supported as the main
theoretical basis for the pathogenesis of CTN,
in which demyelination along with the trigemi-
nal afferent pathway is considered as the core
element. These are basically consistent with
our previous research findings and arguments
[47]. Many brain structure studies found that
changes in gray matter volume in CTN patients
mainly involved primary in somatosensory cor-
tex, insula, thalamus, anterior cingulate cortex,
basal ganglia, hippocampus, temporal lobe cor-
tex and cerebellum, with the most obvious
changes in pain matrix [18-20]. At the same
time, functional magnetic resonance imaging
(fMRI) studies in CTN patients revealed brain
dysfunction, mainly distributed in the prefron-
tal, temporal and parietal lobes, posterior cin-
gulate cortex, insula and cerebellum, especially
the prominent network and default mode net-
work [21-23].

The first set of comparative data in this study
was obtained from HCs with and without NVC.
The results revealed six weighted textural
signatures, namely, sphericity, maximum 2D
diameter (column), skewness, rMAD, LDLGLE
and S/V. The reason may be that NVC causes
trigeminal nerve deviation, deformity or even
demyelination after long-term compression,
which in turn leads to changes in the above-
mentioned characteristics. In recent years,
some researchers recruited subjects with NVC
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Figure 4. Validation of the three models in training and validation set. A. ROC of training set and validation set of
the three models; B. Calibration curve of training set and validation set; C. Decision curve. ROC, receiver operating

characteristic curve.

but no history of facial pain as a healthy control
group, and used diffusion tensor imaging (DTI
scans) to observe the functional changes
caused by NVC [24]. The results showed no sta-
tistical difference in DTl parameters between
the compressed side and the uncompressed
side in the healthy control group, which was dif-
ferent from our findings. The reason may be
that DTI scan results are diffusion correlation
coefficients, while this study scanned the tri-
geminal nerve structure. In addition, the com-
parative data of HCs with and without NVC only
selected textural signatures but did not per-
form model building. The is because for healthy
people, the bilateral trigeminal nerves are all
from the healthy sides, and the presence or
absence of NVC can be identified by naked
eyes, so the construction of the model does not
have clinical significance.

Although HCs can also have NVC in the trigemi-
nal nerve and the above-mentioned character-
istics, they do not show the corresponding
symptoms of CTN, which also indicates that the
presence of NVC does not necessarily mean
the occurrence of CTN. Anatomical studies
demonstrated a high neurovascular contact
rate between the trigeminal nerve and the cer-
ebellopontine angle (CPA) blood vessels in sub-
jects known to have no CTN. Panczykowski et
al. [24] reported that the incidence of NVC in 22
TN patients was not significantly different from
that of their matched controls, with similar dis-
tribution and location of compressed blood
vessels. But their study did not analyze the
compression degree of the trigeminal nerve.
Maarbjerg et al. [25] reported that in 135 CTN
patients screened with 3T MRI using 3D bal-
anced fast field-echo sequences, NVC was
found in 89% of symptomatic patients and 78%
of asymptomatic patients; when only severe
compression (that is, compression with nerve
depression or atrophy) is considered, the inci-
dence of NVC is different between the symp-
tomatic side (53%) and the asymptomatic side
(13%). Therefore, it is suggested that the MRI
signs of particularly severe NVC should be
regarded as surgical indications for MVD.

This study also used 3T MRI for scanning and
used NVC grading as one of the important
parameters (see Table 2 for details). The results
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showed that the contact between trigeminal
nerve and posterior cranial fossa vessels was
indeed frequent in asymptomatic subjects, but
most of the compression was too mild to show
corresponding clinical symptoms. In contrast,
NVC of typical TN usually presents with moder-
ate or severe compression, with root entry zone
(REZ) being the major compression site [26].
Therefore, mere contact between blood ves-
sels and the trigeminal nerve demonstrated by
high-resolution 3T MRI scans should be consid-
ered an anatomical variant with no pathological
significance; conversely, severe compression of
the trigeminal nerve in patients with facial pain
must be considered as a clear etiology, in which
case MVD surgery is recommended. In addi-
tion, older age may lead to elongation and tor-
tuosity of the vertebrobasilar artery system and
its branches, thereby increasing the risk of neu-
rovascular contact in the posterior fossa, where
progressive artery elongation due to age and
hypertension increases the degree of compres-
sion, a hypothesis supported by the higher inci-
dence of TN in the elderly [27].

The second set of comparative data in this
study was derived from CTN patients without
NVC on the unaffected side and HCs without
NVC. The seven weighted textural signatures
determined were flatness, maximum 2D diam-
eter (slice), LAHGLE, 10th percentile, cluster
shade, minimum, and GLNN, which indicates
that although the unaffected CTN can be equal-
ly NVC-free and asymptomatic, there are still
many characteristic differences between it and
the healthy control group. In this regard, we
mainly hold the following two views: first, there
may be congenital differences in trigeminal
nerve structure in CTN patients, such as genet-
ic factors. For example, Gambeta et al. [28]
found that the P2455H variant in the CACNA1A
gene can cause the enhancement or deletion
of Cav2.1 function, which may affect signal pro-
cessing of the trigeminal nervous system.
Another possibility is that CTN causes second-
ary changes in the trigeminal nerve structure,
such as compensatory thickening of the unaf-
fected side due to atrophy of the affected side,
which is worth of investigation in subsequent
studies. Furthermore, although model con-
struction and evaluation have been carried out
for the comparison of this dataset, the main
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purpose is not to diagnose the disease or pre-
dict curative effects, but to provide more scien-
tific basis for data, so as to better verify the dif-
ferences between the two datasets.

In this study, we directly delineated the cisterna
segment of the trigeminal nerve and analyzes
the textural signatures through radiomics;
moreover, it is a prospective study, while the
current CTN radiomics studies at home and
abroad are mostly based on whole-brain analy-
sis. However, this is a single-center cross-sec-
tional study with a small sample size. In the
future, it can be expanded into a multi-center
study, so that the data and conclusions can be
more convincing. Besides, a longitudinal study
in combination with the data after MVD can be
added to perform classification modeling and
efficacy prediction evaluation of patients.

Conclusion

CTN has traditionally been diagnosed by clini-
cians based on the patient’s symptoms. The
rapid development of MRI technology and artifi-
cial intelligence in recent years has provided us
with more ways to understand the morphologi-
cal anatomy of CTN, which helps clinicians to
understand the pathogenesis of CTN from mul-
tiple dimensions, and to better carry out and
guide treatment.
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