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Abstract

Study Design Cross-sectional Study.

Background It is not yet clear whether the loss of proprioceptive sensation and muscle weakness seen in adolescent idio-
pathic scoliosis (AIS) is the result of central nervous system dysfunction or secondary to spinal deformity. In our study, in
order to find an answer to this question, we examined the microarchitecture of the nervus trigeminus, which is least affected
by spinal deformity and contains both proprioceptive sensory and motor fibers.

Methods In this single-center, cross-sectional cohort study, 40 Lenke Type 3 (27 female, 13 male) AIS patients and 40 (25
female, 15 male) healthy individuals between the ages of 10—18 years. Tractography of the nervus trigenimus was performed
using the “DSI Studio” program. The volumes of the targeted musculus pterygoideus lateralis and musculus pterygoideus
medialis were measured using the Insight Segmentation and Registration Tool Kit (ITK -SNAP) program. The data were
evaluated using the Statistical Package for the Social Sciences 22.0 program for Windows.

Results There was no significant difference between the two groups in terms of baseline characteristics (p>0.05). Left ner-
vus trigeminus fiber number and fiber ratio were significantly higher in the control group compared to the scoliosis group
p<0.05. Right and left lateral pterygoid muscle showed lower volume and volume percentage in the scoliosis group com-
pared to the control group (p <0.05).

Conclusion According to the study data, proprioceptive sensory and motor control dysfunction in AIS is predicted to develop
independently of spinal deformity.
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Introduction

The etiology of adolescent idiopathic scoliosis (AIS), a
complex three-dimensional deformity of the spine, is still
unclear, although it has received continuous attention [1].
There are various theories trying to explain the pathogen-
esis of AIS. These theories include genetic, neurologic and
environmental factors, spinal biomechanics, hormones and
biochemical events [2].

One of the most important theories explaining the patho-
genesis of AIS is undoubtedly central nervous system (CNS)
anomaly [3]. It has been found that there are anomalies in
some CNS regions such as cerebrum, brainstem, corpus cal-
losum, fibers responsible for motor control, and pathways
carrying proprioception in AIS [1, 4-7]. It has been sug-
gested that visual-spatial perception disorders, body-spatial
orientation changes and sensory integration disorders seen
in individuals with AIS are related to CNS dysfunction [8].
Some studies have even reported that the main cause of spi-
nal deformity is dysfunction of areas of the CNS respon-
sible for postural mechanisms [9, 10]. It has been suggested
that the loss of proprioception sensation and the asymmetry
between the muscle forces around the spine detected in indi-
viduals with AIS may be the primary cause of spinal defor-
mity [1, 11]. Proprioception, simply defined, is the ability to
be consciously and/or unconsciously aware of the position
of body parts in space [12].

While some studies suggest these CNS-related problems
in individuals with AIS as a possible cause of AIS [13-16],
some studies argue that CNS anomalies develop secondary
to spinal deformity [1, 8, 9, 13]. Because spinal curvature in
AIS causes some changes in the body. These changes acti-
vate the neuropasticity feature in the CNS, leading to some
regulations in neurons and synapses between neurons and
structural changes in the brain [17, 18].

Twelve pairs of cranial nerves originating from the brain
and brainstem innervate structures in the head and neck
region in general after passing through foramen in the neu-
rocranium [19]. The nuclei of the fifth cranial nerve, the
nervus trigenimus, which contains both sensory and motor
fibers, are distributed throughout the brainstem. The sensory
root of the trigeminal nerve receives sensations of pres-
sure, contact, pain, heat, and proprioceptive sensation from
mimic and masticatory muscles. The motor root innervates
the unilateral masticatory muscles [20, 21]. Diffusion tensor
imaging (DTI) technique, which was developed from the
traditional magnetic resonance imaging (MRI) method, pro-
vides information about the microarchitecture of the brain
white matter [22].

In order to reveal the relationship between motor control
and proprioceptive sensory abnormalities and spinal defor-
mity in individuals with AIS, the nervus trigeminus cranial

nerve, which is the least affected by spinal deformity and
contains motor control and proprioceptive sensory fibers,
was examined. The microarchitectural structure of the
nervus trigeminus was analyzed by tarctography, and the
musculus pterygoideus lateralis and musculus pterygoideus
medialis were analyzed by volume to reveal possible differ-
ences compared to the control group.

Methods

The presented study was conducted in a single center and
as a cross-sectional cohort. Ethics committee approval for
the study was received from the Local Ethics Committee
with decision number 2023/03. Participants were informed
about the study and their written consent was obtained. The
Declaration of Helsinki was complied with at every stage
of the stud.

Participants and study groups

In a pilot study with 7 individuals for each of the two groups,
the sample size was determined to be at least 30 participants
for each group, with an effect size of 0.7 using a power of
0.80 and a.=0.05.

This study was designed on 40 (27 female, 13 male)
Lenke Type 3 AIS patients and 40 (25 female, 15 male)
healthy individuals from the same age population. The
AIS group included individuals diagnosed with AIS with a
major curve in the right thoracic spine with a major curve
angle between 20 and 40 degrees (Cobb angle 20—40°). The
inclusion criteria for the control group were as follows: no
postural deformity according to postural analysis, clini-
cal scoliometric and radiologic evaluation. In both groups,
participants had to be between the ages of 10—18 years and
have a cranial MRI taken within the last six months.

Exclusion criteria in both groups were individuals with
a history of head trauma, headache, back injury or cranial
surgery for any reason. To avoid differences in gender, age,
race and sociocultural aspects in the study groups, partici-
pants were selected by block randomization among those
who applied to the outpatient clinic between June 2023 and
January 2024.

Data acquisition
MRI procedures of the participants were performed on the
Netherlands-based Siemens Magnetom Skyra MRI device

with 3T (Tesla) feature. In the study, the MRI acquisition
protocol was performed in the following sequences.
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e T1 weighted MPRAGE sequence: Sagitial, Echo Time
(TE)=3.4ms, FOV=250 mm, Matrix:256 X 256, Rep-
etition time (TR) =2300ms, Slice Thicknes =1 mm.

e DTI: Axial, TR=4900ms, TE=95ms, Number-of-
Slice=36, FOV =230 mm, Matrix: 128128, Slice
Thicknes=3.5 mm, Averages=3, b=0.1000 s/mm2,
20 diffusion directions. The data obtained from the MRI
devices were saved in DICOM format and the planned
measurements were made.

Data processing

Tractography of the nerve trigenimus was performed using
the “DSI Studio” program. The tractography process of
each participant was started by making “Fiber tracking” set-
tings. Here; “Threshold” was set to 0.20, “Angular Thresh-
old” was set to 70 degrees, “Smoothing” was set to 0.50, the
shortest tract was 10 mm, the longest tract was 1000 mm,
and “terminateif” was set to 100,000 lifts. “Tractography
Atlas” was used during tractography of the nervus trigemi-
nus in the DSI Studio program. As a result of the analysis,
fractional anisotropy (FA), axial diffusivity (AD), mean
diffusivity (MD), radial diffusivity (RD), total number of

fibers, fiber ratio (ratio to the number of fibers in the whole
brain) and mean fiber length (in millimeters) values of the
right and left trigeminus nerves were obtained (Fig. 1).

Musculus pterygoideus medius and lateralis volume
calculation process

In this study, the volume calculation of the targeted muscles
was done using the Insight Segmentation and Registra-
tion Tool Kit (ITK -SNAP) program. Muscle volumes of
the participants were measured manually in the ITK SNAP
program using MRI data in DICOM format. Using the TK
SNAP program, pixels corresponding to the anatomical
structure of the muscle whose volume was to be calculated
in the coronal plane were determined and muscle volumes
in mm?® were obtained (Fig. 2).

Statistical analysis

Study data were collected using the Statistical Package
for the Social Sciences 22.0 program, which is compat-
ible with Windows. The variables were investigated using
visual (probability plots, histograms) and analytical (Kol-
mogorov-Simirnov/Shapiro-Wilk’s test) methods to check
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Fig. 1 Tractography process of nervus trigeminus in the DSI Studio program
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Fig. 2 Musculus pterygoideus medialis and lateralis volume calcula-
tion with the help of ITK-SNAP program. *R-PL: Right musculus
pterygoideus lateralis, *L-PL: Left musculus pterygoideus lateralis,

Table 1 Demographic and clinical characteristics of groups

Variable AlS Control group p
group(n=32) (n=32)

Age (years) 17.11+2.95 17.52+2.93 0.74
Body mass index (kg/m?)  22.13+521  21.59+4.44  0.65
Female (%) 27 (84.37%)  25(78.12%)  0.52
Cobb angle for thoracic 32.12+7.84 - -
Cobb angle for lumbar 15.54+4.81

Risser sign 2.21+2.54 2.35+2.49 0.82
Lenke curve type 3 32 (100%) - -

Dominant side upper (R) 28 (87.50%) 24 (75.00%) 0.20
28 (87.50%) 24 (75.00%)  0.20
Independent samples t test or 2 test; R: Right; AIS: Adolescent idio-

pathic scoliosis

Dominant side lower (R)

normality. Counts and rates were reported using descriptive
statistics for categorical data, and distribution measures for
continuous data. Baseline characteristics were compared
using independent t test or 2 test. To evaluate the side-
related differences in the outcomes, a 2*2 [group (control
and AIS) * side (left or right)] repeated measures ANCOVA
was performed with group as a between-groups factor and
side as a within-subjects factor, and with demographic mea-
sures set as the covariates. When the F ratio was significant,
mean differences were determined using Bonferroni’s post
hoc test. Effect sizes were determined as partial eta squared
(n2p) and the significance level was p <0.05.

189 of 256

690f 192

*R-PM: Right musculus pterygoideus medialis, *L-PM: Left muscu-
lus pterygoideus medialis

Results

There were a total of 80 participants in the study, 40 with
AIS with Lenke type 3 curvature and 40 healthy. There was
no significant difference between the groups in terms of
basic characteristics (p>0.05), (Table 1). When the tractog-
raphy data of the nervus trigeminus were compared between
the scoliosis and control groups, it was observed that the
number of fibres and fibre ratio of the left nervus trigemi-
nus were significantly greater in the control group than in
the individuals with scoliosis p<0.05. ANCOVA did not
reveal any significant group*side interaction effect in terms
of trigeminal nerve measurements (fiber count, fiber length,
fractional anisotropy, mean diffusity, axial diffusity, radial
diffusity, and fiber percentage) performed on both sides
(right and left) for the two groups (p>0.05, Table 2). How-
ever, there were statistically significant differences in terms
of lateral pterygoid muscle volume (p=0.003, n2=0.13)
and lateral pterygoid muscle volume percentage (p=0.008,
n2=0.10). Right and left lateral pterygoid muscle showed
lower volume and volume percentage in the scoliosis group
compared to the control group (p <0.05, Table 2).
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Table 2 Comparison of the outcome measurements between the groups

Outcome Measures Right P! Left p' Side Group*Side
AIS group Control Group AIS group Control Group 1(722 ) P (’p)

np

Trigeminal nerve fiber count  2105.06+862.4 2137.12+724.9 0.87 1672.34+771.2 2043.96+965.6 0.09 0.03 0.17 (0.03)
(0.06)

Trigeminal nerve fiber length 42.67+791 41.90+7.78 0.69 38.86+9.39 40.35+8.55 0.51 0.02 0.31 (0.01)
(0.08)

Trigeminal nerve fractional 0.38+0.02 0.38+0.03 0.35 0.36+0.04 0.37+0.04 0.62 0.002 0.23(0.02)

anisotropy (0.14)

Trigeminal nerve mean 1.20+0.11 1.18+0.10  0.49 1.18+0.17 1.22+0.13 0.12  0.09 0.13 (0.03)

diffusivity (0.04)

Trigeminal nerve axial 1.66+0.11 1.63+0.11 0.35 1.71+0.19 1.67+0.13 033 0.02 0.70

diffusivity (0.07)  (0.002)

Trigeminal nerve radial 097+0.10 0.95+0.10 0.61 1.03+0.18 1.00+0.14 038 0.003 0.52

diffusivity (0.13)  (0.006)

Trigeminal nerve fiber 2.69+1.11 2.73+0.92 0.87 2.14+1.00 261+122 0.09 0.03 0.17 (0.02)

percentage (0.06)

Lateral pterygoid muscle 8392.0+1460.8 8692.81+1888.9 0.47 8486.46+1724.1 8669.2+1705.5 0.67 0.65 0.003

voliime (mm?) (0.003) (0.13)*

Lateral pterygoid muscle 49.26+1.39 50.57+2.29 0.008 49.42+2.29 50.73+1.39 0.008 0.74 0.008

volume percentage (0.002) (0.10)*

Medial pterygoid muscle 9257.1£2044.3 9307.1+2135.5 0.92 8855.06+2301.6 8846.0+1857.3 0.98 0.001 0.75

voliime (mm?) (0.25) (0.002)

Medial pterygoid muscle 51.29+2.54 51.16+1.59  0.80 48.70 +2.54 48.83+1.59 0.80 0.001 0.80

volume percentage (0.25) (0.001)

p': independent samples t-test for between-group comparisons; p>: two-way repeated measures analysis of covariance with a mixed model.
Values are expressed as mean + standard deviation. Effect sizes were determined as partial eta squared (5%p) for p>. AIS: Adolescent idiopathic

scoliosis

Discussion

Whether the cause of motor control and proprioception sen-
sory dysfunction detected in individuals with AIS is a CNS
anomaly or spinal deformity is still hotly debated [1, 4-7].
This was the question we sought to answer in this study.
For this purpose, we analyzed the trigeminus cranial nerve,
which contains fibers responsible for both motor control and
proprioceptive sensation that would be minimally affected
by spinal deformity. As a result of the analysis, it was deter-
mined that there was a difference in the fiber number, ratio
and left pterygoideus lateralis muscle volume data of the
left nervus trigeminus in individuals with AIS compared to
healthy individuals. While the cause of AIS remains a mys-
tery, one of the various theories attempting to explain its
pathogenesis is CNS abnormality [3]. In AIS, abnormalities
have been found in some CNS regions such as the cerebrum,
brainstem, corpus callosum, fibers responsible for motor
control and pathways carrying proprioception [1, 4-7]. The
anomalies detected in the CNS were somehow related to the
anatomical structures around the columna vertebralis and
postural balance. Therefore, it was not clear whether the
CNS abnormality was a cause or a consequence in individu-
als with AIS.

Some studies in the literature have reported that CNS
abnormalities seen in AIS are a triggering cause of spinal

@ Springer

deformity [8, 9, 14]. On the other hand, some studies have
claimed that different stimuli caused by spinal deformity
and altered body posture in AIS cause structural changes in
neurons, synapses and brain, and therefore CNS abnormali-
ties develop [6, 8,9, 17, 18].

The nervus trigeminus, which is minimally affected
by spinal deformity, is known to contain various sensory
and motor fibers, the majority of which are proprioceptive
[20, 21]. Diffuson tensor imaging (DTI) is the most suit-
able method to examine the neuroarchitecture of anatomical
structures composed of axons such as the nervus trigemi-
nus [23-25]. In tractography using DTI, some values such
as the course of pathways in the brain, fiber number, fiber
volume, fiber area, mean fiber length, fractional anisotropy
(FA), mean diffusion (MD), axial diffusion (AD) and radial
diffusion (RD) are calculated [27]. FA is an indicator of
direction-dependent (anisotropic) diffusion fraction. Low
FA values are a reflection of myelin sheath damage. MD is
the mean overall directional diffusion. Increased MD gives
information about decreased white matter due to axon and
myelin damage. AD data is indicative of the magnitude of
diffusion parallel to the fiber tract. A low AD value provides
information about axon damage, decreased axon diameter.
RD data provides information about the magnitude of diffu-
sion perpendicular to the fiber tract. An increase in the RD
value is an indicator of myelin loss or axon loss [28, 29]. In
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tractography analysis, fiber number and fiber ratio values
are as important as the data providing information about the
tendency and axon structure. Because it has been reported
that data such as fiber number and fiber ratio in a nerve or
tract are directly related to the functionality of the related
nerve or tract [1, 30, 31].

In the present study, the neuromimetic structure of the
nervus trigeminus, which will be minimally affected by
spinal deformity, was analyzed by DTI. The fiber number
and fiber ratio of the left nervus trigeminus were found to
be smaller in individuals with AIS compared to healthy
individuals. As it is known, the nervus trigeminus contains
fibers responsible for motor control, mostly proprioception.
We needed to distinguish whether the source of the low fiber
number and fiber ratio detected in the left nervus trigeminus
of individuals with AIS was proprioception or fibers respon-
sible for motor control. A review of the literature showed
that there is a direct correlation between muscle volume
and the fibers responsible for motor control that innervate
the muscle [1, 11]. Therefore, the volumes of the musculus
pterygoideus lateralis and musculus pterygoideus medialis
innervated by the nervus trigeminus were also calculated.

In the present study, the left nervus trigeminus, fiber
number and fiber ratio as well as the left musculus pterygoi-
deus lateralis volume data of the left nervus trigeminus of
individuals with AIS were smaller than healthy individuals.
This may indicate that both motor and proprioception sen-
sory fibers of the nervus trigeminus are affected in individu-
als with AIS. The low fiber number and ratio of the nervus
trigeminus, which would be minimally affected by spinal
deformity, may be evidence that the loss of motor control
and proprioception sensory loss detected in individuals with
AIS may have developed independently of spinal deformity.

In our previous study, it was observed that the fiber and
fiber ratios of the lemniscus medialis, which carries pro-
prioception sensation, and tractus corticospinalis, which
provides motor control of the muscles, were lower in indi-
viduals with AIS compared to healthy individuals [1]. In
studies conducted in individuals with AIS, it was reported
that asymmetry was observed in the tractus corticospinalis
ventral to the pons [5], the tractus corticospinalis was more
lateralized in individuals with AIS compared to healthy
individuals [32], and the capsula interna of the brain white
matter was weaker in individuals with AIS [4].

In this study, the fact that only the left nervus trigemi-
nus data were different in individuals with AIS compared
to healthy individuals suggests that there is asymmetry
between the nervus trigeminus of individuals with AIS. The
findings of the study are also supported by the literature.

It has been reported that proprioceptive sensation cannot
be transmitted to the cerebral cortex in a functional man-
ner in individuals with AIS and therefore balance disorder

is observed in individuals with AIS [1,33]. In the present
study, the fact that the nervus trigeminus data, which con-
tains a high proportion of proprioception sensory fibers,
were lower in individuals with AIS may be related to inad-
equate functioning of the proprioceptive system in individ-
uals with AIS. Because the functionality of the nerve and
tracktar is directly related to fiber number and fiber ratio.

The present study had some limitations. Firstly, it was
conducted on a relatively small group of patients and sec-
ondly, it was cross-sectional. Therefore, more cases and lon-
ger studies are needed.

Conclusion

In the study, it was observed that the nervus trigeminus,
which contains fibers responsible for motor control and
proprioception sensation, which can be affected the least
by spinal deformity, was affected in individuals with AIS.
Considering that this nerve contains intensive propriocepi-
ton sensory and motor fibers, it suggests that the loss of pro-
priocepition sensation and motor control in individuals with
AIS may have occurred independently of spinal deformity.
Our study is the first to demonstrate this relationship and
large-scale studies are needed to obtain clear results and to
elucidate the pathophysiology.
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