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Abstract

Objective: To synthesize current evidence on the relationships between adolescent idio-
pathic scoliosis (AIS), stress-related mechanisms, neuroanatomical asymmetry, and men-
tal disorders, and to propose an integrative conceptual framework describing their inter-
action. Materials and Methods: A comprehensive literature review was conducted using
the PubMed, Web of Science, and Scopus databases. Search terms targeted the etiology
and pathogenesis of adolescent idiopathic scoliosis, hemispheric lateralization, stress re-
sponses, body schema disturbances, and associated mental disorders. The review was re-
ported in accordance with PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) recommendations. A structured qualitative synthesis of 225 relevant
publications was performed. Results: The analyzed studies revealed several complemen-
tary conceptual approaches to AIS pathogenesis. Emerging evidence suggests that atypi-
cal hemispheric lateralization, potentially associated with right-hemisphere (RH) dys-
function, may contribute to susceptibility to AIS. Such patterns of lateralization have been
linked to specific stress-related coping strategies, including harm avoidance, as well as to
disturbances of body schema and an increased prevalence of certain mental disorders.
Gender-related differences in stress responses and in the development and progression of
AIS were consistently reported across studies. Collectively, these findings support the hy-
pothesis that neuropsychological and stress-related mechanisms, including phenomena
described as the “distorting mirror effect”, may contribute to the persistence and progres-
sion of spinal deformity in vulnerable individuals. Conclusions: AIS appears to be a mul-
tifactorial condition in which atypical neuroanatomical asymmetry, stress-related pro-
cesses, and altered body representation interact. This integrative perspective generates
hypotheses suggesting that prevention and treatment strategies for AIS could benefit from
incorporating approaches aimed at modulating stress responses and enhancing brain neu-
roplasticity. Further interdisciplinary studies integrating clinical, neuroimaging, and neu-
robiological methods are warranted to clarify underlying mechanisms.
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1. Introduction

AIS is the most common spinal deformity, developing during adolescence with a re-
ported prevalence ranging from 0.47% to 5.2% [1]. Currently, a multifactorial model of
AIS etiopathogenesis is generally accepted.

Various spinal deformities are frequently observed in disorders of the brain [2-4].
Evidence supporting the leading role of the central nervous system (CNS) in the develop-
ment of AIS includes neuroimaging findings revealing alterations in multiple structures
of the brain (the corpus callosum, cerebellum, brainstem, and cerebral cortex) and spinal
cord in patients with AIS [5-12], data on somatosensory dysfunction and its impact on
postural balance control [13], as well as the frequent coexistence of scoliosis with certain
brain disorders.

Compelling support for this concept is provided by the study reported in [14], in
which asymmetry in the electromyographic (EMG) activity of the paraspinal muscles per-
sisted following surgical correction of spinal deformity and spinal fusion, remaining sig-
nificantly different from that observed in healthy control subjects. Consistent with these
findings, the authors of [15] proposed that scoliosis originates from an unrecognized CNS
dysfunction, with spinal curvature representing its external manifestation rather than the
primary pathology.

A correlational relationship is observed between atypical lateralization and AIS
[16,17]. A pronounced leftward shift in lateralization may be associated with RH dysfunc-
tion. Abnormal patterns of lateralization are considered a form of neurodevelopmental
asymmetry that may adversely affect cognitive and emotional development in children
[18].

High levels of stress during adolescence creates risks for the development of mental
health problems across a wide spectrum of disorders. Mental disorders occur more fre-
quently in individuals with AIS than in the healthy population, while a higher prevalence
of spinal deformities is observed among individuals with psychiatric disorders [19,20].
We hypothesize that this may indicate the presence of certain shared developmental
mechanisms underlying AIS and mental disorders. Moreover, mental disorders are not
necessarily only a consequence of AIS, as they are considered in most studies. Psycholog-
ical disturbances may instead develop earlier and, under the influence of stress during the
sensitive adolescent period, potentially contribute to the development of scoliosis.

Based on the analysis of available scientific data, we propose the following hypothe-
sis: AIS represents a stress-related conversion reaction of the spine, functioning as a harm-
avoidance coping strategy in the context of atypical lateralization and RH dysfunction.
Disturbances of the body schema resulting from this dysfunction, together with the emer-
gence of the “distorting mirror effect”, may act as maintaining factors that contribute to
the persistence and progression of scoliosis (Figure 1).
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Figure 1. Proposed hypothesis. Stress, in combination with atypical lateralization and RH dysfunc-
tion, is accompanied by the development of a harm-avoidance strategy and scoliosis. Disturbance

of the body schema and the “distorting mirror effect” contribute to the maintenance of scoliosis.

The “distorting mirror effect”, as used in the present work, refers to a hypothetical
neurocognitive phenomenon characterized by a mismatch between actual somatic and
postural states and their internal representation within the body-schema network. Unlike
classical disturbances of body image, which primarily concern conscious visual or affec-
tive evaluation of one’s appearance, the proposed effect operates at the level of sensorimo-
tor integration and implicit bodily awareness. It is hypothesized to arise from atypical
hemispheric lateralization combined with relative RH dysfunction, leading to insufficient
monitoring and correction of distorted bodily signals by left-hemispheric interpretative
mechanisms. Importantly, this construct is conceptual and currently lacks direct empirical
validation; its potential verification would require experimental paradigms combining
neuroimaging, sensorimotor perturbation, and body-perception tasks.

It should be emphasized that the proposed associations between atypical lateraliza-
tion, stress, neuropsychological features, and AIS are based predominantly on correla-
tional and indirect evidence. The present model is therefore hypothesis-generating rather
than confirmatory and does not imply direct causality. To test this hypothesis, we con-
ducted a study of the relationships between AIS and neurophysiological, psychological,
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biomechanical, anthropometric, and stress-related factors, with subsequent conceptual-
ization of the obtained results.

The aim of this study is to synthesize and critically integrate existing evidence from
neurobiology, psychology, biomechanics, and orthopedics in order to develop a hypothet-
ical conceptual framework for the development and progression of AIS. Specifically, the
review focuses on examining the potential roles of atypical brain lateralization, stress-re-
lated neuropsychological mechanisms, disturbances of the body schema, and sex-specific
factors, as well as on conceptualizing how the interaction of these processes may contrib-
ute to the emergence and persistence of three-dimensional spinal deformity in a subset of
patients.

2. Methods
2.1. Study Design and Data Search

This study was conducted using a systematic literature search in accordance with the
PRISMA guidelines. However, due to the interdisciplinary nature of the research question
and the necessity to integrate heterogeneous sources—including experimental studies,
clinical observations, theoretical models, and hypothesis-driven publications—the pre-
sent work should be regarded as an integrative narrative review rather than a classical
systematic review. Formal meta-analysis and quantitative risk-of-bias assessment were
not feasible because of substantial heterogeneity in study designs, outcome measures, and
conceptual frameworks.

The literature search was performed in the PubMed, Scopus, PsycInfo, MEDLINE,
Web of Science, and Google Scholar databases, covering the period from 1965 to February
2025, with an emphasis on studies published after 2000 and additional screening of the
reference lists of included articles. The search keywords included “adolescent idiopathic

a7 V77

scoliosis”, “brain lateralization”, “stress”,

77

three-plane spinal deformity”, “gender differ-
ences”, “body schema”, “conversion disorder”, and related terms. Data on neurophysio-
logical, psychological, biomechanical, and anthropometric factors associated with AIS

were synthesized.

2.2. Inclusion and Exclusion Criteria

Reviews, experimental studies, hypotheses, case reports, and commentaries con-
ducted in humans or animal models that addressed the association between AIS and neu-
rophysiological, psychological, biomechanical, and anthropometric aspects were in-
cluded. The selection criteria required full-text articles published in English that contained
qualitative or quantitative data. Studies lacking clear data, addressing irrelevant topics,
or representing duplicate publications were excluded.

2.3. Study Selection

The study selection process consisted of several stages. Initially, titles and abstracts
were independently screened by the reviewers, followed by full-text evaluation for rele-
vance and methodological quality. The final dataset comprised 202 studies, including 35
addressing the leading role of the CNS in the development of AIS, 24 on brain lateraliza-
tion, 11 on psychological stress, 15 on three-plane deformity, 14 on sex differences in stress
response, 30 on sex differences in AIS development, 28 on disturbances of body schema,
25 on conversion disorder, and 20 on the development of the “distorting mirror effect”. In
addition, 5 sources were included in the Introduction and 18 in the Discussion, resulting
in a total of 225 publications included in the review (Figure 2, Supplementary Materials
Table S1).
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Duplicates removed: 17

Excluded after title/abstract
screening: 85

'Records
after screening
n=301
Excluded after full-text review: 99
Included in main

Additional papers from Introduction: 5 ;|

Additional papers from Discussion: 18

Total included: 225

m{-‘%m in the Development of AIS
n= Articles: 25
Reviews: 6

DISTRIBUTION BY
BIOLOGICAL SYSTEM AND ARTICLE TYPE

Results

- Articles: 112

- Reviews: 63

- Case Reports: 11
- Editorial: 2

Sex Differences in the
Development
and Progression of AIS
Article: 19

Review: 7

Editorial: 1

Open access
peer-reviewed chapter: 1
Hypothesis: 2

Records identified
n=403

Leading Role of the Central
Nervous System FINAL TOTAL: 225 publications

Case Reports: 4 Disturbance of the
Body Schema
Articles: 11
Reviews: 11
Case Reports: 3
Hypothesis: 3

Total for t?lis section: 18
Conversion Disorder
Articles: 11
Three-Plane Spinal Deformity ge"'exs‘ m: "
Articles: 9 ELL LG
Comment: 1
Editorial: 1

Development of
the “Distorting Mirror Effect”

Conceptualization and analysis

Hypothesis: 1

Figure 2. Expanded PRISMA-ScR flowchart illustrating the process of study identification, screen-
ing, eligibility assessment, and inclusion in the review, with details by publication type in the rele-

vant sections.

The included body of literature consisted predominantly of original research articles
represented across all sections of the review. In addition, review articles, case reports, ed-
itorials, hypotheses, book chapters, and peer-reviewed open-access chapters were in-
cluded to complement the corresponding thematic sections of the analysis (Figure 2, Sup-
plementary Materials Table S1).

2.4. Data Extraction

Data were extracted using a standardized form that included study type, number of
participants, sex and age, methods, and key findings related to AIS. Disagreements were
resolved by consensus.

2.5. Quality Assessment

Study quality was assessed using established methodological criteria appropriate to
each study design. Review articles were evaluated using structured critical appraisal prin-
ciples, experimental studies were assessed according to observational quality standards,
and hypotheses and case reports underwent qualitative critical evaluation. Studies were
categorized as high, moderate, or low quality, and this classification was taken into ac-
count during interpretation of the findings.
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2.6. Data Analysis

Due to the heterogeneity of study types and topics, data analysis was performed as
a qualitative synthesis. The results were systematized into eight main sections and pre-
sented in a coherent narrative reflecting the neurophysiological mechanisms, triggers, and
biomechanical features of AIS. The narrative format allowed integration of heterogeneous
data arising from differences in methodologies, samples, and availability of quantitative
indicators across the included sources, thereby providing a comprehensive view of the
complex interrelationships among the studied aspects and the multifactorial nature of
AlS.

3. Results
3.1. Leading Role of the Central Nervous System in the Development of AIS

The leading role of the CNS in the development of AIS has been established. The
principal mechanisms are considered to be abnormal interhemispheric asymmetry, im-
pairments in sensorimotor integration and postural control, and structural as well as func-
tional alterations in various brain regions.

Various spinal deformities are frequently observed in disorders of the brain [2—4,20-
31]. Consistent with this observation, AIS is associated with both functional and structural
brain changes [5-8,10,32-36]. These include asymmetrical bioelectrical activity with pre-
dominance of the left-hemisphere (LH) [32], reduced fractional anisotropy in the corpus
callosum [7,34], and decreased white matter volume in interhemispheric regions [6]. These
changes correlate with the severity of scoliosis (p < 0.05). In AIS, an increased cerebellar
volume and reduced cortical thickness in motor-related regions have also been demon-
strated (Table 1) [8,10,14,35].

Table 1. Central nervous system dysfunction as a leading factor in the development of adolescent

idiopathic scoliosis (AIS): clinical, neuroimaging, and experimental evidence.

Study Design/Model Sample and Methods Study Aim  Key Findings Interpretation/Significance Reference

Clinical comparative

study

Comparative MRI

study

Patients with

24 patients with Par-

kinson'’s disease (PD):

12 with Pisa syn- To compare
drome, 12 without;  cognitive func-
neuropsychological tions in PD pa-
assessment (16 tests tients with and
across 6 cognitive do- without Pisa
mains); assessment of syndrome
trunk position per-

ception

20 adolescents with

idiopathic scoliosis ~ To identify re-
(IS) and 26 controls; gional brain
3D-MPRAGE; volu- volume differ-
metric analysis of 99 ences in IS
brain regions

Pisa syndrome
showed impair-
ments in
visuospatial
abilities, atten-
tion, and lan-
guage; distorted
trunk position
perception was

Suggests involvement of
shared cortico—subcortical
networks underlying both  [2]
cognitive and postural con-

observed in all

patients

Significant vol-

umetric differ-

ences in 22 re-

gions (frontal ~ Supports the neurodevelop-
lobes, corpus  mental hypothesis of IS
callosum, sub-

cortical struc-

tures)

[5]
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Prospective MRI study

Diffusion tensor imag-

ing study

Morphological and
phase-contrast MRI
study

Supine and upright
MRI study

Comparative morpho-

metric study

Animal model (rabbits) electromyography

Neurophysiological
study

EMG study

Retrospective cohort

study

Clinical observational

study

9 girls with left-sided
thoracic IS and 20
with right-sided tho-
racic IS; VBM, DBM,
TBM

To investigate
brain asymme-
tries in different
IS curve types

69 female patients
with IS and 40 con-
trols; ROI analysis of
the corpus callosum;
tractography

To assess cor-
pus callosum
microstructure
in IS

To examine cer-
ebellar tonsil

69 female patients morphology,

with IS and 36 con-
foramen mag-
trols .
num size, and
CSF dynamics
To assess the ef-
25 patients with IS fect of verticali-

zation on cere-
bellar tonsil po-
sition

and 18 controls

50 female patients
with IS and 40 con-
trols; cortical thick-
ness analysis

To study corti-
cal maturation
in IS

To induce scoli-
osis via propri-
oceptive dis-
ruption

Brainstem injury;
(EMG)

16 patients with IS
and controls; tran-

To investigate
central inhibi-

scranial magnetic tory mecha-
stimulation (TMS)  nisms
19 patients with IS
. Toassess
before and after spi- .
paraspinal

nal fusion and 15 con- .
muscle function
trols

3702 adolescents with Toassess the

1S and 370,00 con.  2SS0ciation be-

tween IS and
trols

schizophrenia

To investigate
300 patients with cer- associated
vical dystonia movement dis-

orders

Reduced white
matter volume
in the genu of
the corpus cal-
losum and left
internal capsule
in left-sided IS
Decreased frac-

Lateralized CNS changes
are associated with curve

[6]

direction

tional anisot-
ropy (FA) in the
genu and sple-
nium; pseudo-

Impaired interhemispheric
integration in IS

[7]

rightward lat-
eralization

Lower position
of cerebellar ~ Craniovertebral junction
tonsils and en- abnormalities may contrib- [8]
larged foramen ute to IS pathogenesis

magnum

Pronounced
tonsillar descent
in standing po-
sition in IS pa-
tients

Highlights the role of grav-
ity and postural control

Absence of nor-
mal age-related Impaired cortical neurode-

cortical thin-  velopment in IS [10]
ning in IS
Development of
,SCOhOSlS follow- Confirms the role of propri-
ing loss of sen- . . [11]
oceptive dysfunction
sory afferenta-
tion
Prolonged corti-Imbalance of CNS inhibi-
. . . . [13]
cal silent period tory mechanisms in IS
EMG asym-
metry preopera-
tively with par- Muscle changes are second- [14]
tial normaliza- ary to spinal deformity
tion postopera-
tively
Increased risk
of schizophre- Possible shared neurobio- [20]
niainISpa-  logical mechanisms
tients
Scoliosis identi- Overlapping pathogenesis
fied in 39% of  of dystonia and postural ~ [21]
patients deformities

https://doi.org/10.3390/life16020270
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Clinical case series

Clinical cohort study

Prospective study

EEG analysis (3DLo-
cEEG)

Comparative morpho-
metric study

DTI study

Cerebellar MRI study

Functional MRI study

EEG and posturogra-
phy

Paired-pulse TMS
study

Animal model (rats)

Genetic model (mice)

Adolescents and

cormia

Absence of or-

To describe ganic pathol- Camptocormia may repre-
adults with campto- psychogenic  ogy; improve- sent a manifestation of con- [22-25]
forms ment with psy- version disorder
chotherapy
Association

399 patients with an-

terocollis

97 patients with PD

Adolescents with IS

12 female patients
with IS and 12 con-
trols

10 female patients
with IS and 49 con-
trols

50 patients with IS
and 40 controls

10 patients with IS
and 10 controls

14 adolescent girls

with IS and controls and body

9 adolescents with IS,
5 with congenital sco-
liosis (CS) and 8 con-

trols

Brainstem nuclei le-
sions in 75 animals;
15 controls

20 Runx3 knockout
(KO) mice and 20

wild-type (WT) litter

mate controls

To investigate | .
& with PD, neuro- Supports a neurogenic

leptic use, and origin of anterocollis
heredity

associations of [27]

anterocollis

Scoliosis more

To examine the common in L
Scoliosis in PD represents

relationship be- women; no as- an independent phenome-  [31]

tween PD and sociation with

scoliosis PD lateraliza-

tion
To study bioe- Shift in activity Accelerated development of
lectrical asym- toward the left interhemispheric asym- [32]
metry hemisphere metry

To compare

corpus callo- Splenium alter-

. Reliability of a multimodal
ations con-

approach (53]

sum analysis .
methods ’ firmed

To assess FA of Reduced FA in
the corpus cal- the body of the Impaired motor integration [34]
losum corpus callosum

To investigate

the relationship Increased vol-

between IS and ume of specific Compensatory cerebellar

35
cerebellar vol- cerebellar lob- remodeling (5]
ume and mor- ules
phology
Increased sup-
To examine mo-plementary mo- .
I
tor activation tor area (SMA) mpaired secondary motor [36]
. control
patterns activation and
asymmetry
To st -
0 study pos Altered theta . . .
tural control . Sensorimotor disintegration
and alpha activ- . [37]
) precedes deformity
ity
schema
To assess corti- Asymmetric re- .
h hy-
cocortical inhi- duction in inhi- Supp01"ts the dystonic hy [38]
o i, pothesis of IS
bition bition
To examine the .
. Kyphoscoliosis .
link between . Brainstem structures are
developed in [39]

ostural control critical for posture
P 25% of animals P

and scoliosis
To investigate e Proprioception is a key reg-
& Scoliosis in 95% p P yIes

. ) of mutant mice
prioception ment

the role of pro- ulator of body axis align-  [40]
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Spinal cord injury in

Animal model (rabbits) 6 animals and cos-

totransversectomy in

To assess the
role of muscles ondary to de-

M th -
YOPATY S€C confirms secondary nature

of muscular changes

[41]

4 animals inIS formity
Comparative MRI 117 patients with IS To assess cere LOV\.Ie‘I‘ to.n sil Severity gradient links CNS
study and 53 controls b,e %lar tonsil po- position in se- anomalies and deformity 42]
sition vere IS
Neuroimaging data indicate impaired sensorimotor integration in patients with AIS
[13,32,35-38]. Hyperactivation of the supplementary motor area (p < 0.001) and reduced
corticocortical inhibition on the concave side have been identified [13,36,38]. In experi-
mental models, scoliosis was induced in 25-53% of animals by lesions of the brainstem or
spinal cord (Table 1) [11,39-41].
A frequent comorbidity of AIS is cerebellar tonsillar descent (48%, p < 0.00001), while
severe curvatures are often associated with syringomyelia (33.3% in severe deformities, p
<0.05) (Table 1) [8,9,42].
3.2. Brain Lateralization
The significance of brain lateralization in the development of AIS has been demon-
strated. Up to the age of three years, RH dominance prevails; subsequently, the vector of
lateralization shifts to the left, and during adolescence shifts again toward the right (Table
2) [43-45]. Structural differences in the anterior cingulate cortex (ACC) and the corpus
callosum between right- and left-hemisphere-dominant individuals further confirm the
importance of lateralization [46]. Depression and post-traumatic stress disorder (PTSD)
are associated with RH dysfunction [47,48], whereas suicidality is linked to a compensa-
tory shift toward LH dominance [49].
Table 2. Neurodevelopment and functional hemispheric lateralization of the brain: evidence from
typical development and neurodevelopmental disorders.
s?gh:l‘/ilzl/[(?ci;l S?VIHLI;:Z;I;CI Study Aim Key Findings Interpretation/Significance Reference
Both groups ex-
hibited left-
hemispheric lat-
20 children with eralization dur-
autism spectrum ing natural
disorder (ASD; speech percep-
mean age 5.8 tion; children
years) and 20 To identify the with ASD ) . . .
Functional near-in- typically devel- speech-processing lacked graded In(‘ilcat.es 1rr}pa.ured hlere‘lr—
frared spectroscopy oping controls; component underly- modulation of chical hnfngtlc processing 18]
. . X o and atypical neural speciali-
(fNIRS) assessment of he-ing atypical laterali- lateralization

modynamic re-
sponses to lin-

zation in autism

. . zation
with decreasing

linguistic rele-

guistic and non- vance and

linguistic audi- showed right-

tory stimuli hemispheric hy-
per-responsive-
ness to de-
graded speech

https://doi.org/10.3390/life16020270
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Retrospective popu-
lation-based analysis

Resting-state func-
tional SPECT

Functional MRI
(fMRI)

Clinical psychomet-
ric study

Cross-sectional clini-
cal study

Korean National
Health Insurance
Database (2012-
2016); ~1 million
individuals per
year; ~7400 chil-

To assess the preva-
lence of psychiatric
disorders in children

dren with idio- with 15
pathic scoliosis
(IS) annually
To test the hypothe-

Young children 518 Of dlffer.entlal
hemispheric matura-

tion rates

62 right-handed To investigate func-
men; analysis of tional lateralization
corticocortical in- of interhemispheric
teractions interactions

64 patients with

IS and their par- To assess mental
ents; 85 control  health in parents of
families; PHQ-9, patients with IS
GAD-7

43 adolescents
with IS; SRS-22,
TAPS, 16PF-APQ

ity traits and health-
related quality of life
inIS

Children with IS

consistently

showed a higher

likelihood of  Suggests a systemic associa-
psychiatric dis- tion between IS and psycho- [19]
orders com- neurological vulnerability
pared with con-
trols (OR 1.47-
1.74; p <0.001)
Right-hemi-
spheric domi-
nance of cere-
bral blood flow
at ages 1-3
years, followed
by a leftward
shift after age 3
The left hemi-
sphere demon-
strated greater
intrahemi-
spheric integra-
tion, whereas
the right hemi- Hemispheric lateralization is
sphere showed associated with functional [50]
more bilateral efficiency of the CNS
connectivity; de-

gree of laterali-

zation corre-

lated with cog-

nitive perfor-

Confirms asynchronous
hemispheric neurodevelop- [43]
ment as a normal process

mance
Parental anxiety

and depression

correlated with

corresponding

symptoms in

patients; in-

creased risk of Highlights the familial and
probable major neuropsychological context [51]
depressive dis- of the disease

order (pMDD)

and generalized

anxiety disorder

(pGAD) in par-

ents of IS pa-

tients

Low extraver-

To examine personal-sion and self-re- Psychological profile may

liance; inde- reflect CNS characteristics
pendence nega- rather than solely a reaction
tively correlated to deformity

with self-image

[52]

https://doi.org/10.3390/life16020270
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and mental
health
Prefrontal corti-

1 thick
28 healthy adults;To investigate neuro- cal thickness

Structural MRI com- . ) .
cortical thickness anatomical correlates

correlated with Supports an association be-

‘.bined wi.th per.sonal— and amygdala  of extraversion and peljsonality twe(.en perso.nality traits and [53]
1ty questionnaires . . . traits, whereas cortical architecture
volume analysis neuroticism
amygdala vol-
ume did not
Predominance
38 patients with of ectomorphy; Morphotype may reflect
Retrospective clinicalIS and 27 con-  To compare somato- negative corre- neuroendocrine and neuro- [54]
study trols; somatotype types in IS lation between developmental characteris-
assessment endomorphy  tics
and Cobb angle
Lower BMI, in-
creased ecto-
T bod - S ts the hypothesis of
Anthropometric 52 girls with IS © e.is'sess ody com morphy, and a uppor. S Hhe YP © e_s 1sota
. position and somato- | . systemic neurobiological  [55]
comparative study and 92 controls tvpe higher preva- henotvpe
P lence of low P P
BMI
77 girls with IS
Retrospective soma- (surgically To e?xamine the asso- Significantly re- Mo.rphological Proﬁle is as-
treated cases) ciation between so- duced meso-  sociated with disease pres- [56]
totype study L .
and historical =~ matotype and IS morphy inIS  ence
controls
ignificantl
. 52 girls with pro- Significantly . .
Prospective con- . To compare morpho- lower mesomor-Somatotype is associated
gressive IS and . : : . . . [57]
trolled study logical traits phy in progres- with deformity progression
62 controls .
sive IS
Reduced left-
ward lateraliza-
Large-scale fMRI co- 964 pal.rticipants To assess d.iffuse . tion in language Demonstrates a syste@ic ra-
(447 with ASD, hemispheric laterali- and default ther than focal lateralization [58]
hort (ABIDE) .. . -
517 controls) zation in autism mode networks; atypicality

correlation with
autism severity
Absence of left-
hemispheric lat-
eralization with

21 children with
fMRI study in spe-  typical specific ~To investigate lateral-
cificlanguage im-  language impair- ization of language

Impaired lateralization as a
neurodevelopmental phe-  [59]

pairment ment (T-SLI) and networks rlght—heml— nomenon
spheric hyperac-
18 controls N
tivation
105 young men
with IS and 108 Elevated anxi- Psvchopatholoey may repre
Clinical psycho- controls; Korean To assess psycho-  ety, depressive, yehop gy may rep
sent part of a systemic CNS [60]
pathological study  Military Person- pathological profiles and psychotic henotvoe
ality Inventory scale scores in ISP YP
(KMPT)
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Behavioral study

150 healthy par-
combined with MRI ticipants

To relate hemisphericStable,dlffer_ Functional CNS asymmetry
ences in behav-

dominance to behav- . has behavioral manifesta-  [61]
) ioral preferences .
10r . .

were identified

The LH predominantly mediates language functions, while the RH is responsible for
visuospatial processing [50]. Individuals with AIS exhibit abnormal lateralization pat-
terns. In adolescents with AIS, the risk of developing schizophrenia is increased by 52%
(HR 1.52, 95% CI 1.03-2.23, p = 0.04) [20], and the prevalence of mental disorders reaches
7%, compared with 4-5% in control groups (OR 1.47-1.74, p < 0.001) [19]. Parents of pa-
tients with AIS demonstrate higher rates of depression and anxiety (14.1% vs. 3.54.7%, p
< 0.05), which correlate with deformity severity (OR 8.26 for Cobb angle > 50°, p = 0.034)
[51]. Neuroticism and introversion are more common in patients with AIS (r = —0.51 to
-0.60, p <0.01) (Table 2) [52,53,62].

An ectomorphic somatotype predominates in the AIS group, whereas an endomor-
phic somatotype is more common in controls [54-57]. Girls with AIS show anthropometric
parameters below normative values (BMI 20.1 vs. 21.4, p < 0.001), and 21.2% have a BMI
<17.5 (Table 2) [55], which may reflect increased stress sensitivity [63].

Atypical lateralization negatively affects a child’s mental health [18,58,59,64]. No cor-
relation has been found between psychopathology in AIS and scoliosis severity [60]. The
influence of lateralization on personality traits is further supported by differences in cog-
nitive and behavioral styles between right- and left-hemisphere-dominant individuals
across 30 categories (p < 0.05) (Table 2) [61].

3.3. Stress as a Trigger for the Development of AIS

The impact of stress during adolescence on neuronal maturation trajectories and on
functional and structural brain changes associated with AIS has been confirmed. Active
development of limbic and cortical brain regions contributes to heightened stress suscep-
tibility during adolescence [65-67]. Early life stress (ELS) leads to reduced hippocampal
volume and hyperreactivity of the amygdala (p < 0.05) [68,69], which is associated with
cognitive and emotional impairments [70] and an increased risk of mental disorders (OR
1.5-3.0, p < 0.05) (Table 3) [71]. Gender differences in brain development modulate stress
responses [72].

Table 3. Stress as a triggering factor in the development of adolescent idiopathic scoliosis (AIS):

neurodevelopmental and neurobiological evidence.

Study De-
sign/Model

jor depressive dis- tion between
Cross-sectional order (MDD) and ELS, depres-
65 healthy con-  sion, cogni-
roimaging study trols; assessment tive func-

of early life stress tion, and disorders

(ELS), cognitive  brain struc-

testing, 3T MRI  ture

clinical-neu-

Sample and
Methods

64 unmedicated To evaluate
patients with ma- the associa-

Study Aim Key Findings Interpretation/Significance ~ Reference

Emotional and sexual
abuse, as well as severe
family conflict, pre-
dicted MDD; ELS was
associated with cogni-
tive impairment and re-
duced volumes of the
orbitofrontal cortex

Early stress induces persistent
structural and cognitive brain al-
terations that increase vulnera- [71]
bility to psychiatric and somatic

(OFC), caudate nucleus,
hippocampus, and re-
duced insular cortical
thickness
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Structural MRI
(sensitive peri-
ods analysis)

Animal model
(mice)

Cross-sectional
correlational
study

To test the

26 women with a hypothesis Reduced volumes of the
history of child-  of stress-sen-hippocampus, corpus  Distinct brain regions exhibit

hood sexual
and 17 contr

abusesitive devel- callosum, and frontal  specific windows of vulnerability[73]
ols opmental cortex depending on theto stress

(aged 18-22 years)windows in age at trauma exposure

Maternal depriva- gate mecha- tional programming of
tion model; early nisms of the ventral tegmental
and late postnatal long-term  area (VTA) via Otx2, re-
stress exposure  stress vul-  sulting in increased

929 adults; a

ment of childhood ship be-
trauma (CTQ) andtween early

mindfulness
(FFMQ-BR)

the brain
Early stress induced
Toinvesti- persistent transcrip-

Stress during critical develop-
mental periods can durably “re- [74]
program” the CNS

nerability  stress sensitivity in
adulthood

. Specific types of child-

To examine P yP
. hood trauma were asso-

ssess- the relation- . ) . .

ciated with alterations Early stress modifies internal ex-

in particular dimen-  perience processing strategies [75]
sions of mindfulness, =~ without obligatory clinical de-

stress and . .

. despite preserved compensation
emotional .
) global emotional regu-

regulation .

lation

In girls exposed to ELS, reductions in hippocampal, corpus callosum, and frontal cor-
tex volumes have been identified, with distinct vulnerability windows for each brain re-
gion [73]. Consistent with these findings, experimental studies in mice demonstrate that
ELS induces lifelong hypersensitivity to stress (Table 3) [74].

Stress may adversely affect sensorimotor integration and postural control [48,68]. The
absence of a strong correlation between stress type and awareness (r < 0.3, p < 0.05) indi-
cates substantial individual variability (Table 3) [75].

3.4. Three-Plane Spinal Deformity

The leading role of three-plane spinal deformity in the pathogenesis of AIS has been
confirmed. The spiral arrangement of muscles and axial loading may contribute to spinal
instability in AIS [76-79]. Infantile idiopathic scoliosis (IIS) and AIS differ in their clinical
presentation, underscoring age-specific characteristics of the condition [80].

Hand dominance, as well as the position and gravitational influence of the heart and
aorta, determine the lateralization of the convex spinal curve [81]. Age and sex affect pos-
ture, with a predominance of kyphosis in boys and lordosis in girls (p < 0.05) [82]. A con-
genital pattern of vertebral rotation changes direction with age and corresponds to the
direction of scoliotic curves (p <0.001) [83,84]. Vertebral rotation is also influenced by body
position (Table 4) [85].

The direction of the scoliotic curve correlates with the anatomy of internal organs (p
<0.001) [86]. In dextrocardia, left-sided thoracic scoliosis is observed (p = 0.00003) [87]. The
center of mass of the thoracic cage shifts from the right in infancy to the left during ado-
lescence (r =0.77, p < 0.001) (Table 4) [88].

Three-plane deformation represents a universal compensatory mechanism of the
spine [89]. Gender differences in vertebral rotation are pronounced in infancy (p = 0.023)
but are no longer evident during adolescence [83]. In children with mild idiopathic scoli-
osis (Cobb angle < 25°), changes in curvature patterns (p > 0.05) are likely explained by
mechanisms of spinal tuning and balancing (Table 4) [90].
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Table 4. Three-dimensional organization of the spine and congenital deformation patterns: clinical,

imaging, and biomechanical evidence.

s?gh:l‘/ilzl/[(?ci;l Sample and Methods Study Aim Key Findings Interpretation/Significance Reference
>33,000 children and Age-and sex-de-
adolescents (5-17 To investigate pendent changes in
Population- & kyphosis and lor- The sagittal profile develops

based clinical

years); computer opticalage- and sex-re-

dosis; minimal sex dynamically and determines

t h lated develop- 82
and instrumen- (CC)lg)l\%Ir (a)I; /g OMOT); na1eent O?‘s]zg?’ial di'fferences at age 5 conditi.ons for 3D spinal de- [82]
tal study . with progressive  formation
sagittal parameter anal- posture .
sis divergence by age
Y 17
o Clacamsotchil b el roraon .
CT study (nor- dren aged 0-16 years p ) . Indicates an innate, age-de-
) . ) of vertebral axial rection (left — . [83]
mal spine) without spinal pathol- . ) _ pendent rotational template
o rotation in the  right); partial sex-
&Y normal spine related differences
Upper thoracic ver-
50 adults without scoli- _, . . tebrae rotated left- e
. . To identify pre- . The normal spine is intrinsi-
CT study (nor- osis; semi-automated . ward, mid- and . .
) . existing rota- . cally asymmetric in the axial [84]
mal spine) analysis of T2-L5 verte- lower thoracic ver-
. tional patterns plane
bral rotation tebrae rotated
rightward
Vertebral rotation
isted 1
. 30 healthy volunteers; To assess the ef- PESIStecactoss a1 Axial rotation represents a
In vivo MRI . positions but de-
MRI of T2-L5 in three fect of posture on . structural rather than purely [85]
study . . . creased in the
body positions axial rotation postural phenomenon
quadrupedal pos-
ture
To evaluate the Curve convexity
. . . association be-  correlated with si-
198 patients with pri-

Clinical obser-
vational study

mary ciliary dyskinesia
(PCD)

tween visceral  tus inversus; curva-Internal body asymmetry in- 86]
orientation and ture direction op- fluences 3D spinal geometry
scoliosis convex- posed visceral ori-

ity entation

Population-

based case—con-

8 individuals with dex-
trocardia and 32 con-

Left-sided convex-
To assess coronal ity in dextrocardia Pulsatile and volumetric
alignment of the versus right-sided asymmetries contribute to [87]

trol study trols thoracic spine  convexity in con- curve direction
trols
Progressive right-
155 CT scans of chil-  To investigate  to-left shift in cen- . . .
. . Provides a biomechanical
CT study (nor- dren aged 0-18 years; age-related shifts ter of mass with .
. . . . . basis for age-related changes[88]
mal spine) thoracic center-of-mass in thoracic center age; correlation

calculation

) in curve type
of mass with vertebral rota- yp

tion

Animal model
(whale)

Postmortem CT and
spinal morphology
analysis

Injury induced lo-

cal deviation and  Scoliosis represents a uni-
compensatory 3D  versal 3D equilibrium re-  [89]
curves resembling sponse of the spinal system

To test the uni-
versality of com-
pensatory scolio-

sis mechanisms .
those in humans
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To i tigat F t ch
o 169 children with early o mvestigate — rrequelt changes . , ,
Longitudinal | . . o balancing mecha-in curve pattern;  Active spinal self-balancing
. idiopathic scoliosis . . Lo o . . .
observational o nisms underlyingregression in 32.5% mechanisms exist during  [90]
(Cobb <25°, Risser 0), . L
study progression and and progression in growth
untreated . o
regression 26%
3.5. Sex Differences in Stress Response
Physiological, psychological, and neurobiological sex differences that influence sus-
ceptibility to stress-induced conditions, including postural changes, have been identified.
Women exhibit lower activity of the hypothalamic-pituitary—adrenal (HPA) axis and
the autonomic nervous system (ANS) (p < 0.05), along with more pronounced negative
affective responses [91,92]. These differences are associated with estrogen, which attenu-
ates sympathoadrenal reactivity [93]. In men, risk-taking behavior (d > 0.20 for 14 of 16
behavioral domains) is enhanced under stress, whereas women tend to avoid risk, which
may represent an evolutionary strategy (Table 5) [94,95]. Avoidance of active stress reso-
lution is maladaptive and predisposes individuals to psychosomatic disorders [96].
Women demonstrate increased stress sensitivity, which is associated with a higher risk of
affective disorders [97]. These differences may contribute to stress-induced postural alter-
ations.
Table 5. Sex differences in neurobiological and behavioral responses to stress.
Study De- Sample and Meth-
sign /lz,/lo del P ods Study Aim Key Findings Interpretation/Significance Reference
54 healthy adults (27 Women exhibited
, 27 ; : . t i d
men, 27 women) To investigate greater anxiety an
stress-related, alco- sex differ sadness; men
. hol-related, and neu- _ showed a stronger Stress is differentially inte-
Experimental , . .. __encesinemo- . . .
. . tral visual stimuli; as- diastolic blood pres- grated with emotional and re-
stress-induction tional and . . [92]
sessment of emo- . sure response; in ~ ward systems in men and
study . . motivational
tions, physiology men, alcohol crav- women
responses to . .
(heart rate, blood ing was associated
stress . .
pressure), and alco- with emotional
hol craving arousal
45 dults (23
young adults ( To assess the .
. women, 22 men); Stress increased .
Experimental . . effect of stress _, .. Acute stress amplifies sexual
. stress induction fol- . .__risk-taking inmen . . ..
cognitive-behav- on risk-taking . dimorphism in decision-mak- [95]
ioral stud lowed by the Balloon behavior withand reduced itin ing strategies
A%
Y Analogue Risk Task espect 1o sex VOEN & &
r X
(BART) p
To examine
51 healthy adults;  the effect of Stress induced in-

EEG study (Trier EEG recordings un- acute stress
Social Stress Test) der stress and controlon frontal al-

Population-based
psychometric
study

conditions

2816 adults (1566
women, 1250 men)

Supports lateralized mecha-
nisms of emotional regulation [98]
under stress

creased left-hemi-
spheric frontal acti-
phaasym-  vation
metry
. Women perceived
To examine .
. stress as more in-
sex differ-
. tense and more fre-
ences 1in stress
aporaisal and quently used emo-
PP tion-focused and

coping styles avoidant coping

Women appear more sensitive
to stressors and preferentially [99]
oriented toward emotional reg-

ulation
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Structural MRI
combined with
temperament as-
sessment

Structural MRI
combined with
alexithymia as-
sessment

Retrospective
clinical-psycho-
logical study

Resting-state
fMRI combined
with psychomet-
rics

DTI combined
with personality
profiling

100 healthy volun-
teers (50 women, 50
men); morphometry
of the anterior cingu-

To relate
ACCmor-  Right ACC was

._Provides a structural substrate
phology to  more pronounced in

for sex differences in stress re- [100]
sponses

anxiety and women and associ-
harm avoid- ated with anxiety

late cortex (ACC)
ance
To investigateIn men, right ACC
he relation- vol 1
100 healthy adults t ? relation- volume corre ate.d B .
ship between more strongly with Sex-specific neural strategies of
(51 women, 49 men); . o : . [101]
ACCmor-  alexithymia; in emotional processing
TAS-20, TCI .
phology and women, with harm
alexithymia avoidance
18 individuals ex-  To assess the Emotion-focused
posed to a shared  role of coping coping was associ- . .
t le of
traumatic event (fire- strategies in ated with PTSD Cognitive processing style o [102]

trauma influences PTSD risk

fighters); 1-year fol- PTSD devel- symptoms and dis-

low-up

102 healthy adults  ing styles to anticorrelation be-

opment sociation
Emotion-avoidant
coping was associ-

To relate cop- ated with reduced
rela p-a with redu Network-level mechanisms un-

derlie individual stress re- 103
(67 women, 35 men) brain connec- tween the default [103]
. sponses
tivity mode network
(DMN) and atten-
tion systems
To examine P it il
ersonality profiles
Healthy adults; neural corre- yP .
. . were associated Stress resilience has structural
white matter integ- lates of well- | . [104]
. . ) with white matter neural correlates
rity analysis being and . .
. tract integrity
coping

Stress increases LH activity (p < 0.05), suppressing negative emotions [98]. Women
more frequently exhibit sadness and anxiety following stress exposure (p < 0.05) [92], per-
ceive life events as less controllable and more negative (p < 0.05), and more often employ
emotional and avoidant coping strategies, which are associated with psychological dis-
tress and somatic symptoms [99]. The morphology of the right anterior cingulate gyrus
(ACG) correlates with fear proneness, anxiety, and harm-avoidance coping strategies in
women [100,101]. Emotional coping is associated with PTSD (p = 0.004) and dissociation
(p < 0.04) [102], whereas avoidance-related coping is linked to reduced connectivity of
brain networks (p < 0.05) [103]. In men, an optimistic personality profile is associated with
greater integrity of RH white-matter tracts (p < 0.05), indicating higher stress resilience
(Table 5) [104].

3.6. Sex Differences in the Development and Progression of AIS

Anatomical, hormonal, biomechanical, and neurophysiological factors underlying
sexual dimorphism in AIS have been identified, with a higher prevalence and greater pro-
gression observed in girls.

Adolescence is accompanied by an increase in rotational spinal instability [105-107].
A smaller vertebral cross-sectional area (CSA) in girls (7.93 + 0.69 vs. 9.38 + 1.46 in boys, p
< 0.0001) and a more pronounced lumbar lordosis (27.6 + 8.0° vs. 23.7 £ 6.1°, p = 0.02) in-
crease spinal flexibility and reduce stability, thereby elevating the risk of deformity devel-
opment [106-110]. Estrogen, by decreasing connective tissue stiffness, contributes to the
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progression of AIS [111-117]. Joint hypermobility (JH), which is more common in girls (p
< 0.05), is associated with AIS and anxiety [118-122]. Girls reach the peak spinal growth
earlier, increasing their vulnerability to deformity progression [123,124]. An ectomorphic
somatotype, typical of girls with AIS, is associated with reduced postural stability and an
increased risk of progression (p < 0.05) [125-127]. Dorsal shear loads and asymmetric
growth of the vertebral neurocentral cartilage are considered leading mechanisms in AIS
progression [128]. In contrast, a more pronounced thoracic kyphosis in boys (p < 0.0001)
and higher tendon collagen synthesis (p < 0.05) provide greater rotational stability
[129,130] and contribute to overall spinal stability (Table 6) [117,131].

Table 6. Sex differences in the development and progression of adolescent idiopathic scoliosis (AIS):

morphological, biomechanical, and neurobiological evidence.

s?;rll(/ilzl/[(]))czl Sample:;tsd Meth- Study Aim Key Findings Interpretation/Significance Reference
Girls exhibited
70 full-term neo-  To identify con- smaller vertebral

itall han-
nates (35 boys, 35 genital sex dif- cross-sectional Congenitally reduced mechan

Neonatal MRI Studygirls); spinal mor- ferences in the  area (CSA) de- ical strength of the spine in fe- [108]
phometry axial skeleton  spite comparable males
body size
Girls had smaller
CSA and greater

80 children aged 9- To relate verte- lumbar lordosis; Vertebral morphology deter-

Pediatric MRI study 13 yfzars (40 boys, bral CSA ’{0 lum- negative CSA—  mines sagittal spinal profile [109]
40 girls) bar lordosis .
lordosis correla-
tion
To analyze de- Lordosis was
Longitudinal pos- 194 children (5-16 Yelopmental tra- more pro” Sex-specific formation of the
years); 5-year fol- jectories of ky- nounced in girls; . . . [110]
ture study . _ sagittal spinal profile
low-up phosis and lor- no sex differ-
dosis ences in kyphosis

20 women using
Experimental hor- combined oral con-
monal-biomechani- traceptives (COC)
cal study and 20 non-users;

tendon ultrasound

To examine the Chronically low

Est lat 11
effect of estrogenestrogen levels strogen modulates collagen

structure and tissue mechani- [114]

on tendon defor- reduced tendon .
cal properties

mation deformation

23 young women  To assess the ef- Estradiol sup-
Biochemical colla- (11 COC users, 12  fect of estradiol pressed load-in-
gen study non-users); micro- on collagen syn- duced collagen

dialysis thesis synthesis

Female connective tissue ex-
hibits reduced adaptive capac-[115]

ity

Estrogen com-

Posterior cruciate . . . .
To investigate  bined with me-

Animal model ligament fibro- _ . . . Mechanistic basis of tissue
) . ligament matrix chanical load in- . [116]
(pigs) blasts; mechanical . y vulnerability in females
. regulation hibited collagen
loading + estrogen .
expression
Women showed
) Women (n = 16) and . .
Comparative meta- ) , To compare col- lower collagen  Slower tissue repair and re-
men; isotopic colla- [117]

bolic study lagen synthesis synthesis at rest modeling in women

en analysis .
& y and after exercise
Higher incidence Clinical evidence of increased

h t f in- ilit ts T if-
Cohort study of in- 558 military cadets To assess sex di of stress fracturesbiomechanical vulnerability in[121]

jury incidence (men and women) ferences in )
in women females
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stress-related in-
juries
Generalized joint
To assess the ~ hypermobility
role of joint hy- was more preva-
permobility in IS lent in IS, partic-
ularly in girls

70 patients with idi-
opathic scoliosis

y (IS) and 58 controls;
Beighton score

Association between connec-

Case—control stud o .
tive tissue laxity and IS

[122]

To compare Peak gray matter Temporal mismatch between
Longitudinal brain 387 children and  brain develop- volumes oc- p .
. . . neural and somatic matura- [123]
MRI study adolescents mental trajecto- curred earlier in tion
ries girls
Toi . ——
' 51400 children; ver- o 1nves_t1gate Vertebrae in girls - B
Anthropometric sexual dimor-  became more Increased geometric instability
tebral shape analy- . . . [124]
study sis phism in verte- slender from age of the spine
bral morphology 8
To relate soma Ectomorphic in-
Posturographic 43 girls of different dividuals exhib- Increased risk of progression
totype to balance, . o [125]
study somatotypes ited reduced pos-in ectomorphic girls
control e
tural stability
Distinct somato-
. 74 girls with IS of types were asso- .
Chmcal' postur- different somato- To assess pqs— ciated with dif- Soma'totype influences IS pro- [126]
ographic study tural strategies . ..., gression
types ferent instability
patterns
60 patients with ~ To relate ecto-  Ectomorphy was
Somatotype and - . . . -
. ..., panic disorder + ag-morphy to gen- associated with Systemic connective tissue
joint hypermobility . Lo ., . s [127]
stud oraphobia and 60  eralized joint hy-joint hypermobil- vulnerability
Y controls permobility ity
T 1 le 1 is i
1060 children (515 o analyze Stable lordosis in

Population-based growth and pos- females; increas- Sex-specific evolution of sagit-

irls, 545 boys); 11- 12
longitudinal study girls, 545 boys); ture develop-  ing kyphosisin tal spinal alignment [129]
year follow-up
ment males
To assess sagittal During puberty,
li tand girls showed in-
Radiographic 156 healthy chil- AgNME: and - IS SNOWES I - iiical window for PIS pro-
rowth stud dren spatial orienta- creased posterior ression [130]
& y tion of individ- inclinationand ©
ual vertebrae  reduced stability
10 d 20 Tendon adapta-
Biomechanical MR~ o ot To compare ten- Cneon agaptaT 4 imited adaptive reserve of
women (10 runners, . tion was reduced L [131]
study don adaptation connective tissue
10 non-athletes) in women
Fetal neuroanatomi To examine sex- Male brains ex- Intrauterine neuroanatomical
21 fetal brains related brain hibited greater , ) ) [132]
cal study basis of sexual dimorphism
asymmetry asymmetry
949 children and  To investigate  Females showed
DTI connectome  adolescents (8-22  sex differences inincreased Sex differences in central pos- [133]
study years; 428 males,  connectivity de- interhemispheric tural control

521 females) velopment connectivity

Sex-related differences in brain development—larger brain volume and more pro-
nounced interhemispheric asymmetry in males, earlier peak brain volume in females (p <
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0.05)—as well as differences in neuronal asymmetry (p <0.02) and interhemispheric con-
nectivity (p < 0.05), may influence motor coordination and postural stability (Table 6)
[72,132-134].

3.7. Disturbance of the Body Schema

Disturbances in body representation in AIS have been shown to affect self-percep-
tion, motor control, and mental health.

The body schema is a dynamic neural construct that integrates multisensory infor-
mation to regulate posture, motor behavior, and spatial orientation [135-141]. Spatial ne-
glect [142] and the phantom limb phenomenon [143-145] are associated with body schema
disturbances and highlight the role of the right parietal cortex in bodily awareness [146—
148]. The existence of aplastic phantoms (p < 0.01) supports the innate nature of body rep-
resentation [144,145,149-151]. The body schema continues to develop from early child-
hood [152], is vulnerable in preterm infants [153], and remains particularly sensitive dur-
ing adolescence. Adolescents with AIS, compared with controls, demonstrate significant
disturbances in body image (p < 0.005) and body schema (p < 0.05) (Table 7) [154-158].

Table 7. Disturbance of the body schema as a neurocognitive mechanism: from innate representa-

tions to clinical manifestations in idiopathic scoliosis.

Model/Design

study

Retrospective ques-
tionnaire study

Cross-sectional study

Experimental infant

study

Clinical neuropsycho-preterm (14 boys)

logical study

Analysis of phantom

252 adults (99 with

congenital amputa- To assess the ef-
tion—34 surgically  fect of age at am-
corrected later; 153  putation on phan-

Immediate and de-  To investigate
layed imitation tasks early mechanisms

Method Study Aim Key Findings Interpretation = Reference

Phantom limbs were
reported in >20% of
congenital cases and

sensations in 125 in- To assess the ex-
dividuals with limb istence of phan-
Clinical observational absence: 15 with con- tom limbs in con-

Body schema is par-
tially innate and ge-

>50% of amputations 144
genital limb defi- genital defects 5 P netically deter- [144]
. before age 6; phantoms_,
ciency and 26 who  and early amputa- . mined
. were detailed and of-
underwent amputa- tions .
. ten painful
tion before age 6
Survey of 60 children Phantom sensations S
. . . . ... [Early nociceptive
and adolescents with To examine the and pain were signifi- .
) afferentation en-
limb absence (27 con- prevalence of cantly more frequent
. ) ) hances body [145]
genital, 33 surgi- phantom sensa- after surgical amputa- .
, , , , ; schema reorganiza-
cal/traumatic ampu- tions and pain  tion than congenital tion
tations) absence

Most vivid phantom
experiences occurred
after amputation at
ages 5-6; minimal

Body schema is par-
ticularly plastic dur-

14
phantoms when am ing early ontogene- [149]

with early amputa- tom phenomena sis
tion before age 6)

putation occurred be-
fore age 5
Body schema

Evidence of memory-
emerges very early

based imitation and [152]

in 40 six-week-old in- of bodily repre- L and relies on inter-
. motor optimization .
sentation nal representations
To assess the im- Adequate sen-
Comparison of 24 Preterm children . q .
pact of early sen- . sorimotor stimula-
. . showed deficitsinho- , .~
sorimotor depri- . . ) tion is critical for  [153]
and 24 full-term (11 . listic body processing
. vation on body body schema devel-
boys) children and body schema
schema opment
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Clinical psychometric
study

Comparative clinical
study

Clinical observational
study

Cross-sectional clini-
cal study

Comparative neuro-
psychological study

Clinical neuropsycho-
logical study

Clinical case report

Neuroimaging case
report
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controls . .
duced quality of life

Graphic assessment To examine
of perceived spinal awareness of
curvature in 44 ado- trunk displace-

Systematic over- and Internal representa-
underestimation of de- tion of the body axis[157]

formity magnitude is disrupted
lescents with IS ment rmity magnitu is disrup

15 individuals with IS
(5 males, 10 females;
curve magnitude 10-
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body image inIS
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The parietal cortex
is a key node of the
body schema net-
work

Patients with parietal

159
cortex lesions [159]

body representa- directed behavior
tion
Body schema deficits

64 patients with uni- .
P To examine body were more frequent

lateral stroke and 41

Body schema repre-

schema deficits  following left-hemi- sents a distinct cog- [160]

controls . . nitive system
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62-year-old patient ... Dissociation between .
. .~ . level organization . . Body schema is not
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knowledge
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and parietal cortex
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Body representa-
tions can exist with- [150]

tal limb absence aplastic phantoms out peripheral input
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visions in congenital
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Phantom experiences .
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year-old girl) and =~ phenomenology [151]

A hypothesis has been proposed that delayed maturation of the body schema con-
tributes to AIS progression due to the inability of the CNS to adequately control asynchro-
nous skeletal growth [161].

Concepts such as “proprioceptive memory” have been proposed to explain phantom
bodily sensations [162], alongside evidence supporting the dominant role of the RH in
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bodily self-awareness [148]. Lesions of the RH are associated with spatial neglect and ego-
centric deviation [159], whereas LH lesions are linked to disturbances of the body schema
(27.2%, p < 0.05) (Table 7) [160].

3.8. Conversion Disorder

The role of stress, neurobiological mechanisms, and sex differences in the develop-
ment of conversion disorder (CD), as well as its possible association with psychosomatic
aspects of AIS, has been established.

CD is characterized by functional neurological symptoms occurring in the absence of
organic pathology [163] and has a relatively high prevalence [164,165]. Stress and abuse
(OR 5.6, 95% CI 2.4-13.1) are the main risk factors for CD, although in some cases identi-
fiable stressors are absent [166-168]. Notably, CD affects women significantly more fre-
quently than men (Table 8) [169-173].

Table 8. Conversion disorder: psychotrauma, sexual dimorphism, and neurobiological mecha-

nisms.
Int tation/Path ti
Model/Design Method Study Aim Key Findings nierpre 2.1 lo.n. ATOBENEUC Reference
Significance
54 patients with
conversion disor- CD patients re-
der (CD; 45 To assess the as- ported higher rates
women, 9 men) sociation be- of physical and
. . vs.50 patients  tween childhood sexual abuse; hyp- CD is linked to trauma expo-
Clinical comparative | . . . o . L
stud with affective dis- trauma and CD notic suggestibility sure and dissociative pro-  [167]
y orders (41 and the role of  partially mediated cessing of experience
women, 9 men); hypnoticsug-  the relationship be-
trauma inter- gestibility tween trauma and
views; dissocia- symptom severity
tion scales
To examine 87% were women;
. 100 patients with stressors, family marked family Social and familial factors
Descriptive cross- . . . . . . L
. dissociative disor-environment,  stressors; sex dif- amplify and maintain symp- [171]
sectional study . . .
ders and coping strat- ferences in coping toms
egies strategies
199 patients with
functional motor To assess the as- Sexual abuse was Exolains hieher prevalence
disorders (FMD; sociation be- associated with P sherp

of functional neurological ~ [172]
disorders in women

Case—control stud
AsemCONMOTSHAY 149 women) and tween sexual FMD in women but

95 controls (60  abuse and sex  not in men

women)
. . Female sex was as-
To investigate sociated with com-
Population-based 276 cases and 261 the influence of . Social factors modulate psy-
. ] mon mental disor- [173]
case—control study controls (Brazil) sex and social . chopathology
ders, particularly
factors
after age 30
Hyperactivation of
12 patients with Tsolcllzzzfilgitfe - Z?ycfidlali, o Emotional hyperreactivit
fMRI study motor CD and 14 PTOC¢%51M8 aquecuctal gray, - bmotonal iyperreactivity 4.7,
negative emo-  and anterior cingu- drives motor dysfunction
controls .
tions late cortex; lack of
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clinical study ) ) .
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To i ‘v bio-
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P i £
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. . . automatic (in- Bodily symptoms serve affect
with self-injury  functions of trapersonal) rein- regulation [180]
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T 12 Earl iti
a:;o 1%Oy§ai§i3ith To describe CD irra1r Zor‘,eec(;)gr;glir; CD is a reversible functional [164]
y in childhood P Prog disorder
CD sis
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motor cortex

Neuroimaging studies have demonstrated the involvement of the ACC, amygdala,
and basal ganglia in stress-related mechanisms [174-176,181-183]. In CD, left-sided symp-
tom localization is more frequently reported, although findings are inconsistent (p > 0.05)
[177,184], and right-hemisphere abnormalities are observed in up to 71% of cases (p <0.02)
(Table 8) [178]. Structural alterations in cingulo-insular regions suggest stress-induced
neuroplasticity [185,186].

The diversity of CD symptoms is presumed to reflect the functional heterogeneity of
the ACC [187]. Self-injurious behavior is interpreted as a maladaptive strategy for reduc-
ing uncertainty through “acting on the body,” which overlaps conceptually with the psy-
chosomatic aspects of AIS. RH dysfunction is considered a key factor underlying self-in-
jury [49]. Self-injurious behavior is associated with low oxytocin levels and high pain tol-
erance (OR 0.55-1.67, p < 0.021) (Table 8) [179,180].
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3.9. Development of the “Distorting Mirror Effect”

Neural, cognitive, and biomechanical characteristics of the “distorting mirror ef-
fect” —defined as a distorted perception of the body and peripersonal space—and its po-
tential association with AIS have been identified.

Alterations in the balance of complementary hemispheric functions during reasoning
lead to distorted perception [188-191]. The RH, particularly the ventromedial prefrontal
cortex (vmPFC), increases uncertainty in decision-making, with more pronounced impair-
ments in women following left-sided lesions (p < 0.05) [192]. The dorsomedial prefrontal
cortex/dorsal anterior cingulate cortex (dmPFC/dACC) is involved in body perception
and conflict processing, mechanisms that may overlap with those implicated in AIS
[193,194]. RH dysfunction predominates in delusional syndromes (p < 0.05), in which hy-
peractivity of the LH generates false explanations (Table 9) [195-198].

Table 9. Development of the “Distorting Mirror Effect”: neural, cognitive, and postural mecha-

nisms.
Interpretation for
Model/Design Method Study Aim Key Findings  The “Curved Mirror Reference
Effect”
dACC activation in-
To test func- .
tional heteroge- creased with re- dACC encodes dis-

fMRI decision-mak-
ing study

Lesion network
mapping

Clinical case study

Clinical case with
vestibular stimula-
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neity of the dor- . .
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crepancies between
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expectations and ac- [194]

sal anterior cin-
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rew)
Lesions connected Delusional misiden-
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63-year-old man with
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the role of the

cortex (recognition)
and right frontal
cortex (belief evalu-
ation)
Right-hemispheric
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PTSD and alcohol depend-right hemispheremarked cognitive
in misidentifica- and identity distor-
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fect of vestibular ular stimulation
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influence of in-
ternal motion
representation
on oculomotor
responses
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terior cingulate
cortex (ACC)
function
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pretation of motion
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desynchronization
between recognition
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[197]

Right-hemisphere
dysfunction impairs
filtering of anoma- [198]

lous internal repre-
sentations

Vestibular input can
recalibrate distorted [199]
body schema

Sensorimotor re-
sponses are shaped
by internal body [200]
models rather than
purely reflexive
mechanisms

ACC functions as a
mismatch detector—
a “curvature sensor”

of cognitive models

[201]
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[206]

stabilizes a distorted
body axis

in muscular

asymmetry .
progression

Caloric vestibular stimulation, by modulating activity in the temporoparietal, insular
cortices, and the ACC, transiently attenuates perceptual distortions (Table 9) [199,207].

Horizontal eye movements enhance the perception of trunk rotation [200], while cog-
nitive conflict leads to activation of the dACC (p < 0.0001) [194,201]. Lesions of the ACC
impair the integration of reward and risk [202]. Under conditions of unilateral hemi-
spheric suppression following electroconvulsive therapy, the RH preserves contextual
perception, whereas the LH operates on abstract inferences [203,204]. In rats, cerebellar
asymmetry induces postural asymmetry [205], and asymmetric expression of the estrogen
receptor gene Esrl in individuals with AIS exacerbates scoliosis severity (p < 0.05) (Table
9) [206].

4. Discussion

The present review represents an attempt to elucidate the complex nature of AIS by
identifying the contribution of neurophysiological, psychological, and biomechanical fac-
tors to the development and progression of this condition. Importantly, this work is hy-
pothesis-generating in nature and aims to integrate converging but largely indirect lines
of evidence rather than to establish definitive causal relationships. The proposed frame-
work differs conceptually from earlier “vicious cycle” models of idiopathic scoliosis,
which primarily focused on peripheral biomechanical feedback mechanisms without in-
corporating central neurocognitive processes. In contrast, the present hypothesis empha-
sizes the role of brain lateralization, stress-related neuroplasticity, and body-schema rep-
resentation as modulatory factors rather than primary structural causes. Thus, the present
model should not be interpreted as a revival of earlier functional loop theories, but rather
as an expanded integrative framework incorporating contemporary findings from neuro-
science and stress research. The model is therefore intended as an integrative and explor-
atory framework, not as a replacement for established biomechanical or neurodevelop-
mental theories. Accordingly, it is proposed as a conceptual tool to guide future experi-
mental and clinical research rather than as a definitive explanatory theory of AIS.

https://doi.org/10.3390/life16020270



Life 2026, 16, 270

25 of 42

Table 10 summarizes the proposed integrative, multilevel model of AIS, illustrating
how processes operating across genetic-hormonal, tissue, biomechanical, sensorimotor,
cortical, interhemispheric, cognitive—perceptual, emotional, and behavioral levels may
converge to influence the development and persistence of spinal deformity. Importantly,
the model does not imply a linear or strictly causal sequence of events; rather, it concep-
tualizes AIS as the outcome of interacting vulnerabilities and modulatory mechanisms
that may become functionally coupled during critical developmental periods. At the cen-
tral nervous system level, disturbances in interhemispheric balance, body-schema repre-
sentation, and error-monitoring circuits are proposed to influence sensorimotor integra-
tion and postural control, thereby shaping biomechanical loading patterns of the spine.
These central mechanisms interact with sex-specific hormonal, tissue, and growth-related
factors, potentially amplifying asymmetry under conditions of stress and rapid growth.
Within this framework, phenomena such as the “distorting mirror effect” are viewed as
higher-order perceptual-cognitive manifestations of earlier functional distortions, con-
tributing to reduced bodily awareness, delayed corrective responses, and reinforcement
of maladaptive motor patterns. Collectively, the table provides a conceptual scaffold link-
ing brain-level processes to spinal morphology, highlighting AIS as a dynamic, multilevel
condition rather than a disorder driven by a single etiological factor.

Table 10. Integrative model of adolescent idiopathic scoliosis (AIS): from brain to spine.

System Level

Genetic-hormonal

Molecular—tissue

Postural-biome-
chanical

Sensorimotor

Cortical (ACC—in-
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Identified Disturb- Distortion  Clinical Manifesta- Contribution to
ances (by Sections) Mechanism tion PIS
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skeletal stabilization in of tissues chanical stability
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aptation rates to
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mechanical load °F & Y y
muscles
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Three-dimensional

upright equilib-  of-mass displacement, asymmetric me- . Progression
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rium intrinsic rotational pat- chanical loading
terns
Integration of pro- Impaired postural con- .
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prioception and  trol; somatotype-de- . Unstable body axis .

cessing errors deformation

motor control pendent responses
Error monitoring dACC hypersensitivity;
and bodily aware- insular distortion of in-
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Impaired error Habituation to dis-

. . Pattern fixation
correction tortion

teroception

Balance between

global and local

control

Accurate body im-

age

Stress adaptation

Dominance of right-  Disturbance of Asymmetric percep- Amplification of
hemispheric processingthe body schema tion curvature

Disturbance of the

body schema; self-as- Distorting Mir- Under-/overestima- Delayed diagno-

ror Effect” tion of deformity  sis
sessment errors

Stress-induced

Sex-specific stress reac- _ . . .
P failure of correc- Pubertal progressionTrigger

tivit ) .
y tive mechanisms
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. . Reinforcement of
Postural correction Reduced bodily aware- . Lack of self-correc- e
maladaptive mo- . Chronification
i

tor patterns

Behavioral .
and compliance  ness

Hemispheric lateralization plays a central role in body perception and postural con-
trol. The LH functions as an “interpreter” of events: it seeks to eliminate uncertainty,
draws conclusions, and proposes hypotheses, often disregarding contradictions or im-
plausibility in its own explanations. In contrast, the RH detects and resolves conflicts be-
tween proposed explanations and reality [188,189].

In the healthy brain, these complementary modes of information processing interact
dynamically, supporting higher-order cognition and coordinated motor control. How-
ever, atypical patterns of hemispheric lateralization, particularly when accompanied by
relative RH dysfunction, may disrupt this balance and contribute to disturbances in body
perception and postural regulation. Such disturbances are not assumed to be universal in
all individuals with AIS, but may characterize a specific vulnerable subgroup with partic-
ular neurodevelopmental and stress-related profiles. Experimental studies involving tran-
sient inactivation of the RH during electroconvulsive therapy have shown that the LH,
unlike the RH, becomes detached from reality and generates false conclusions [204]. Func-
tional insufficiency of right-hemispheric mechanisms underlies maladaptation and many
mental and psychosomatic disorders. Within the present framework, AIS is not conceptu-
alized as a direct consequence of these mechanisms, but as a possible somatic context in
which they may manifest or exert modulatory effects.

Stress is a common feature of childhood and adolescence, developmental periods
during which the brain continues to undergo active maturation [65]. ELS reduces brain
stress resilience [68-71,74,75], adversely affects the RH, and promotes the development of
ineffective stress-coping mechanisms [48]. Adolescence is considered a period of in-
creased behavioral and psychiatric vulnerability due to stress-induced alterations in neu-
ronal maturation trajectories [66,67,208]. The developmental trajectories of different brain
structures vary over time, resulting in “windows of heightened stress sensitivity” [73].
Stress triggers a tension response across multiple physiological systems, including the
muscular system, leading to physical changes. The transformation of psycho-emotional
tension into asymmetric muscle tone represents a psychosomatic pathway linked to the
biomechanical characteristics of the spine that underlie AIS. This pathway is proposed as
one of several interacting mechanisms and should not be interpreted as a primary or ex-
clusive driver of spinal deformity.

The spine is an integral participant in the organism’s response to stressors. Three-
plane spinal deformity can be viewed as a manifestation of spiral organization, a phenom-
enon widely observed in living systems, such as the DNA helix. In humans, symmetrically
arranged groups of muscular spirals in the limbs and trunk exert opposing actions, with
right- and left-handed rotational components [76-78]. Alterations in the balance of these
muscular spirals may lead to torsion of the trunk to the right or left. Trunk and spinal
rotation constitute natural movements as part of a defensive response to physical threat.
Depending on the selected behavioral strategy, the initial response involves trunk exten-
sion or flexion, followed by rotation and lateral bending. Evidence for the existence of an
innate spinal rotation pattern may be provided by the rotation of the thoracic vertebrae in
the normal spine: to the left in childhood and to the right during adolescence. This rota-
tional template determines the shift in the predominant direction of thoracic scoliotic
curves in idiopathic scoliosis—from left-sided in infancy to right-sided in adolescence
[79,83-85]. These observations suggest the presence of developmentally regulated biome-
chanical predispositions that may interact with central regulatory mechanisms.
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Features of a shift in the laterality vector may contribute to a small proportion of the
development of severe forms of IIS and AIS. In this context, lateralization-related mecha-
nisms are considered modulatory rather than determinative, potentially influencing sus-
ceptibility, progression, or compensatory capacity rather than acting as primary etiologi-
cal factors. With well-developed right-hemispheric mechanisms, scoliosis may fail to de-
velop or progress. In infantile idiopathic scoliosis, the age-related reversal of the intrinsic
spinal rotation pattern during growth may play a protective role. Study [90] points to the
presence of compensatory mechanisms of the organism in mild idiopathic scoliosis, lead-
ing to its regression or stabilization. This supports the notion that central and peripheral
adaptive processes may mitigate deformity development in a substantial proportion of
cases.

Existing sex differences in stress responses [91-93,209] and in scoliosis development
represent another link in the pathogenesis of AIS. Differences in brain developmental tra-
jectories and activation levels between females and males [72] may underlie differential
risks of mental disorders.

In terms of growth and development during childhood and adolescence, the female
brain matures 1-2 years earlier than the male brain [72,123,134]. However, rapid matura-
tion may prevent neural structures from achieving a high level of functional refinement,
rendering them more vulnerable. Boys exhibit earlier development of RH mechanisms,
whereas girls demonstrate earlier development of LH functions [132]. Accordingly, boys
are more right-hemisphere-dominant in childhood. The authors of [133] reported greater
interhemispheric connectivity in girls and greater intrahemispheric connectivity in boys.
This organization is thought to facilitate efficient coupling of perception and coordinated
action in males, while in females it may promote enhanced interaction among analytical
brain centers. Such differences may contribute to sex-specific patterns of stress processing
and postural regulation.

Stress elicits activation of different brain structures and engagement of distinct cop-
ing strategies in males and females. Boys tend toward a fight-oriented response, making
decisions aimed at positively changing the situation and mobilizing all available resources
to achieve this goal. Girls are more inclined toward passivity and compromise; under
stress, they tend to withdraw from the problem either physically or psychologically. This
approach contributes to less constructive coping strategies. Boys demonstrate higher lev-
els of exploratory activity, whereas girls exhibit predominantly stereotyped activity pat-
terns. Under stress, exploratory behavior in boys increases, with a preference for non-
standard actions, which are considered the most adaptive. In contrast, girls tend toward
stereotyped behaviors both under stress and in calm conditions [96].

A study [100] found that in women, the volume of the right ACG relative to the left
was significantly greater than in men. The authors concluded that the right ACG repre-
sents the anatomical substrate of the typically “female” harm-avoidance coping strategy.
Avoidance-oriented coping correlates with introversion, is associated with emotional dis-
tress, and predisposes individuals to the development of mental disorders such as PTSD,
anxiety, major depression, and suicidal behavior [102,103,210]. These characteristics of the
female stress-response pattern render women more vulnerable to psychosomatic postural
changes.

Progression of AIS occurs during the growth spurt, a period when increased de-
mands are placed on the organism, including the spine, which it does not always success-
fully meet [105]. This period is also associated with a higher risk of mental disorders and
with sex differences in their prevalence [211,212]. An additional risk factor may be a ge-
netic predisposition to heightened stress reactivity [213]. The convergence of rapid
growth, stress exposure, and neurodevelopmental vulnerability may therefore represent
a critical window for AIS progression.
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Compared with boys, the spine in girls is taller, thinner, and more flexible [124]. Con-
sequently, it bends more readily in the frontal plane than in the sagittal plane, where stiff-
ness is relatively preserved [214]. Intervertebral disks are characterized by greater height
[106], and thoracic kyphosis is less pronounced [110,129]. Flattening of thoracic kyphosis
is accompanied by increased rotational spinal instability, facilitating scoliotic curvature in
the frontal plane. The mid- and lower thoracic segments are more posteriorly displaced,
thereby increasing the likelihood of vertebral rotation, particularly during the period of
maximal growth velocity in puberty [85,128,130,215-217]. In girls with an ectomorphic
somatotype, the tendency toward posterior deviation is more pronounced than in controls
[125,126]. Girls experience an earlier growth spurt, with peak growth velocity coinciding
with the minimal thoracic kyphosis angle, whereas in boys it coincides with maximal ky-
phosis. As a result, adolescent scoliosis develops against a background of predominantly
lordotic posture in girls and kyphotic posture in boys. Increased kyphosis is considered
more favorable, as the degree of scoliosis is then substantially lower.

The elasticity and plasticity of tissues differ qualitatively and quantitatively between
women and men. A possible explanation lies in the differential effects of sex hormones on
these tissues, specifically increased stiffness under the influence of testosterone, whereas
estrogen exerts the opposite effect. Women exhibit lower mechanical strength of tendons,
reduced rates of collagen synthesis in tendons following physical loading, and an absence
of tendon hypertrophy after training [111,112,121].

JH is frequently observed in AIS, particularly in girls [118,122]. Adolescents with AIS
are typically characterized by an ectomorphic somatotype and personality traits such as
introversion [52,54,55,57,62]. JH is associated with ectomorphic somatotype, anxiety, de-
pression, eating disorders, neurodevelopmental disorders, and stress-sensitive psychoso-
matic conditions [119,127,218,219].

Adolescents with AIS exhibit poorer body awareness compared with their healthy
peers [37,154-158], which may be related to RH dysfunction, given its role in integrating
proprioceptive information [146,147] (Figure 3). Disturbances of the body schema in AIS
are associated with psychological distress [155].

Cases of phantom limb phenomena in individuals with congenital limb absence or
early-life amputation, as well as the ability of newborns to imitate facial gestures, indicate
the innate nature of the body schema [143-145,149,150,152]. Throughout life, the body
schema is continuously updated based on incoming tactile, proprioceptive, visual, and
interoceptive information [140]. At the same time, it is vulnerable to various influences
[140,153]. Disturbances of the body schema are observed in a range of mental disorders
[220]. We propose that atypical lateralization with subsequent RH dysfunction and dis-
ruption of the body schema represents a factor sustaining AIS. This sustaining role is con-
ceptualized as functional and dynamic rather than structural, interacting with ongoing
growth-related biomechanical processes.

The link between perception and physical manifestations finds a logical extension in
CD. Childhood stress correlates with the development of CD [166,167,171,172]. The pos-
sibility of spinal deformity following psychological stress is illustrated by cases of psy-
chogenic camptocormia [22]. In women, CD, as well as mild psychiatric morbidity, occurs
more frequently than in men [170,173]. Conversion symptoms are more frequently ob-
served on the left side of the trunk, which suggests a possible dysfunction of the RH of
the brain [177,182,184,221]. RH dysfunction resulting from atypical lateralization may
contribute both to the development of conversion disorders and to disturbances of the
body schema [178,181]. Neuroimaging studies of CD frequently reveal abnormalities in
the cingulate gyrus [174,176,183].

Stress, by activating the ACC, may suppress motor functions, transforming emo-
tional distress into physical symptoms. In women, this relationship is further amplified

https://doi.org/10.3390/life16020270



Life 2026, 16, 270

29 of 42

by experiences of sexual abuse, pointing to a shared pathway between CD and AIS, in
which neuroplasticity of the cingulo-insular regions plays a central role [185].

Dysfunction of the ACC has been linked to a range of mental disorders, including
schizophrenia, obsessive-compulsive disorder, depression, bipolar disorder, PTSD, and
autism spectrum disorders [186,187,222,223].

tal disor P

visual a ation

Figure 3. Disruption of the Body Schema. The “body schema” is localized in the brain and spinal

cord, with some components being innate. It is updated based on information from various sources

and is disrupted in mental disorders.

As noted above, the right ACG is responsible for the harm-avoidance coping strat-
egy. Thus, a possible link can be traced between harm-avoidance coping under stress in
individuals with atypical lateralization and the emotional-motor component required for
its implementation. In this context, scoliosis may be regarded as an orthopedic manifesta-
tion of a conversion reaction of the organism. This interpretation is not intended to reclas-
sify AIS as a psychiatric disorder, but rather to highlight potential overlaps in stress-re-
lated neurobiological mechanisms shared with other functional somatic conditions.

AIS may be compared to paradoxical behavior such as non-suicidal self-injury, which
is likewise maladaptive and expressed through inappropriate means. Such behavior is
thought to arise from functional insufficiency of the RH [49]. Paradoxical behavior is com-
mon in adolescence, and in approximately 80% of cases is accompanied by various mental
disorders. AIS, as a specific variant of paradoxical behavior, by “acting on the body,” re-
duces the degree of uncertainty, including within internal models of the body and per-
sonality. Among the positive effects of maladaptive behavior are relief of emotional stress
and negative affect [179,180,224,225]

The proposed psychosomatic mechanism underlying the development of AIS leads
us to the concept of the “distorting mirror effect”, illustrating how abnormal lateralization
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Distorted
mirror effect

results in distorted perception and integrates the neural and biomechanical aspects of AIS
into a unified framework (Figure 4).

(Flow of false information

Disruption
of the
"body schema"'

Idiopathic scoliosis

‘ Flow of false
information

Figure 4. Development of the Distorted Mirror Effect. When the “body schema” is disrupted, false
information from the right hemisphere is transmitted to the left hemisphere and accepted as accu-

rate due to the distinct reasoning strategies of each hemisphere.

Under conditions of RH dysfunction, erroneous information about the body schema
is accepted without adequate monitoring or correction. To some extent, this resembles
delusional belief formation [191,195,197,198]. Notably, RH dysfunction has been reported
both in delusional states and in CD, and stimulation of the RH—for example, via left-
sided caloric vestibular stimulation —leads to resolution of pathological symptoms in both
conditions [199,207].

Based on the above considerations, we suggest a hypothesis that scoliosis could po-
tentially be interpreted as a stress-related conversion-like response of the spine in the con-
text of atypical lateralization and possible RH dysfunction. The organism constructs mo-
tor programs based on distorted input from the body-schema neural network, thereby
maintaining the scoliotic deformity. Anatomical, hormonal, and psychological character-
istics of the female organism account for their greater vulnerability. Under RH dysfunc-
tion, the adaptive capacities of the organism are reduced and insufficient to effectively
resolve disturbances of postural balance.
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The proposed hypothesis does not exclude the multifactorial nature of the develop-
ment of AIS. Rather, it may serve as a missing link that integrates various etiological fac-
tors of AIS and the uniform three-dimensional spinal deformity through a stress-induced
conversion reaction of the spine, resembling a harm-avoidance coping strategy as a pos-
sible initiator of primary scoliosis in the context of atypical lateralization and RH dysfunc-
tion.

The model of development and progression of AIS presented in this study is hypo-
thetical and is subject to certain limitations. The contradictory nature of a number of clin-
ical studies on AIS necessitates the development of an experimental model to confirm the
role of stress as a trigger factor in the development of primary scoliotic spinal deformity,
since clinical studies in humans are not feasible for ethical reasons. Computer modeling
of the development of three-dimensional spinal deformity under stress conditions, partic-
ularly in childhood and adolescence, appears to be a promising approach. The incorpora-
tion of methods aimed at modulating stress-related mechanisms and activating mecha-
nisms of brain neuroplasticity into preventive and therapeutic strategies for scoliosis treat-
ment requires interdisciplinary research combining clinical, neuroimaging, and neurobi-
ological approaches. Targeted experimental paradigms combining neuroimaging, sen-
sorimotor perturbation, and longitudinal biomechanical assessment will be required to
test the proposed framework.

5. Conclusions

1.  Available evidence suggests that atypical brain lateralization, potentially associated
with altered right-hemisphere functioning, may contribute to disturbances of body
schema and to neurodevelopmental features observed in adolescent idiopathic scoli-
osis.

2. The reviewed data support a hypothesis that stress-related neuropsychological
mechanisms, in the context of atypical lateralization and altered body representation,
may be involved in the development and persistence of primary spinal deformity,
including phenomena described as the “distorting mirror effect”.

3. The three-dimensional nature of spinal deformity in scoliosis may also be conceptu-
alized within broader biological frameworks of rotational and spiral organization,
which are characteristic of many living systems and may influence morphogenetic
processes.

4. Sex-related differences in the development and progression of adolescent idiopathic
scoliosis are likely influenced by sex-specific patterns of brain and spinal growth, as
well as by differences in stress responsiveness and neuroendocrine regulation.

5. From an integrative perspective, preventive and therapeutic strategies for scoliosis
may benefit from approaches aimed at modulating stress-related mechanisms and
promoting brain neuroplasticity, warranting further interdisciplinary investigation.
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