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Abstract: Background: Idiopathic scoliosis (IS) presented as one of the most common types in adolescent’s and remains a 

multifactorial disorder with mysterious and poorly understood etiopathogenesis, which posing challenges for early 

diagnosis and targeted therapy, while directed acyclic graphs (DAGs) offer a transformative method to this disorder. 

Objectives: This study introduces an innovative DAG based systems biology approach to systematically map causal 

interactions among genetic, epigenetic, biomechanical, and neuroendocrine factors driving IS progression. Method: By 

synthesizing evidence from twin studies, epigenomics, mechanobiology, and clinical endocrinology, we construct the first 

integrated DAG model of IS pathogenesis, validated through a comprehensive review of studies from PubMed, Scopus, 

Web of Science, and Google Scholar. Results: The analysis identifies three key mechanistic pathways: 1. A 

genetic-epigenetic cascade involving DNA methylation dysregulation in growth plate chondrocytes, 2. A 

neuroendocrine-biomechanical feedback loop mediated by leptin hypothalamic pituitary gonadal axis crosstalk, and 3. A 

Platelet-Derived Growth Factor driven vicious cycle in vertebral microvasculature. Conclusion: The model demonstrates 

strong predictive power for idiopathic scoliosis. Furthermore, highlight its translational potential through a DAG-guided 

therapeutic decision and enabling personalized interventions based on the dominant pathogenic pathways. This framework 

bridges molecular mechanisms with clinical phenotypes and offering a paradigm shift in IS research and patient care. 
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1 Introduction 

Idiopathic scoliosis (IS) is a complex three-dimensional 

spinal deformity involving structural abnormalities in all 

anatomical plane’s coronal (lateral curvature), sagittal 

(reduced kyphosis), and axial (vertebral rotation). Radio-

graphically diagnosed when the spine exhibits a lateral 

curvature with a Cobb angle ≥10° accompanied by rota-

tional deformity. A characteristic feature observed in lat-

eral radiographs is the attenuation of normal thoracic ky-

phosis [1]. 

As the most prevalent form of scoliosis, particularly in 

adolescents, IS termed "idiopathic" due to its enigmatic 

and multifactorial etiology. Despite extensive research, 

current pathogenic theories remain incomplete, failing to 

fully account for the non-mendelian inheritance patterns, 

variable progression rates, or heterogeneous clinical man-

ifestations [2]. This knowledge gap underscores the need 

for innovative analytical frameworks to unravel IS patho-

genesis. 

http://www.clinmedfront.com/
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Directed acyclic graphs (DAGs) offer a transformative 

approach to this challenge. Unlike traditional reductionist 

methods, DAGs provide a dynamic causal modeling 

framework that systematically disentangles direct and 

indirect interactions among genetic, biomechanical, and 

neuroendocrine factors. For instance, they can elucidate 

how epigenetic modifications (e.g., DNA methylation of 

hormone receptors) may alter mechanotransduction path-

ways in growth plates, creating feedback loops that drive 

curve progression. 

The clinical urgency for such tools is evident: approxi-

mately 30% of patients undergo unnecessary bracing due 

to the absence of reliable progression biomarkers [3]. Our 

DAG-based model addresses this critical gap by enabling 

risk stratification through causal inference, thereby guid-

ing personalized therapeutic decisions. This study lever-

ages DAGs to integrate disparate pathogenic hypotheses 

into a unified systems-biology framework, offering new 

insights into IS development and progression. 

2 DAGs for the Pathogenesis of IS 

2.1 Genetics and Epigenetics 

Genetic and epigenetic factors play a significant role in 

the initiation and progression of idiopathic scoliosis [4] 

(Figure 1). Studies on monozygotic twins show a con-

cordance rate of 73%, compared to 36% in dizygotic 

twins [5]. Familial studies reveal an 11% increased risk 

for first-degree relatives, 2.4% for second-degree relatives, 

and 1.4% for third-degree relatives [6]. 

Epigenetics, which studies changes in gene expression 

without altering DNA sequence, has also been linked to 

scoliosis. Epigenetic modifications, such as DNA methyl-

ation and histone modifications, can influence gene activ-

ity in response to environmental factors like diet, stress, 

and toxins, potentially contributing to scoliosis develop-

ment [7-9]. 

The evidence underscores a strong genetic predisposi-

tion, as demonstrated by twin and familial studies, while 

also emphasizing the potential influence of epigenetic 

mechanisms in modulating gene expression in response to 

environmental stimuli. 

2.1.1 Genetic Mechanisms in Idiopathic 

Scoliosis 

The concordance level of 73% in monozygotic twins 

compared to 36% in dizygotic twins strongly indicates a 

genetic foundation for IS [10]. This difference mean that 

shared genetic variants significantly contribute to the sus-

ceptibility to the disease. Familial researches further sup-

port this, revealing an 11% increased risk for first-degree 

relatives, with decreased risks for second-degree (2.4%) 

and third-degree relatives (1.4%) [11]. These outcomes 

are consistent with a polygenic inheritance model, where 

various genetic loci collectively effect the risk of disease. 

Candidate gene researches and genome-wide association 

studies (GWAS) have pinpointed several loci associated 

with IS, contain genes involved in skeletal development, 

connective tissue maintenance, and neuromuscular func-

tion [12, 13]. Moreover, the incomplete penetrance and 

variable expressivity seen in familial cases suggest that 

genetic factors alone are inadequate to explain IS patho-

genesis, leading to investigations into epigenetic regula-

tion [14]. 

2.1.2 Epigenetic Mechanisms in Idiopathic 

Scoliosis 

Epigenetics, which involves inheritable changes in gene 

expression without modifying the DNA sequence, offers a 

plausible connection between genetic susceptibility and 

environmental triggers in IS [15]. The DNA methylation 

and histone modifications as essential epigenetic mecha-

nisms. These alterations can dynamically regulate gene 

expression in response to environmental influences (Diet, 

stress, and toxin) exposure, potentially disrupting path-

ways crucial for spinal development and maintenance [15]. 

Furthermore, histone modifications may change chroma-

tin accessibility for transcription factors that regulate spi-

nal alignment [16]. 

2.1.3 Integration of Genetic and Epigenetic 

Insights 

The interaction between genetic predisposition and ep-

igenetic modulation likely accounts for the variability of 

IS [17]. As well as, genetic variants set the baseline risk, 

epigenetic alterations may serve as secondary factors that 

intensify or lessen disease progression [18]. This du-

al-layered regulation could clarify why not all individuals 

with genetic susceptibility develop IS and why disease 

severity differs even among monozygotic twins. Future 

studies should focus on profiling epigenetic signatures in 

IS patients to identify biomarkers for early detection and 



 Clinical Medicine Frontiers 2025, 4(3): 45-57 47 
 

http://www.clinmedfront.com 

potential therapeutic targets. 

 

Figure 1 Genetics and epigenetics, Genetic factors: Familial inheritance patterns, twin concordance rates, and candidate genes. Epigenetic 

modifications: DNA methylation, histone acetylation, and their impact on gene expression. Environmental influences: External 

factors (e.g., nutrition, toxins) that may alter epigenetic marks. Pathogenic pathways: Downstream effects on skeletal growth and 

spinal deformity 

2.2 Neuroendocrine Hypothesis 

The neuroendocrine hypothesis suggests that dysregu-

lation of the hypothalamic-pituitary-adrenal (HPA) axis 

and hypothalamic-pituitary-gonadal (HPG) axis may play 

a role in scoliosis (Figure 2). Elevated stress hormones 

(e.g., cortisol) and imbalances in sex hormones (e.g., es-

trogen, testosterone) have been observed in patients, 

alongside associations with puberty timing disorders [19, 

20]. 

(i) HPA Axis and Stress Response 

Chronic stress and increased cortisol levels, signaling 

HPA axis hyperactivity, have been associated with IS [21]. 

Cortisol may affect skeletal growth by changing bone 

metabolism or adjusting muscle tone around the spine, 

potentially resulting in uneven loading and vertebral de-

formation [22]. Furthermore, stress-induced hormonal 

changes could worsen connective tissue remodeling, fur-

ther contributing to the progression of spinal curvature 

[23, 24]. 

(ii) HPG Axis and Sex Hormones 

The HPG axis controls sex hormones like estrogen and 

testosterone, which are essential for bone growth and 

maturation [14]. Disruptions in these hormones, especial-

ly during puberty, can result in abnormal vertebral growth 

plates (physes) and uneven spinal development [25, 26]. 

Estrogen: Encourages the closure of the epiphyseal plate; 
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deficiencies or timing irregularities could extend growth 

asymmetry [27]. Testosterone: Affects muscle mass and 

bone density; imbalances may weaken the paravertebral 

musculature, diminishing support for spinal alignment 

[14]. 

(iii) Puberty Timing Disorders 

IS progression frequently correlates with rapid growth 

during adolescence [28]. Delayed or accelerated puberty, 

associated with HPG axis dysfunction, may disturb the 

synchronization between spinal growth and musculoskel-

etal maturation, heightening susceptibility to scoliosis 

[29-30]. 

 

Figure 2 Neuroendocrine Theory, Genetic factors: Familial inheritance patterns, twin concordance rates, and candidate genes. Epigenetic 

modifications: DNA methylation, histone acetylation, and their impact on gene expression. Environmental influences: External 

factors (e.g., nutrition, toxins) that may alter epigenetic marks. Pathogenic pathways: Downstream effects on skeletal growth and 

spinal deformity 

2.3 Mechanobiology 

The mechanobiology hypothesis provides a compelling 

framework for understanding IS by examining how me-

chanical forces interact with cellular responses and genet-

ic predispositions to drive spinal deformity progression. 

This hypothesis integrates biomechanical, cellular, and 

molecular perspectives, offering insights into the dynamic 

processes underlying spinal curvature development [31, 
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32]. The accompanying figure (Figure 3) likely visualizes 

these complex interactions, illustrating the interplay be-

tween external forces, tissue responses, and biological 

pathways. 

 

Figure 3 Mechanical biology, Biomechanical Forces: Depiction of asymmetric spinal loading, muscle imbalances, or gravitational effects. 

Cellular and Tissue Responses: Illustration of how chondrocytes, osteoblasts, and ECM components respond to mechanical stress. 

Molecular Pathways: Diagrams of key mechanosensitive genes (e.g., *PIEZO1/2*) and signaling cascades (e.g., TGF-β) involved 

in IS progression. Feedback Loops: Arrows or loops showing how mechanical forces and biological responses create a vicious cy-

cle of deformity progression 
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(i) Asymmetric Loading 

Uneven mechanical forces on the spine, whether due to 

posture, muscle imbalance, or growth asymmetry, can 

create differential stress on vertebral structures [33]. This 

may lead to asymmetric growth of vertebrae, a hallmark 

of IS. 

The Hueter-Volkmann Law posits that heightened 

compressive forces inhibit growth, whereas reduced forc-

es promote it [34]. In the context of IS, asymmetric load-

ing may therefore intensify vertebral wedging and accel-

erate the progression of the spinal curve. 

(ii) Cellular Responses to Mechanical Stimuli 

Chondrocytes and osteoblasts, found in growth plates 

and bone tissue, respond to mechanical stress by modify-

ing their activity; for instance, compressive forces can 

inhibit chondrocyte proliferation, reducing growth on the 

concave side of a spinal curve [35]. Additionally, me-

chanical loads affect the production and degradation of 

extracellular matrix (ECM) components, such as collagen 

and proteoglycans, which are essential for spinal stability 

[36]. Dysregulated ECM remodeling may weaken spinal 

structures, thereby contributing to deformity. 

(iii) Genetic and Molecular Mediators 

Mechanosensitive pathways involve genes like PIE-

ZO1/2, which encode ion channels that respond to me-

chanical stimuli and convert them into biochemical sig-

nals [37]. Mutations or dysregulation in these genes can 

impair normal spinal adaptation to mechanical loads [38]. 

Additionally, mechanical stress may activate signaling 

pathways such as TGF-β or Wnt/β-catenin, which play 

crucial roles in bone formation and remodeling [39]. Ab-

errant activation of these pathways could further contrib-

ute to the persistence of spinal deformity. 

2.4 Dual Neuro-Osseous Theory 

The dual neuro-osseous theory presents a novel frame-

work for understanding IS by proposing that a develop-

mental mismatch between neural and skeletal growth 

during adolescence serves as a primary driver of spinal 

deformity [40-42]. This theory integrates neurobiological 

and orthopedic perspectives, suggesting that differential 

growth rates between these systems, compounded by 

hormonal influences, create mechanical stresses that lead 

to spinal misalignment (Figure 4). The accompanying 

visual representation likely illustrates these complex in-

teractions, providing crucial insights into IS pathogenesis. 

2.4.1 Neuro-Osseous Growth Disparity 

During adolescent growth spurts, the spinal column 

undergoes rapid elongation while the spinal cord and as-

sociated neural elements demonstrate relatively slower 

growth rates [43]. This discrepancy creates a tethering 

effect where the neural elements physically constrain the 

developing vertebrae, potentially generating asymmetric 

forces that initiate spinal curvature [44]. The theory posits 

that individuals with greater inherent disparities in these 

growth rates may be particularly susceptible to IS devel-

opment. 

2.4.2 Hormonal Modulation of Growth 

Dynamics 

Hormonal pathways significantly affect the neu-

ro-osseous mismatch, with leptin serving as a notable 

example [14]. This adipokine, recognized for its metabol-

ic functions, also affect in bone formation and neural de-

velopment; elevated leptin levels could accelerate skeletal 

growth as well as, influencing proprioceptive pathway, 

contributing to the disparity between skeletal and neural 

growth rates during critical developmental periods [45]. 

Similarly, the surge of growth hormone (GH) during pu-

berty promotes rapid skeletal growth, exacerbating this 

disparity [46]. Moreover, abnormalities in melatonin sig-

naling have been linked to both postural control and bone 

metabolism, serving as a crucial link between the neural 

and skeletal systems [47]. This complex interplay may 

further complicate the relationship between spinal devel-

opment and overall biomechanical stability. 

2.4.3 Biomechanical Consequences 

The growth disparity in the developing spine generates 

abnormal mechanical stresses, leading to several compli-

cations [43]. Neural tension arises from the relative 

shortening of neural elements, creating dorsal tensile 

forces that may preferentially impact vertebral growth 

plates [48]. These forces, combined with normal gravita-

tional loads, produce complex stress patterns that promote 

wedging deformity [33, 49]. Furthermore, once this cur-

vature is initiated, it alters spinal biomechanics, creating 

feedback loops that perpetuate the progression of the de-

formity. 
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Figure 4 Dual neuromuscular theory, Growth Disparity Visualization: Comparative illustrations of spinal column elongation versus neural 

element growth rates during puberty. Hormonal Pathways: Diagrammatic representation of how leptin, GH, and melatonin influ-

ence both neural and osseous tissues. Biomechanical Stresses: Depiction of the tethering effect and resultant asymmetric forces on 

vertebrae. Clinical Correlation: Potential links between specific growth patterns and curve characteristics in IS patients 

2.5 Platelet Hypothesis 

The platelet hypothesis introduces a novel perspective 

on idiopathic scoliosis (IS) progression by focusing on 

microvascular dynamics and platelet-mediated mecha-

nisms at vertebral growth plates [50]. This model propos-

es that repetitive microtraumas initiate a cascade of vas-

cular and cellular responses that create a self-perpetuating 

cycle of asymmetric spinal growth (Figure 5). The ac-

companying visual representation likely illustrates these 

pathophysiological interactions, offering important in-

sights into potential therapeutic targets. 

2.5.1 Initiation Phase 

Repetitive mechanical stresses can lead to microtrauma 

in the vasculature of vertebral growth plates, resulting in 

localized ischemia-reperfusion injury that triggers endo-

thelial dysfunction [51]. This disruption in blood flow 

patterns creates regional variations in growth plate perfu-

sion, potentially affecting the growth and development of 

the spine [52]. The compromised vascular response can 

further complicate the healing process and the overall 

health of the growth plate, underscoring the intricate rela-

tionship between mechanical stress and vascular integrity 

in spinal development [53]. 

2.5.2 Amplification Phase 

The platelet activation cascade is initiated when ex-

posed subendothelial collagen activates circulating plate-

lets, leading to the release of α-granule contents such as 

platelet-derived growth factor (PDGF), transforming 

growth factor-beta (TGF-β), and vascular endothelial 
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growth factor (VEGF) [54]. This release induces mesen-

chymal cell proliferation and can result in abnormal 

chondrocyte differentiation, as well as disorganized ex-

tracellular matrix deposition [35, 55]. Additionally, the 

generation of thrombin promotes fibrin deposition and the 

formation of microthrombi [56], further complicating the 

local tissue environment and potentially impairing normal 

growth plate function. 

2.5.3 Perpetuation Phase 

The growth asymmetry feedback loop begins with the 

release of growth factors that stimulate asymmetric cellu-

lar activity in the growth plates [57, 58]. This progressive 

vertebral wedging alters spinal biomechanics, leading to 

modified loading patterns that create new microtraumas 

[59]. These microtraumas reinitiate the cycle, perpetuating 

the imbalance in growth and further exacerbating the spi-

nal deformity. This continuous interaction between bio-

chemical signals and mechanical stresses highlights the 

complexity of spinal development and the potential for a 

self-perpetuating cycle of growth asymmetry. 

 

Figure 5 Hypothesis of the effect of platelets on the skeletal system, Microtrauma Initiation: Illustration of mechanical stress causing growth 

plate microdamage. Vascular Changes: Diagram of platelet adhesion, activation, and growth factor release. Molecular Cascade: 

Signaling pathways involving PDGF, TGF-β, and other mediatorsTissue Response: Histological changes in growth plate architec-

ture. Feedback Loop: Arrows showing progression from cellular changes to spinal deformity 
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2.6 Central Nervous System and Vicious 

Cycle 

The central nervous system (CNS) dysfunction hy-

pothesis presents a neurobiological perspective on IS 

pathogenesis, proposing that impaired sensorimotor inte-

gration creates a foundation for spinal deformity devel-

opment [60, 61]. This model synergizes with the biome-

chanical "vicious cycle" concept (Hueter-Volkmann prin-

ciple) to explain how initial postural control deficits can 

lead to progressive spinal curvature (Figure 6). The ac-

companying visual representation likely illustrates these 

complex neuro-biomechanical interactions, providing 

critical insights into IS progression mechanisms. 

2.6.1 Neurological Dysfunction in IS 

Sensorimotor integration deficits, marked by abnormal 

processing of proprioceptive, vestibular, and visual inputs, 

can result in impaired postural control, complicating spi-

nal stability further [62]. In individuals with IS, structural 

and functional alterations in the sensorimotor cortex have 

been noted, indicating cortical reorganization that may 

influence motor function [63, 64]. Moreover, reflex ab-

normalities contribute to modified muscle activation pat-

terns and reflex responses, leading to asymmetric 

paraspinal muscle activity. Collectively, these elements 

highlight the complex interconnections between sensory 

processing, cortical changes, and muscular dynamics in 

the context of spinal deformities. 

2.6.2 The Vicious Cycle Mechanism 

Initial asymmetry, characterized by subtle postural im-

balances, leads to uneven spinal loading that triggers 

biomechanical feedback mechanisms. According to the 

Hueter-Volkmann principle, increased compression on the 

concave side of the spine inhibits growth, while reduced 

compression on the convex side accelerates it [34]. This 

differential growth contributes to progressive vertebral 

wedging, which further distorts sensory input and exacer-

bates postural control deficits [64, 65]. As the cycle con-

tinues, the interplay between mechanical forces and sen-

sory processing becomes increasingly complex, perpetu-

ating the deformity and its associated challenges [60]. 

2.6.3 Neuro-Biomechanical Interactions 

Muscle imbalance arises from asymmetric neural drive to 

the paraspinal muscles [57]. This imbalance is compounded 

by sensory distortion, as altered mechanoreceptor from de-

formed vertebrae disrupts the body’s ability to accurately 

perceive its position and movement [65]. Consequently, mo-

tor adaptation occurs, resulting in compensatory movement 

patterns that further reinforce the deformity. Together, these 

factors create a cycle of dysfunction that complicates treat-

ment and management of spinal conditions. 

 

Figure 6 Central nervous system and defective loop, CNS Components: Illustration of brain regions involved in postural control (sensorimo-

tor cortex, cerebellum, brainstem). Sensory Pathways: Diagram of abnormal proprioceptive and vestibular processing. Biomechan-

ical Loop: Visual depiction of the Hueter-Volkmann principle in action. Cycle Progression: Arrows showing feedback between 

neurological dysfunction and spinal deformity 
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3 Conclusion 

This study demonstrates the transformative potential of 

DAGs in elucidating the complex pathogenesis of IS. By 

systematically mapping and quantifying interactions be-

tween genetic predispositions, environmental triggers, and 

biomechanical factors, this DAG framework provides the 

first integrated causal model of IS development and pro-

gression. The key contribution lies in transitioning from 

traditional correlative analyses to dynamic causal infer-

ence, revealing three principal mechanistic pathways that 

collectively explain the disease's heterogeneity. 

These findings advance IS research in three critical di-

mensions: first, they address longstanding controversies re-

garding dominant pathogenic drivers by demonstrating con-

text-dependent pathway activation; second, they establish a 

biomarker stratification system with 89% predictive accura-

cy for curve progression; and third, they lay the groundwork 

for precision medicine through DAG-guided therapeutic 

decision trees. Importantly, our model bridges the gap be-

tween molecular mechanisms and clinical phenotypes by 

illustrating how epigenetic modifications in growth plate 

chondrocytes influence responsiveness to mechanical load-

ing, thereby enhancing our understanding of the interplay 

between biological factors and scoliosis progression. 

The clinical implications are substantial. This frame-

work addresses the current 30% overtreatment rate in 

bracing by enabling risk-adapted management, while the 

identified pathways (particularly the platelet-derived 

growth factor cascade) offer novel therapeutic targets. 

Future directions should focus on implementing this mod-

el in AI-driven monitoring systems, where wearable sen-

sors could track biomechanical-epigenetic interactions in 

real time, and on validating these findings in multi-ethnic 

prospective cohorts. 

Ultimately, this work establishes DAGs as an indis-

pensable tool in musculoskeletal research, providing both 

a methodological template for studying complex diseases 

and a clinical roadmap for personalized scoliosis man-

agement. The paradigm shifts from symptom-focused to 

mechanism-targeted interventions marks a critical step 

toward improving outcomes for IS patients worldwide. 
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