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Abstract.  Idiopathic scoliosis (IS) is a prevalent three-dimensional spinal deformity in
children and adolescents, characterized by a complex pathogenesis that remains unclear.
Current research has predominantly focused on single susceptibility factors contributing to
IS development, including genetic, environmental, hormonal, and metabolic influences,
while overlooking potential interactions among these multiple factors.This paper categorizes
these susceptibility factors into congenital genetic factors and acquired environmental
factors, and explores their roles and interactions in the onset and progression of IS.
Regarding congenital factors, the focus is on the impact of hormone levels, age at menarche,
and obesity on IS development. As for acquired factors, the analysis centers on the influence
of body mass index (BMI) and body composition, physical activity, bone mineral density,
and paraspinal muscles. Furthermore, the paper analyzes the interactions between congenital
and acquired factors, and then summarizes these relationships to construct a gene-
environment interaction network. Understanding these interactions provides a reference for
formulating precise and effective prevention and treatment strategies for IS in children and
adolescents, facilitating early detection, prevention, and intervention.
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1.  Introduction

Idiopathic scoliosis (IS) refers to a three-dimensional spinal deformity characterized by lateral
curvature in one or more spinal segments accompanied by vertebral rotation [1] . It often leads to
varying degrees of lower back pain and insomnia, and is associated with negative psychological
symptoms such as depression and low self-esteem. In severe cases, it may result in impaired
cardiopulmonary function, severely affecting the physical and mental health as well as the growth
and development of children and adolescents [2,3] . The etiology of IS remains unknown, and it is
considered a disease potentially influenced by multiple susceptibility factors, including genetics,
environment, hormones, metabolism, and neurology [1] . Studies have shown a strong correlation
between adolescent idiopathic scoliosis (AIS) and congenital genetic factors [4] , indicating that
individuals carrying certain genes are more likely to develop scoliosis than the general population.
In addition, Dou et al. [5] pointed out that acquired environmental factors, such as daily lifestyle
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habits, are also indispensable susceptibility factors for IS. Exploring both congenital and acquired
factors, and summarizing the possible congenital genetic and acquired environmental contributors
alongside their interactions, is of great importance for the early detection, prevention, and
intervention of IS in children and adolescents.

2.  Congenital factors influencing idiopathic scoliosis in children and adolescents

Research by Watanabe et al. [6] indicates that adolescents whose mothers have scoliosis are 1.5
times more likely to develop AIS compared to those with no family history of the condition.
Congenital genetic factors play a crucial role among the susceptibility elements for IS, primarily
involving genetically related factors such as hormones (e.g., estrogen, leptin, and melatonin levels),
age at menarche, and obesity (see Figure 1). These congenital factors are regulated by gene
expression and can influence the development of scoliosis either directly or indirectly by interacting
with other congenital or acquired factors. Investigating the congenital factors associated with IS is
essential for the early identification of potential risk elements, enabling timely and effective
preventive interventions.

Figure 1: Congenital factors influencing IS in children and adolescents

2.1.  Hormones

2.1.1.  Estrogen

The prevalence of IS in female children and adolescents is significantly higher than in males,
suggesting a potential association between IS and estrogen. A meta-analysis [7] has shown that
polymorphisms in estrogen receptor α (ERα) and estrogen receptor β (ERβ) genes may be associated
with AIS susceptibility, with differences observed across ethnic groups. However, the mechanisms
by which estrogen influences the onset and progression of IS remain controversial. Two primary
hypotheses have been proposed [8] : first, decreased estrogen levels may delay the onset of
menarche in females, indirectly reducing bone metabolism and increasing the risk of spinal
deformities; second, decreased estrogen levels may directly impair bone metabolism and
remodeling, thereby increasing the prevalence of IS.

Estrogen receptors also appear to influence other susceptibility factors for scoliosis. In a study
involving blood samples from 49 participants, Ahmadi et al. [9] found a positive correlation between
estrogen and leptin, with ER also affecting obesity-related metabolism and increasing resting energy
expenditure through leptin. Moreover, decreased estrogen levels can lead to reduced muscle mass
and protein synthesis rates, as well as increased visceral fat. Another study [10] suggested a link
between estrogen and the paraspinal muscles. In an investigation of 35 adolescent females, it was
found that ERα expression in deep paraspinal muscles was significantly higher than in superficial
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layers, and that ERα and ERβ expression was asymmetrical between the left and right sides of the
deep muscle, potentially contributing to spinal deformity.

2.1.2.  Leptin

Leptin is a peptide hormone primarily secreted by adipose tissue. Liu et al. [11] recruited 570 IS
patients of Han Chinese descent aged 10–18 and an equal number of age-matched healthy controls
to conduct genotyping and compare average Cobb angles and body mass index(BMI) among
different genotypes. The study found that the SNP rs2767485 in the leptin receptor gene was
associated with IS susceptibility in the Han Chinese population. Additionally, a prospective cohort
study [12] discovered a negative correlation between leptin levels at age 10 and the severity of
scoliosis at age 15, while adiponectin levels at age 10 were positively associated with scoliosis
severity.

Leptin is also associated with the age of menarche. Insufficient leptin levels can delay menarche
[13] , thereby reducing bone mineral density [14] and increasing the risk of scoliosis. One study [15]
confirmed this and further suggested that age at menarche may be associated with the G-2548 A
polymorphism in the leptin gene. Moreover, leptin can influence body composition by promoting
lipolysis, enhancing protein synthesis, and increasing muscle mass.

2.1.3.  Melatonin

Melatonin, a hormone secreted by the pineal gland, plays a role in various physiological functions.
Thillard [16] observed that 65% of chickens developed spinal curvature following pinealectomy,
suggesting for the first time a potential link between melatonin and scoliosis. Subsequent studies
concluded that increased Cobb angles in IS patients are associated with reduced melatonin levels
[17] . However, Gargano et al. [18] , through a review of the literature, noted that although
melatonin alterations are observed in IS, a direct causal relationship remains controversial.

Melatonin may affect bone mineral density and exhibits concentration-dependent inhibitory
effects on osteoblast proliferation, differentiation, and apoptosis. One study investigating the
mechanism of melatonin [19] found that it induces mitochondrial apoptosis in osteoblasts by
modulating the intercellular adhesion molecule-1 pathway, cytosolic calcium levels, and the
extracellular signal-regulated kinase (ERK) pathway. These findings provide a foundation for further
clinical research on melatonin-based treatment for IS in children and adolescents. Meanwhile,
elevated melatonin levels may lower estrogen levels by inhibiting aromatase activity and regulating
the hypothalamic–pituitary–gonadal axis, thereby decreasing bone mineral density and increasing
the incidence of scoliosis. Conversely, decreased melatonin levels may affect body composition and
BMI, leading to fat accumulation, accelerated protein catabolism, and muscle loss. There may also
be a relationship between melatonin and the paraspinal muscles, as one study [20] reported that the
mRNA expression level of melatonin receptor 2 was higher on the concave side of the paraspinal
muscles than on the convex side.

2.2.  Age at menarche

Age at menarche (AAM) is an important marker of female pubertal development and is associated
with IS in children and adolescents. Lim et al. [21] studied 38,879 female IS patients and found that
those with delayed AAM tended to have larger Cobb angles. Multiple studies have indicated that
AAM has a genetic predisposition, with LIN28B being a key regulatory factor in female growth and
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puberty [22] . On the other hand, the onset of puberty is related to the reactivation of the
hypothalamic-pituitary-gonadal (HPG) axis, a process also regulated by genetic factors [23].

To date, whether delayed AAM is associated with genetic polymorphisms remains controversial.
Feigelson et al. [24] reported that delayed AAM was associated with polymorphisms in the
cytochrome P450c17α gene. However, a subsequent meta-analysis [25] involving over 11,000
individuals found that the MspA1 restriction enzyme site in this gene polymorphism was not an
independent risk factor for AAM. Moreover, AAM may indirectly contribute to scoliosis by
affecting estrogen exposure and bone mineral density. A delayed AAM shortens the period of
estrogen exposure, leading to reduced bone mineral density [14] and thus increasing the risk of IS.

2.3.  Obesity

While numerous studies have identified a correlation between IS and low BMI in children and
adolescents, the role of high BMI has often been overlooked. However, IS is also associated with
obesity. Goodbody et al. [26] included 50 adolescents each from normal weight, overweight, and
obese IS patient groups, and measured BMI, curvature severity, and curvature location. They found
that overweight and obese patients exhibited significantly greater spinal curvature and were less
likely to be detected in early screenings. Another study [1] found that among 196 obese adolescents,
the prevalence of IS reached 12.2%, which is twice the rate observed in the general population.

Many studies have shown that 40–70% of obesity cases are genetically related, involving variants
in genes such as leptin (LEP), leptin receptor (LEPR), melanocortin 4 receptor (MC4R), pro-
opiomelanocortin (POMC), neuropeptide Y (NPY), and fat mass and obesity-associated gene (FTO)
[27] . Among these, MC4R deficiency is the most common cause of monogenic obesity. Saeed et al.
[28] conducted genetic studies on 73 severely obese Pakistani children from consanguineous
families and concluded that genetic variations in LEP, LEPR, and MC4R explained 30% of severe
obesity cases in this population.

3.  Acquired factors influencing idiopathic scoliosis in children and adolescents

IS in children and adolescents is not only closely related to congenital genetic factors but is also
influenced by acquired environmental factors [5] . It is generally believed that a combination of
genetic predisposition and acquired conditions represents the most probable cause of IS in this
population. Acquired factors such as BMI and body composition, physical activity, bone mineral
density and paraspinal muscles are considered susceptibility factors for IS (see Figure 2), and
interactions exist among these acquired elements. These factors are closely tied to lifestyle habits,
with poor habits increasing the incidence of scoliosis. Moreover, changes in congenital factors may
also affect acquired traits, leading to spinal alterations. Therefore, acquired factors are an important
component in the susceptibility to IS in children and adolescents.

Figure 2: Acquired factors influencing IS in children and adolescents
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3.1.  BMI and body composition

3.1.1.  BMI

BMI is an important indicator for assessing body weight status and overall health. Zou et al. [29] ,
using a scoliometer to measure the Angle of Trunk Rotation (ATR) in 45,547 primary and secondary
school students, found that individuals with lower BMI had larger ATR values. However, a cohort
study [26] employing the “gold standard” of X-ray to measure spinal curvature via Cobb angle
revealed that patients with higher BMI exhibited larger Cobb angles than those with normal BMI.
Margalit et al. [30] compared ATR and Cobb angle measurements and concluded that among
patients with identical Cobb angles, those with higher BMI had greater ATR values, suggesting that
lower ATR values in overweight and obese populations may require attention.

Both low and high BMI may be susceptibility factors for scoliosis. Earlier studies largely
overlooked the relationship between high BMI and scoliosis. One reason might be that the larger
body mass in high BMI individuals conceals vertebral rotation [31] , making it harder to detect via
ATR screening. Consequently, scoliosis identified in overweight and obese individuals often
presents with larger Cobb angles. Another issue lies in the limitations of BMI classification itself.
Durmala et al. [32] assessed the nutritional status of IS patients using both BMI and bioelectrical
impedance analysis (BIA), and found that BMI classification underestimated the number of
overweight and obese IS patients. There may be a bias in the use of BMI for nutritional status
classification in IS patients.

3.1.2.  Body composition

Body composition refers to the relative proportions of fat, bone, and muscle in the human body.
Matusik et al. [33] used BIA to measure the body composition of IS patients and found that the
severe IS group had a significantly higher BMI than the moderate IS group, with lower predicted
muscle mass and higher fat mass. Similarly, Miyagi et al. [34] applied BIA to assess body
composition in female AIS patients but found the opposite BMI result: the severe IS group had
significantly lower BMI than the moderate group, yet also showed lower muscle mass and higher fat
content. Although both studies followed the same research design and measurement methods, they
yielded consistent findings regarding body composition but contradictory results for BMI. This
discrepancy may stem from BMI being influenced by factors such as ethnicity, gender, and age,
suggesting that body composition may be a more fundamental susceptibility factor for IS.

Both studies mentioned above indicated that an increase in fat mass correlates with greater IS
severity, but this conclusion remains debated. A prospective study [12] exploring the relationship
between body composition at age 10 and IS at age 15 found that increases in lean mass and fat mass
were associated with reduced IS risk, potentially related to leptin levels [35] . Wang et al. [36] used
dual-energy X-ray absorptiometry to measure body composition in males and found no significant
difference in fat mass between AIS patients and healthy controls. In summary, lower muscle mass
and reduced lean body mass appear to be risk factors for IS, while the role of fat mass may vary by
gender and measurement method and warrants further research.
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3.2.  Physical activity

3.2.1.  Positive effects on IS patients

Glavaš et al. [37] investigated 18,216 primary school students and found that IS patients had less
frequent and shorter durations of physical activity. Physical activity is closely related to IS, and
engaging in regular and appropriately intense physical activity can help reduce the incidence of IS.
Tobias et al. [38] included 4,640 participants who had not developed scoliosis at age 10 and found
that engaging in vigorous physical activity at age 10 reduced the incidence of AIS by age 15 by
53%. As for intensity, some studies suggest that moderate-intensity exercise is more effective than
low- or high-intensity exercise [39] . Thus, physical activity has a positive impact on IS in children
and adolescents, though the relationship between exercise intensity and IS still requires further
research.

Physical activity may also reduce the risk of IS by influencing BMI and body composition. Lv
[40] found in a 12-week intervention involving 45 primary school students with IS that exercise
altered BMI as well as muscle and fat composition. Physical activity increases muscle mass, reduces
fat accumulation, and helps normalize BMI. Additionally, it strengthens the paraspinal muscles,
thereby enhancing spinal stability. Exercising outdoors can also facilitate the absorption of vitamin
D and calcium among adolescents, which positively influences AIS.

3.2.2.  Negative effects on IS patients

Asymmetrical physical activities may trigger IS. Several systematic reviews have shown a positive
correlation between AIS and sports such as dance, rhythmic gymnastics, swimming, volleyball, and
ballet [39,41] . These activities may cause asymmetrical spinal motion, leading to spinal
deformation and rotation, thereby increasing the risk of IS. Although swimming activates almost all
major muscle groups, whether it benefits spinal health depends on factors such as swimming posture
and duration, which warrant further investigation.

Furthermore, weight-bearing activities have a negative effect on IS in children and adolescents.
Hell et al. [42] found that carrying a 4 kg backpack destabilizes gait in primary school students, who
compensate through the pelvis, trunk, and hips—this increases spinal load and alters spinal
curvature. Presta et al. [43] also noted that even minor asymmetric loads can alter gait and pose a
risk to spinal health. In addition, asymmetrical and excessive load-bearing physical activities can
affect paraspinal muscles, potentially leading to muscle fibrosis, fat infiltration, and reduced fatigue
resistance [44] , thereby increasing the risk of IS.

3.3.  Bone mineral density

Burner et al. [45] were the first to propose that AIS patients tend to have low bone mineral density
(BMD). Li et al. [46] further explored this through a longitudinal study and found that low BMD in
AIS patients correlates with the degree of spinal curvature, and may persist into adolescence and
even beyond the peak bone mass phase.

BMD is also influenced by BMI, body composition, and physical activity. Korkmaz et al. [47]
found that systemic inflammation associated with obesity negatively affects bone metabolism,
leading to low bone mass and osteoporosis. A longitudinal cohort study [48] showed that two years
of calcium and vitamin D2 supplementation in AIS patients significantly improved BMD and bone
quality, but most of the therapeutic effects disappeared four years after stopping supplementation.
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This indicates that calcium and vitamin D2 play an important role in maintaining bone health in AIS
patients. Yuan et al. [49] also pointed out that exercise appears to act directly or indirectly on nearly
all types of bone cells, thereby increasing bone mineral density, mass, strength, and mechanical
performance.

4.  Interaction between congenital and acquired factors

Congenital genetic factors are influenced by heredity and interact with one another, thereby
indirectly or directly affecting acquired environmental factors (see Figures 3 and 5). A reduction in
leptin secretion can lead to delayed AAM [13] , which in turn shortens the duration of estrogen
exposure. This may result in changes in body composition, further altering BMI. In terms of
hormones, estrogen, leptin, and melatonin all influence body composition, showing positive
correlations with protein content and muscle mass, and negative correlations with fat mass.
Abnormal secretion of estrogen and melatonin can also directly affect the asymmetrical
development of the paraspinal muscles [10,20] . Regarding the impact of congenital factors on
BMD, estrogen can indirectly affect BMD by delaying AAM, while estrogen [8] and melatonin [19]
can also exert direct effects on BMD. Additionally, the leptin gene influences obesity [27] , and lack
of melatonin increases body weight, thereby indirectly elevating BMI [50] and consequently altering
BMD [47].

Acquired environmental factors also interact with one another (see Figure 4). BMI and body
composition are influenced not only by congenital factors but also by the frequency, duration, and
intensity of physical activity. Furthermore, asymmetrical and excessive weight-bearing activities can
affect the paraspinal muscles, altering their properties [44] , whereas appropriate physical activity
can strengthen these muscles and enhance spinal stability. As for BMD, although it may be
adversely affected by various congenital factors, it can be positively improved through the
normalization of BMI [47] , supplementation with adequate calcium and vitamin D2 [48] , and
appropriate physical activity [49] , all of which can help restore BMD to healthy levels.

Figure 3: Interaction among congenital factors
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Figure 4: Interaction among acquired factors

Figure 5: Influence of congenital factors on acquired factors

5.  Conclusion

In summary, the development of IS in children and adolescents is the combined effect of congenital
genetic factors and acquired environmental factors. These factors do not operate in simple linear
relationships; rather, they engage in intricate interactions that collectively determine whether the
spine develops normally or undergoes abnormal curvature. For instance, body composition is not
only directly influenced by estrogen, leptin, melatonin, obesity, BMI, and physical activity, but is
also indirectly affected by these same factors, as well as AAM.

Therefore, when exploring the pathogenesis of IS and formulating prevention and treatment
strategies, it is essential to adopt an integrated perspective. In-depth analysis should be conducted on
the complex interactions between congenital factors and acquired factors. To develop precise and
effective interventions aimed at achieving optimal clinical outcomes and promoting full spinal
recovery in patients, a thorough understanding of the underlying mechanisms is essential.
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