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ABSTRACT

Scoliosis exists as a three-dimensional spinal deformity which develops through
the combination of genetic elements, endocrine factors, biomechanical forces,
and nutritional components. Research shows that bone mineral density (BMD)
reduction exists as a widespread condition throughout adolescent idiopathic
scoliosis (AlS), congenital scoliosis, and neuromuscular scoliosis patients. Dual-
energy X-ray absorptiometry and high-resolution peripheral quantitative CT
scans show that bone density is lower in both cortical and trabecular areas
while microarchitectural changes occur which could lead to spinal curve
development and growth. The development of skeletal abnormalities results
from multiple biological pathways. Research studies using genome-wide and
candidate-gene approaches have identified LRP5, VDR, COL1A1, and other
essential genes which control osteoblast development and matrix structure.
The process of bone formation receives additional influence from epigenetic
changes which affect the methylation patterns of osteogenic transcription
factors and estrogen-related genes. The specific microRNA patterns found
in AIS patients disrupt BMP and SMAD signaling pathways which results in
decreased osteogenic potential. The combination of endocrine disorders
including estrogen metabolism changes, vitamin D deficiency, and elevated
parathyroid hormone levels makes bone defects worse while scientists continue
to study melatonin, leptin and growth hormone potential roles. The combination
of nutritional deficiencies that affect calcium, magnesium, zinc, and vitamin K2
levels in patients leads to increased metabolic risk. The combination of reduced
physical activity, restricted bracing use, and impaired mechanotransduction
leads to decreased skeletal loading which prevents adolescents from reaching
their peak bone mass. Research evidence supports a complex system model
which demonstrates scoliosis and low BMD share common genetic, hormonal,
nutritional, and mechanical factors that affect spinal structure and complete
skeletal health. The combination of genetic tests with endocrine, nutritional,
and biomechanical evaluations will help doctors identify at-risk patients
better while developing specific treatments to enhance bone strength and
control spinal curve growth.
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Introduction

The medical definition of scoliosis describes it as a
spinal deformity which creates three-dimensional
spinal curvature through lateral bending and vertebral
rotation at or above 10 degrees Cobb angle. The
different etiologic categories of scoliosis include
adolescent idiopathic scoliosis (AIS), congenital
scoliosis, and neuromuscular scoliosis, which share
common biomechanical and metabolic characteristics
but follow different developmental paths. The most
common form of scoliosis exists as AlS because it
makes up 80-90% of all cases and develops during
puberty when fast bone growth meets genetic
elements, hormonal changes, and structural factors
to create spinal curvature.

Research findings indicate that bone mineral density
(BMD) functions as a primary element in scoliosis
disease development beyond what scientists initially
understood.!? Research based on epidemiologic and
imaging data shows scoliosis patients have decreased
bone density throughout their bodies along with
reduced trabecular, bone density, cortical bone
density, abnormal bone structure, and elevated bone
turnover indicators.®>® The presence of low BMD
occurs before doctors can detect spinal curvature
through X-rays which indicates that weak bones might
act as a risk factor for scoliosis development. The
relationship between bone density, scoliosis severity,
progression risk, and vertebral loading patterns shows
that weak bones increase the mechanical instability
of scoliosis.

Multiple factors including genetic elements, epigenetic
controls, endocrine system disruptions, insufficient
nutrition, defective mechanotransduction, and
universal population effects determine the scoliotic
bone structure. The review investigates scoliosis-
bone density relationships through multiple fields
to establish disease mechanisms, enhance patient
risk assessment, and develop optimized system-
based treatment plans.

Bone Density and Scoliosis:
Epidemiologic and Radiographic
Correlations

Multiple studies conducted in different populations
have shown that AIS patients develop osteopenia
and low bone mineral density at higher rates than the
general population. The prevalence of low bone
density in AlS girls reaches 20-38%?3* and the extent
of bone density reduction shows direct correlation
with scoliosis curve severity and progression potential.
Research has shown that patients with low bone
density at their scoliosis diagnosis are more likely to
experience significant curve progression exceeding
10 degrees during their adolescent years®. The DXA
scans reveal that AIS patients have lower trabecular
and cortical bone density in their vertebral bodies
than their age-related peers®. The metabolically active
trabecular bone shows more extensive changes than
other bone types which leads to vertebral instability
and increased deformation risk.

The bone density reduction in AIS patients shows
uneven distribution because the scoliotic curve's
convex side experiences more bone loss than the
concave side due to changes in vertebral column
stress distribution’. The mechanical environment of
Wolff's Law causes bone to adapt through changes in
posture and musculature which results in unequal
stress distribution across the vertebral column and
subsequent osteopenia on the convex side. The
microarchitectural changes in AlIS patients become
evident through HR-pQCT measurements which
show decreased trabecular number and thickness
and increased trabecular separation®”.

The bone mineral density of AIS patients shows
decreased values in their spine as well as their
femoral and radial bones*2. The findings indicate that
AlIS patients develop a widespread skeletal condition
which might result from metabolic or genetic disorders
affecting their entire body. The bone metabolism
of AIS patients shows abnormal patterns through
serum tests which measure osteocalcin and bone-
specific alkaline phosphatase and N-terminal

© 2025 European Society of Medicine 2



Multisystem Determinants of Low Bone Mineral Density in Scoliosis

propeptide of type | procollagen (NTX)°. The presence
of systemic bone metabolism abnormalities indicates
that AIS represents a spinal deformity which stems
from widespread skeletal dysregulation.

Genetic and Epigenetic Contributions
Research into the genetic elements which affect bone
density and scoliosis development has become
more prominent throughout the last few years.
Multiple genetic loci which affect bone density have
been discovered through genome-wide association
studies (GWAS) which include LRP5, VDR, and
COL1A1 genes'®*?, The LRP5 gene functions as a
co-receptor in Wnt/B-catenin canonical signaling
which drives osteoblast development, as well as cell
growth and activity. The LRP5 gene determines bone
strength through its dose-dependent mechanism
because mutations in this gene result in osteoporosis-
pseudoglioma syndrome or high bone mass
phenotypes'®?3. Research has identified two LRP5
SNPs (Alal330Val and Val667Met) which decrease
bone density in AIS patients'*. The VDR gene contains
Bsml polymorphisms which affect bone density and
may enhance scoliosis risk when combined with
insufficient vitamin D levelsi!.The COL1A1 gene
which produces the alpha-1 chain of type | collagen
maintains essential functions for building strong
bone matrices. The Sp1 binding site polymorphism in
COL1AL1 leads to weaker bones and higher fracture
risk and lower BMD which makes AIS patients more
susceptible to fast curve progression because of
their reduced biomechanical stability*2.

The expression of genes involved in skeletal
development receives additional regulation through
epigenetic mechanisms. The KAT6B gene shows
hypermethylation in scoliosis patient bone tissues
which could disrupt essential osteogenic signals
needed for proper vertebral development and
mineralization®. The DNA methylation patterns of
estrogen receptor genes and RUNX2 transcription
factor which guides osteoblast development have
been detected in scoliosis patients and these
patterns link to both decreased bone mineral
density and spinal curve advancement?®.

The scoliosis disease shows distinct microRNA
patterns between patients and controls through
specific miRNAs including miR-17-5p, miR-106a-
5p, miR-106b-5p, MiR-16-5p, MiR-93-5p, miR-15a-
5p, and miR-181b-5p which play essential roles in
AIS development and osteopenia'’. The abnormal
expression of these miRNAs leads to decreased
expression of BMP2 and SMADS5 genes which results
in decreased bone formation.

Research evidence demonstrates that inherited
genetic mutations interact with epigenetic changes
to create AIS and its associated bone density
problems. The combination of these factors
supports a systems biology model which explains
scoliosis development through genetic factors,
environmental elements, and mechanical forces that
produce different clinical outcomes. The research
demonstrates that genetic factors together with
epigenetic mechanisms play essential roles in scoliosis
development and bone density reduction.

Hormonal Influences and Sexual

Dimorphism

Sex hormones play a central role in bone remodeling.
Estrogen enhances osteoblast activity and inhibits
osteoclast-mediated resorption, contributing to
bone accrual during adolescence. Several studies
have demonstrated that AIS patients, particularly
females, often present with altered estrogen
metabolism, and/or delayed menarche!®*°, These
hormonal abnormalities may contribute to both
reduced BMD and spinal deformity.

Vitamin D, a steroid hormone with widespread
effects on calcium-phosphorus homeostasis, also
appears significantly dysregulated in scoliosis.
Balioglu et al found that Cobb angle measurements
were inversely correlated with serum vitamin D
levels®. Parathyroid hormone (PTH), which responds
to serum calcium levels, may be elevated in vitamin
D-deficient AIS patients, exacerbating bone
resorption. Other endocrine factors, including
leptin, melatonin, and growth hormone, have also
been implicated, though further research is needed
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to delineate their roles in osteopenia associated
with scoliosis.

Nutritional and Physical Activity

Factors

Bone health depends on calcium and vitamin D which
work together to control skeletal mineralization
and maintain proper calcium levels in the body.
The small intestine absorbs calcium through two
main mechanisms which include active transcellular
transport in the duodenum under 1,25-
dihydroxyvitamin D3 regulation and passive
paracellular diffusion throughout the jejunum and
ileum. The body uses calcium for bone tissue
construction or kidney excretion through mechanisms
controlled by parathyroid hormone (PTH) and
calcitonin. The body increases PTH production when
calcium levels become insufficient which leads to
bone resorption to maintain blood calcium levels
and results in bone density reduction.

The activation of vitamin D requires two sequential
hydroxylation steps to produce 1,25-dihydroxyvitamin
D [1,25(0OH)2D] after starting with 25-hydroxyvitamin
D [25(0OH)D] in the liver and kidneys. The active
form of vitamin D binds to VDR receptors in
osteoblasts and intestinal cells to enhance calcium
and phosphate uptake and boost osteocalcin
production and BMP2 and SMADS5 gene expression?.
The combination of low 25(OH)D levels in AlS patients
leads to decreased BMD and larger Cobb angles
which suggests that vitamin D metabolism problems
contribute to scoliosis-related osteopenia?®?:,

The essential mineral magnesium functions as a
cofactor for more than 300 enzymatic reactions
which include multiple ATP-dependent processes
in osteoblasts. The mineral helps maintain bone
structure through its ability to stabilize hydroxyapatite
crystals and control PTH hormone release. The
absence of magnesium leads to reduced bone
formation and increased osteoclastic bone breakdown
which results in decreased bone mineral density. The
essential mineral zinc supports osteoblast development
and collagen production in bone cells. The enzyme

alkaline phosphatase requires zinc as a structural
element to perform its function of depositing
hydroxyapatite during bone formation. The absence
of zinc during adolescence leads to delayed bone
development and reduced peak bone density
according to research?*?3, The carboxylation process
of osteocalcin requires Vitamin K2 (menaquinone) to
function because osteocalcin needs this modification
to bind hydroxyapatite for bone mineralization.
The post-translational modification of osteocalcin
becomes essential for its ability to bind hydroxyapatite
because it enables effective bone mineralization.
Research shows that insufficient vitamin K2 levels in
the body lead to higher fracture risks and damaged
bone structure. The body absorbs Vitamin K2 through
the ileum through passive diffusion of micelles
which then transport the vitamin to bone and liver
tissues through chylomicrons in the lymphatic
system. The combination of vitamin K2 and vitamin
D3 supplementation leads to substantial increases
in bone mineral density®*.

Research on AIS patients has shown that their
consumption of essential micronutrients remains
insufficient which could make their existing genetic
and hormonal conditions worse®’. The scoliosis
patient population of adolescents shows lower
consumption of calcium, magnesium, and vitamin D
compared to their peers who do not have scoliosis.
The insufficient nutrient supply becomes worse
because patients with gastrointestinal disorders
experience malabsorption and changes in their gut
microbiota which reduces their ability to absorb
nutrients.

Physical exercise which includes weight-bearing
activities and resistance training serves as a vital
factor for bone remodeling and skeletal loading.
The integrin-FAK-ERK cascade functions as a
mechanotransduction pathway which osteocytes
use to generate signals from mechanical stress that
results in increased osteoblast activity and new
bone matrix formation??. The physical activity levels
of AIS patients remain lower than average because
they experience discomfort, self-esteem issues, their
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brace usage is restricting and their motor skills are
impaired. The decreased mechanical forces on
bones result in slower bone formation rates which
makes BMD worse. Research shows that exercise
programs which focus on postural control and axial
loading can help improve spinal stability and
reduce osteopenia in AIS patients®.

The research demonstrates that bone health
depends on the complex interaction between
dietary micronutrients, endocrine regulators, and
biomechanical loading. The management of
scoliosis in growing adolescents requires both
improved nutrient intake and regular physical activity
as essential components. The reduced mechanical
stress on bones prevents normal bone development
which results in decreased BMD.

Congenital and Neuromuscular
Scoliosis

The presence of vertebral anomalies in congenital
scoliosis leads to abnormal spinal mechanics which
disrupts normal bone development and skeletal
loading patterns. Research on BMD in congenital
scoliosis patients shows that early vertebral
malformations create conditions for developing
osteopenia in specific areas or throughout the
entire body?3. Neuromuscular scoliosis occurs with
cerebral palsy and Duchenne muscular dystrophy
to produce severe osteoporosis in patients. The
combination of non-ambulatory status, chronic
corticosteroid use, poor nutrition, and endocrine
dysfunction leads to osteoporosis in these patients.
The DXA scans of these patients reveal BMD levels
that fall below critical thresholds and their vertebrae
frequently experience compression fractures.

Demographics and Ethnic Variation
Demographic variables further modulate the way
BMD changes in scoliosis patients. The prevalence
of scoliosis and its associated osteopenia levels vary
between different ethnic groups. The BMD levels
of Caucasian AIS patients are lower than those of
African-American and Asian patients who have the

same condition®. The BMD levels of male AIS patients
who have scoliosis are significantly lower than those
of female patients with the same condition?®.

The treatment plans for patients need to consider
their geographic location, sun exposure, their
socioeconomic status, and dietary preferences,
because these factors create treatment differences
between patients.

Clinical Implications and Future

Research Directions

The established link between scoliosis and low
BMD requires healthcare providers to perform DXA
tests and bone metabolism serum marker assessments
on new patients during their initial diagnosis and
during their growth spurts. The identification of
osteopenia in patients enables healthcare providers
to start early interventions which combine nutritional
support with hormonal treatment and biomechanical
therapy to control scoliosis curve progression.

The treatment of scoliosis may include three new
approaches which combine specific nutrient
supplements with exercise plans and new
pharmaceuticals that boost bone density. The
combination of genetic and epigenetic testing
enables healthcare providers to create personalized
treatment plans for their patients. Future research
longitudinal
investigations which study the direct links between
BMD and scoliosis development. The combination
of omics data with endocrine biomarkers and
mechanobiological models will create predictive

needs to conduct extensive

models that show how scoliosis curves progress
and respond to treatment.

Conflicts of Interest:
The author declares no conflict of interest.

Funding:

No external funding was received for this review.

© 2025 European Society of Medicine 5



Multisystem Determinants of Low Bone Mineral Density in Scoliosis

References:

1. Weinstein SL, Dolan LA, Cheng JC, Danielsson
A, Morcuende JA. Adolescent idiopathic scoliosis.
Lancet. 2008;371(9623):1527-1537.

2. Cheng JC, Castelein RM, Chu WC, et al. Adolescent
idiopathic scoliosis. Nat Rev Dis Primers. 2015;1.
15030.

3. Li XF, Li H, Liu ZD, Dai LY. Low bone mineral
status in adolescent idiopathic scoliosis. Eur Spine
J. 2008 Nov;17(11):1431-40.

4. Lam TP, Hung VW, Yeung HY, Tse YK, Chu WC,
Ng BK, Lee KM, Qin L, Cheng JC. Abnormal bone
quality in adolescent idiopathic scoliosis: a case-
control study on 635 subjects and 269 normal
controls with bone densitometry and quantitative
ultrasound. Spine (Phila Pa 1976). 2011 Jul 1;36(15):
1211-7.

5. Du Q, Zhou X, Li JA, He XH, Liang JP, Zhao L,
Yang XY, Chen N, Zhang SX, Chen PJ. Quantitative
ultrasound measurements of bone quality in female
adolescents with idiopathic scoliosis compared to
normal controls. J Manipulative Physiol Ther. 2015
Jul-Aug;38(6):434-41.

6. Lee WT, Cheung CS, Tse YK, Guo X, Qin L, Lam
TP, Ng BK, Cheng JC. Association of osteopenia
with curve severity in adolescent idiopathic scoliosis:
a study of 919 girls. Osteoporos Int. 2005 Dec;16
(12):1924-32.

7. Cheng JC, Qin L, Cheung CS, Sher AH, Lee KM,
Ng SW, Guo X. Generalized low areal and volumetric
bone mineral density in adolescent idiopathic
scoliosis. J Bone Miner Res. 2000 Aug;15(8):1587-95.

8. Cheng JC, Hung VW, Lee WT, Yeung HY, Lam
TP, Ng BK, Guo X, Qin L. Persistent osteopenia in
adolescent idiopathic scoliosis--longitudinal monitoring
of bone mineral density until skeletal maturity. Stud
Health Technol Inform. 2006;123:47-51.

9. Danielewicz A, Wojciak M, Sowa |, Kusz M,
Wessely-Szponder J, Dresler S, Latalski M. Metabolic
Imbalances and Bone Remodeling Agents in
Adolescent Idiopathic Scoliosis: A Study in
Postmenarcheal Girls. Int J Mol Sci. 2023 Aug 27,
24(17):13286.

10. Ferrari SL, Deutsch S, Antonarakis SE, et al.
LRP5 gene polymorphisms and osteoporosis. Bone.
2004;34(4):677-681.

11.Yin X, Wang H, Guo J, Zhang L, Zhang Y, Li L,
Hou S. Association of vitamin D receptor Bsml
rs1544410 and Apal rs7975232 polymorphisms with
susceptibility to adolescent idiopathic scoliosis: A
systematic review and meta-analysis. Medicine
(Baltimore). 2018 Jan;97(2):€9627.

12. Mann V, Hobson EE, Li B, Stewart TL, Grant SF,
Robins SP, Aspden RM, Ralston SH. A COL1A1 Spl
binding site polymorphism predisposes to
osteoporotic fracture by affecting bone density
and quality. J Clin Invest. 2001 Apr;107(7):899-907.

13.Gong Y, Slee RB, Fukai N, et al. LRP5 and
osteoporosis-pseudoglioma syndrome. N Eng/ J
Med. 2001;346(9):745-751.

14.Fabre S, Bourmaud M, Mabilleau G, Goulet R,
Couturier A, Dentel A, Picaud S, Funck-Brentano T,
Collet C, Cohen-Solal M. Lrp5 p.Val667Met Variant
Compromises Bone Mineral Density and Matrix
Properties in Osteoporosis. JBMR Plus. 2023 Mar
28;7(6):10741.

15.Wu Y, Zhang H, Tang M, Guo C, Deng A, Li J,
Wang Y, Xiao L, Yang G. High methylation of lysine
acetyltransferase 6B is associated with the Cobb
angle in patients with congenital scoliosis. J Transl
Med. 2020 May 24;18(1):210.

16.Meng, Y.; Lin, T.; Liang, S.; Gao, R.; Jiang, H.; Shao,
W.; Yang, F.; Zhou, X. Value of DNA Methylation in
Predicting Curve Progression in Patients with
Adolescent Idiopathic Scoliosis. EBioMedicine 2018,
36, 489-496.

17.Hui S, Yang Y, LiJ,LiN, XuP, LiH, Zhang Y, Wang
S, Lin G, Li S, Qiu G, Zhao RC, Zhang J, Zhuang Q.
Differential miRNAs profile and bioinformatics
analyses in bone marrow mesenchymal stem cells
from adolescent idiopathic scoliosis patients. Spine
J. 2019 Sep;19(9):1584-1596.

18. Leboeuf D, Letellier K, Alos N, Edery P, Moldovan
F. Do estrogens impact adolescent idiopathic
scoliosis? Trends Endocrinol Metab. 2009 May;20
(4):147-52.

© 2025 European Society of Medicine 6



Multisystem Determinants of Low Bone Mineral Density in Scoliosis

19.Kulis A, Gozdzialska A, Drag J, Jaskiewicz J,
Knapik-Czajka M, Lipik E, Zarzycki D. Participation
of sex hormones in multifactorial pathogenesis of
adolescent idiopathic scoliosis. Int Orthop. 2015
Jun;39(6):1227-36.

20. Balioglu MB, Aydin C, Kargin D, Albayrak A, Atici
Y, Tas SK, Kaygusuz MA. Vitamin-D measurement
in patients with adolescent idiopathic scoliosis. J
Pediatr Orthop B. 2017 Jan;26(1):48-52.

21.Zhu Q, Chen J, Chen C, Wang H, Yang S.
Association between calcium-phosphorus balance
and adolescent idiopathic scoliosis: A meta-
analysis. Acta Orthop Traumatol Turc. 2019 Nov;53
(6):468-473.

22.Golub MS, Keen CL, Gershwin ME, Styne DM,
Takeuchi PT, Ontell F, Walter RM, Hendrickx AG.
Adolescent growth and maturation in zinc-deprived
rhesus monkeys. Am J Clin Nutr. 1996 Sep;64(3):
274-82

23.Rondanelli M, Peroni G, Gasparri C, Infantino V,
Naso M, Riva A, Petrangolini G, Perna S, Tartara A,
Faliva MA. An overview on the correlation between
blood zinc, zinc intake, zinc supplementation and
bone mineral density in humans. Acta Ortop Mex.
2021 Mar-Apr;35(2):142-152.

24.Kuang X, Liu C, Guo X, Li K, Deng Q, Li D. The
combination effect of vitamin K and vitamin D on
human bone quality: a meta-analysis of randomized
controlled trials. Food Funct. 2020 Apr 30;11(4):
3280-3297.

25. Gozdzialska A, Michalczyk A, Swiecki M, et al.
Serum vitamin D and AlS severity. BMC Musculoskelet
Disord. 2022;23(1):1133.

26. Gozdzialska A, Michalczyk A, Chudek J, et al.
Vitamin D and back pain in scoliosis. BMC
Musculoskelet Disord. 2022;23(1):935.

© 2025 European Society of Medicine



