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Purpose: To characterize the asymmetrical loss of bone mass and identify the association between scoliosis and osteopenia in patients 
with adolescent idiopathic scoliosis (AIS).
Methods: Demographic information, Cobb angle, and Hounsfield unit (HU) of the neutral vertebra (NV) and apical vertebra (apex) of 
the major curve were collected retrospectively in 54 AIS patients. For 84 control subjects, HU values were measured at T12 and L5. 
Propensity score matching was performed to balance the interference of age and BMI.
Results: In the AIS group, the concave and convex lateral HU of the NV and the convex lateral HU of the apex were negatively 
correlated with the Cobb angle. The AIS patients had lower bilateral HU. The mean HU and the apex-convex HU were also lower in 
the AIS group, while the apex-concave HU was slightly higher. After matching, the apex-convex HU of the AIS group remained 
lower, while the apex-concave HU was higher.
Conclusion: Patients with AIS exhibit osteopenia, particularly on the convex side. The severity of scoliosis was found to be directly 
proportional to the severity of bone loss and the degree of bilateral osteopenia asymmetry. Appropriate intervention for bone loss may 
be able to curb the progression of scoliosis.
Keywords: adolescent idiopathic scoliosis, osteopenia, osteoporosis, Hounsfield unit, propensity score matching

Introduction
Adolescent idiopathic scoliosis (AIS) is the most prevalent form of structural spinal deformity among adolescents, 
characterized by a Cobb angle of ≥10°. Typically emerging during early puberty, AIS affects an estimated 1–4% of 
adolescents, with a notable prevalence in young women.1 Our study hypothesizes a significant interplay between AIS, 
bone metabolism, and energy homeostasis, which may influence the condition’s progression and severity.1–3

While AIS has been traditionally linked with osteopenia and lower body mass index (BMI), recent findings under
score a potential association with reduced leptin levels as well.2 Osteopenia in AIS is not confined to the axial skeleton 
but extends peripherally, affecting the distal tibia and radius, and may serve as a prognostic indicator for curve 
progression.4–6

The gold standard for diagnosing osteopenia, Dual-energy X-ray absorptiometry (DXA), faces limitations due to its 
planar nature and reliance on cortical bone measurements.7 To address these limitations, Computed Tomography (CT) 
attenuation, quantified through Hounsfield units (HU), offers a normalized index of x-ray attenuation that correlates 
strongly with bone mineral density (BMD).8,9 Unlike DXA, HU measurements are not susceptible to errors from cortical 
bone or calcification and are particularly useful in severe scoliosis cases.8,10

Given the intricate patterns of osteopenia in AIS patients, where bone mineral loss and scoliosis progression mutually 
exacerbate each other, it is imperative to delineate bone mass alterations in AIS to better understand the etiology of 
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scoliosis. To this end, we conducted a case-control study focusing on the asymmetry of bone loss in AIS patients and the 
correlation between scoliosis and vertebral HU values.

Materials and Methods
Subjects
We conducted a comprehensive review of all patients diagnosed with scoliosis at our hospital from January 2018 to 
December 2023. The inclusion criteria for the AIS patients were as follows: (1) age at first visit ranging from 10 to 16 
years, (2) a confirmed diagnosis of AIS, and (3) the availability of HU values on CT scans. Patients were excluded based 
on the following criteria: (1) congenital scoliosis or other etiologies such as neuromuscular or neurofibromatosis type; (2) 
the presence of metabolic bone disease or the use of medications known to influence bone metabolism; (3) a history of 
lumbar surgery or low back trauma; and (4) any other diagnosis that would be inconsistent with AIS.

The control group was selected to ensure comparability with the AIS cohort. We reviewed the patients who visited 
our hospital during the same period. The control subjects were chosen based on these criteria: (1) age between 10 and 18 
years, (2) absence of any AIS or other spinal scoliosis diagnosis, and (3) completion of thoracic/lumbar spine three- 
dimensional CT scans. The control group was selected through a systematic process that prioritized age and BMI 
similarity to the AIS group. Following initial age screening, participants were stratified and matched by BMI to the AIS 
group, ensuring they controlled for confounding factors that might affect the study results. Furthermore, to ensure 
a robust match between the AIS patients and controls, we employed a propensity score matching (PSM) technique. This 
statistical method allowed us to pair each AIS patient with a control subject who had similar age and BMI characteristics, 
thereby enhancing the validity of our comparative analyses.

Informed consents were obtained from all patients enrolled. This study was approved by the local ethics committee of 
the hospital where it was conducted.

Data Collection
Demographic data including age, sex, and body mass index (BMI), and radiological measures including Cobb angle, the 
neutral vertebra (NV) and apical vertebra (apex) of the major curve were recorded for all patients enrolled (Figure 1). The 
NV refers to the vertebra with the greatest symmetrical inclination of the bilateral pedicles immediately below the major 
curve, while the apex specifically indicates the vertebra that is farthest from the vertical line within the major curve.

The measurement of HU values was based on the methods proposed in the previous literature.9,11,12 The three- 
dimensional reconstructive CT used for the examinations was from GE discovery, with a tube voltage of 120kV and 
a slice thickness of 1.25 mm with a spacing of 0.625 mm. Subjects were scanned in the supine position, in a relaxed 
neutral position. Image data were analyzed using ROI Manager. The region of interest (ROI) was placed on the coronal 
images of the vertebral body. The largest possible elliptical ROIs were plotted on the whole, the concave side and the 
convex side of the cancellous bone of the apex (for the control group, measurements were taken on both sides of the 
vertebrae), excluding the cortical margins, hemangiomas, and segmental vessels (Figure 2). HU values of the superior 
and inferior vertebrae of each apex of the major curve were also measured and averaged. For subjects in the control 
group, T12 and L5 vertebrae were selected, and HU values were measured on bilateral vertebrae, according to the 
method described previously.

The control group was selected based on the basis of an adolescent population, attempting to maintain similar levels 
of spinal degeneration and BMD values as the AIS group. However, there were still differences in age, and BMI levels 
between the two groups of subjects, limited by the different etiology of the subjects. To provide a rigorous baseline for 
consistency comparison, the propensity score matching (PSM) analyses was addressed in both the AIS and control 
groups, where the PSM matches were then subjected to statistical analysis once again. Two potential confounders (age 
and BMI), were matched, and matching was performed on a 1:1 ratio (nearest-matching algorithm), with caliper 
width=0.6 of the standard deviation of the logit of the propensity score. Statistical analysis was repeated after PSM 
matching.
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Apex/NV selection, Cobb angle measurements, and HU value measurements were performed by two independent 
observers, and mean values were calculated. Disagreements were resolved by consultation with a third observer, 
a specialist with many years of experience in spinal surgery.

Statistical Analysis
The SPSS (Ver. 26.0, Chicago, IL) and R 4.3.2 (The R Foundation for Statistical Computing, Vienna, Austria) were used for 
the analysis. Continuous data were expressed as the mean±standard deviation. A t-test was used to analyze the difference in 
HU values between the concave and convex sides within the target vertebral level. The Pearson correlation coefficient was 
calculated to assess the correlation between the Cobb angle of the major curve and HU values of different vertebrae, as well 
as the concave-convex-lateral HU difference. Differences were considered statistically significant when P < 0.05.

Results
A total of 54 AIS patients and 84 controls were included in the study. The demographics of AIS and non-AIS patients are 
summarized in Table 1. The sex ratio of the AIS and non-AIS groups was 33:21 and 39:45, respectively (P=0.092). The 
age of the AIS group at the time of hospitalization was 13.87±3.17 years while the mean age of the control group was 
17.62±2.73 years (P<0.01). The mean height, weight and BMI of the patients in the AIS group were lower than those in 
the control group (all P<0.01).

Characteristics of Cobb Angle and HU Value in AIS Patients
The mean Cobb angle of the primary curve for enrolled AIS patients was 62.97° with a standard deviation of 26.12°, 
ranging from 18.71° to 119.40°. As shown in Supplemental Table 1, there are no differences in Cobb angle and vertebral 

Figure 1 The Cobb angle and apical vertebra (apex) of the major curve of scoliosis.
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HU values, including both mean and concave/convex HU values in terms of gender in AIS group. The HU values of the 
apex and the vertebrae above and below the apex in the AIS group are shown in Supplemental Table 2. The bilateral 
difference in apex HU was statistically different (162.22±49.45 vs 230.70±56.63, P<0.001). However, there was no 
statistical difference in the bilateral HU difference of the NV (169.02±52.23 vs 167.87±52.71, P=0.251).

The Cobb angle was not correlated with either age or BMI (P=0.724 and 0.268, respectively). However, as shown in 
Table 2, the HU values of NV were significantly negatively correlated with Cobb angle for both concave and convex 

Figure 2 The ROIs plotted on the whole, the concave side and the convex side of the cancellous bone of the apex. (A). The ROIs of the whole cancellous bone of the apex. 
(B). The ROIs of the concave and convex side of the cancellous bone of the apex.

Table 1 The Characteristics of All Participants

AIS Group n = 54 Control Group n = 84 P value

Sex (female: male) 33: 21 39: 45 0.092

Age (years) 13.87 ± 3.17 17.62 ± 2.73 <0.001 **
Weight (kg) 39.64 ± 13.03 81.74 ± 17.76 <0.001 **

Height (m) 1.47 ± 0.23 1.77 ± 0.08 <0.001 **

BMI 17.87 ± 3.07 26.06 ± 4.66 <0.001 **

Note: **P < 0.01.
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sides (r=−0.329 and −0.327; P=0.015 and 0.016, respectively). The Cobb angle was negatively correlated with the apex- 
convex HU (r=−0.305, P=0.025), but not with the mean HU of the apex-concave lateral (P=0.656). The convex-concave 
difference of the apex was significantly correlated with the Cobb angle (r=0.410, P=0.002).

Comparison of HU Values Between AIS and Controls
The differences in the ipsilateral HU values were not statistically significant for either T12 or L1 in the control group (P=0.581, 
0.347, respectively). Therefore, the average HU value of the vertebrae (217.01±47.06) was used in the subsequent analysis. 
The HU values of the NV in the AIS group were lower (168.44±52.34, P<0.001) than the average HU value of the control 
subjects. The apex-concave lateral HU values were higher in the AIS group (235.67±52.78, P=0.032), but the apex-convex 
lateral and the mean apex HU values were lower (163.21±40.37, P<0.001; 199.44±42.54, P=0.028).

Comparison of HU Values Between AIS and PSM-Matched Controls
The PSM procedure adjusted for 2 potential confounders of age and BMI. Twenty-five patient pairs were matched and 
included in the next step of the research. The potential confounders were well balanced (Figure 3). As shown in Table 3, 

Table 2 The Bilateral and Overall HU of the NV and the Apex, and the Correlation with the 
Cobb Angle

HU value Correlation with Cobb angle

Pearson Correlation  
Coefficient (r)

P value

NV-concave 167.87 ± 52.71 −0.329 0.015 *

NV-convex 169.02 ± 52.23 −0.327 0.016 *

NV-overall 168.44 ± 52.34 −0.329 0.015 *
Apex-concave 230.70 ± 56.63 −0.062 0.656

Apex-convex 162.22 ± 49.45 −0.305 0.025 *

Apex-overall 199.44 ± 42.54 −0.241 0.079
Convex-concave difference of the apex 72.46 ± 39.88 0.410 0.002 **

Notes: *P < 0.05. **P < 0.01.

Figure 3 The potential confounders were well balanced after the propensity score matching. (A). The histograms of the propensity scores of the AIS and control group. (B). 
The jitter plots of the propensity scores of the AIS and control group.
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the ages of the AIS group and the PSM-matched control group were 14.84±2.34 years and 15.60±1.73 years, respec
tively. No significant differences in age and BMI were observed between the two groups (P=0.298 and 0.303, 
respectively). NV-HU values were lower in the AIS group (172.68±50.90) than in the control group (P=0.006). The apex- 
convex HU values in the AIS group remained significantly lower than in the control group (170.19±43.11, P=0.002), and 
the apex-concave HU values were higher than that in the control group (240.65±59.22, P=0.042). The mean apex HU 
value was indifferent from the control group (P=0.694).

Discussion
In this study, we collected and analyzed bilateral HU values for several interested vertebrae in AIS patients and compared them 
with unmatched/matched control subjects. We found that there was no difference in the bilateral NV-HU values for patients with 
AIS, while the overall NV-HU values were lower than normal; the concave lateral apex had mildly higher HU values than the 
control group, while the convex lateral had much lower HU values, and the concave-convex difference showed statistical 
difference. Meanwhile, correlation analysis showed that the more severe the scoliosis, the more significant the HU difference 
between convex and concave lateral. We noted that the HU values within concave side of the apex, although mildly increased, 
were not related to the severity of scoliosis, suggesting that it may be a secondary manifestation of asymmetric loading.

With scoliosis excluded in the control subjects of this study, we chose the T12 and L5 vertebrae as the reference based 
on the fact that the HU values of these two vertebrae in this study did not show a statistical difference for either bilateral 
or the overall HU values. The same conclusion is supported by several studies. In a study conducted by Schreiber et al on 
spinal trauma patients aged 10–90 years, there were no significant differences in HU values from L1 to L4, regardless of 
age or sex.9 The study conducted by Choi et al that included degenerative and non-degenerative patients also reached 
consistent conclusions.13 Their study also found that although the correlation was weaker in the degenerative patients, 
HU values were strongly positively correlated with BMD and T scores in the non-degenerative group.

The etiology of AIS remains largely unknown, but it’s generally attributed to the interplay of genetic and environ
mental factors that disrupt the normal regulation of bone growth, metabolism, and modeling. This disruption can lead to 
spinal deformities, systemic osteopenia, and skeletal abnormalities. Studies have consistently shown that reduced bone 
mineral density is prevalent even in early and mild AIS cases.14,15 Non-coding RNAs (ncRNAs) linked to AIS are 
thought to influence musculoskeletal development, including osteoblast differentiation and chondrogenesis.16 

Additionally, histological findings in AIS patients indicate lower osteoblast counts and reduced trabecular bone activity, 
hinting at primary bone metabolic dysfunction rather than a consequence of the spinal deformity.17

Alterations in energy and metabolic homeostasis, as well as disturbances in oxidative stress levels, may link AIS and 
osteopenia in pathogenesis. Various hormones may act as mediators between them. Studies have investigated the relationship 
between AIS and hormones such as melatonin, leptin, estrogen, and growth hormone,18–21 which are closely linked to bone 
metabolism.22,23 Taking melatonin as an example, Li et al analyzed paraspinal muscle damage in patients with idiopathic scoliosis 
and found high levels of reactive oxygen species (ROS) in idiopathic scoliosis patients compared to controls, as well as 
upregulation of oxidative stress-related gene (PGC1A) expression.24 Previous studies have suggested that ROS-mediated 

Table 3 The Comparison of the PSM-Matched Control Group and the 
AIS Group

AIS PSM-Matched Control P value

Age (years) 14.84 ± 2.34 15.60 ± 1.73 0.198

BMI 20.25 ± 2.82 21.25 ± 3.90 0.303

NV-concave HU 171.40 ± 50.01 210.36 ± 41.83 0.004 **
NV-convex HU 173.96 ± 52.04 210.36 ± 41.83 0.009 **

NV-overall HU 172.68 ± 50.90 210.36 ± 41.83 0.006 **

Apex-concave HU 240.65 ± 59.22 210.36 ± 41.83 0.042 *
Apex-convex HU 170.19 ± 43.11 210.36 ± 41.83 0.002 *

Apex-overall HU 205.42 ± 46.40 210.36 ± 41.83 0.694

Notes: *P < 0.05. **P < 0.01.
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oxidative stress can promote bone resorption by inducing RANKL to increase osteoclast differentiation.25 Melatonin and its 
signaling pathways are closely related to the protection against oxidative stress, which may explain the role in the pathogenesis of 
AIS.26 A randomized controlled trial has confirmed that melatonin supplementation at a dose of 6 mg/day can significantly reduce 
serum inflammatory indicators and increase antioxidant capacity in women.27 Therefore, exploring the alterations in energy and 
metabolic homeostasis in AIS patients may help to elucidate the pathogenesis of AIS and identify new therapeutic targets.

Decreased BMD is a significant risk factor for curve progression in AIS, with affected patients facing a higher likelihood of 
surgery, and early detection of bone loss in AIS patients is vital for disease management and minimizing the need for surgical 
treatment.28 It is noted that the NV-HU values of the AIS group were significantly lower than the mean HU values of the controls, 
but still higher than that of apex-convex, which suggests that although there is systematic osteopenia in AIS patients, it does not 
fully explain the severe bone loss on the apex-convex lateral. Scoliosis is likely initiated by skeletal growth and development, as 
AIS progresses most rapidly during puberty, when growth spurts occur. Skeletal development is associated with mechanical 
loading. A meta-study, which included 16 studies involving a total of 9627 subjects, found that appropriate physical exercise was 
negatively associated with the onset of AIS.29 However, the study also found that ballet or gymnastics may exacerbate the 
development of AIS. It can be reasonably inferred that ballet and gymnastics involve repetitive exercises that promote a wide 
range of spinal motion and place high loads on the spine. Performing these exercises intensively during growth could potentially 
affect spinal development.30 Ruff et al proposed that trabecular bone could be remodeled to accommodate mechanical loading, ie 
bone functional adaptation theory.31 The Hueter-Volkmann principle states that spinal curvature leads to asymmetric loading of 
the vertebrae, which leads to asymmetric growth, creating a vicious circle.32 However, the reduced bone density observed in 
individuals with AIS cannot be solely attributed to mechanical loading. GPR126 is a member of the adhesion G protein-coupled 
receptor family and has been identified as a susceptibility gene for AIS.33 Xu et al found a significant concave-convex lateral 
asymmetric expression of GPR126 in vertebrae in AIS patients. They also discovered that down-regulation of GPR126 promoted 
osteogenic differentiation of MSCs.34 The association between scoliosis and low bone mass, as well as imbalanced bone mass, has 
been demonstrated in several studies.11,35,36 However, further studies are needed to explore the causal link between them.

This study suggests the potential asymmetric osteopenia of the AIS curve. Attention to the low bone density condition in AIS 
patients is of significant clinical importance in certain situations, such as the selection of brace treatment. A review confirms that 
reduced BMD independently predicts curve progression in idiopathic scoliosis, with AIS patients having lower BMD facing 
a higher risk of surgery.28,37 Based on the results of this study, disease control personnel may consider including bone mineral 
density indicators in the AIS monitoring items. Appropriate intervention for bone loss may be able to curb the progression of 
scoliosis. We believe that monitoring changes in the HU values of key vertebrae in AIS patients is a cost-effective and clinically 
significant practice. Further large-scale studies are needed to establish a reasonable range and alert values for the HU values of the 
curve apex and NV in AIS patients, which can then be applied to the diagnosis and treatment of all AIS patients. For AIS patients 
suspected of having reduced bone density beyond the acceptable range, treatment plans should be dynamically adjusted according 
to individual conditions. This may include enhancing education for caregivers to improve brace compliance, closely monitoring 
curve progression, and adopting measures in line with guidelines for the management of osteoporosis in children and adolescents, 
such as promoting regular physical activity and optimizing nutritional status, while seeking assistance from pediatric osteoporosis 
clinics. At the same time, for orthopedic surgeons, the preoperative assessment of HU values of the vertebral bodies involved may 
serve as an additional guide for surgical planning. For patients with severe AIS, appropriate measures such as bone cement screw 
may be considered.

There are some limitations in this study. Propensity score matching conducted to balance baseline levels reduces the sample 
size and limits the robustness of the findings. Our study does not make a plausible theory for a causal association between AIS and 
osteopenia. The HU values were measured manually by researchers, with an unavoidable subjective bias. Large sample size 
cohort studies, case-control studies, and causal association analysis can help to further reveal the association between AIS and 
osteopenia.

Conclusion
The study found evidence of systemic low bone mass in AIS patients, which was more pronounced on the convex side of 
the spine. We advocate routine monitoring of HU values in key vertebrae for AIS patients as an economical and 
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meaningful approach. Large-scale studies should define optimal HU value ranges and thresholds for curve apex and NV 
to guide AIS diagnosis and treatment.
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