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Abstract
Background

The asymmetrical distribution of bone mineral density (BMD) in vertebral bodies in adolescent idiopathic
scoliosis (AIS) has been reported; however, it is still unknown whether BMD asymmetrical distribution can
vary by the mechanical environment around each vertebral body. The purpose of this retrospective study
was to investigate changes in the asymmetrical distribution of BMD in each vertebral body up to 1 year
after posterior spinal corrective fusion surgery (PSF) in patients with AIS.

Methods

We analyzed 75 vertebrae within the non-instrumented lumbar spines of 27 female AIS patients (median
age, 16 years; interquartile range [IQR], 14–19 years) who underwent PSF. The BMDs of the vertebral
bodies were calculated from 1-week and 1-year postoperative quantitative computed tomography scans
and a laterality index (LI = BMD of right half of vertebral bodies / BMD of left half of vertebral bodies).
The disc wedging angle was measured preoperatively and at 1 year postoperatively from plain
radiographs, and the disc wedging angle index (DWAI) was calculated as the sum of the disc wedging
angles of the upper and lower discs adjacent to each vertebra.

Results

The median BMDs of both the right and left halves of each vertebral body signi�cantly decreased from 1
week postoperatively to 1 year postoperatively (right, 228.3 mg/cm3 hydroxyapatite [IQR, 201.8–251.0
mg/cm3 hydroxyapatite] to 214.8 mg/cm3 hydroxyapatite [IQR, 186.9–241.0 mg/cm3 hydroxyapatite], P <
0.001; left, 229.6 mg/cm3 hydroxyapatite [IQR, 198.7–244.7 mg/cm3 hydroxyapatite] to 206.3 mg/cm3

hydroxyapatite [IQR, 188.0–231.9 mg/cm3 hydroxyapatite], P < 0.001). The preoperative median DWAI
was 5.0 (IQR, −12.0–13.0) and the 1-week postoperative LI was 1.01 (IQR, 0.95–1.08); these measures
were positively correlated (ρ = 0.827; P < 0.001). The median perioperative change in DWAI was −4 (IQR,
−9–10) and the median postoperative change in LI was 0.01 (IQR, −0.02–0.03); these measures were
also positively correlated (ρ = 0.741; P < 0.001).

Conclusions

The laterality of BMD in each vertebral body in AIS patients was a plastic phenomenon, was deemed a
secondary change due to external loading, and was related to the amount of disc wedging.

Background
Mechanical loading in�uences the longitudinal growth of the long bones and vertebrae via a
phenomenon known as the Hueter–Volkmann Law, which explains that growth is retarded by increased
mechanical compression and accelerated by decreased loading [1, 2]. In the scoliotic spine, Meir et al.
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demonstrated that the loading was greater in the intervertebral disc in the concave annulus than in the
convex annulus in patients with scoliosis in vivo [3, 4]. Moreover, several authors have indicated that the
vicious cycle of asymmetrical loading to the intervertebral disc and vertebral wedge deformities can
continue in scoliosis patients [5, 6]. We previously reported the plasticity of vertebral wedge deformities in
the scoliotic spine and the differences in plasticity between the regions of the vertebrae (apex or not) or
pathologies of scoliosis [7, 8].

Despite discussions of morphometric asymmetry and plasticity of vertebral bodies in adolescent
idiopathic scoliosis (AIS) [7–11], little attention has been paid to either the asymmetrical distribution or
plasticity of bone mineral density (BMD) in each vertebral body in AIS. One reason is that the generally
used dual-energy x-ray absorptiometry (DEXA) scans for the measurement of BMD are not reliable in the
presence of axial rotation of vertebral bodies in AIS [12]. Furthermore, the DEXA cannot analyze the
distribution of the BMD within a given vertebral body.

It has been suggested that patients with AIS have abnormal systemic bone metabolism, and there is
con�rmation of asymmetric expression of a susceptibility gene for AIS, which regulates osteogenic
differentiation of human mesenchymal stem cells, in the vertebral bodies of these patients [13–17].
Recent image processing technology development enables us to analyze 3-dimensional in vivo
measurements of radiographical parameters. Using quantitative computed tomography (qCT), Adam and
Askin reported the asymmetrical distribution of BMD in vertebral bodies in AIS [18]. However, it is still
unknown whether BMD asymmetrical distribution can vary by the mechanical environment around each
vertebral body according to the Hueter–Volkmann Law. We hypothesized that if the asymmetrical
distribution of the BMD is inherent in vertebral bodies and is a characteristic of the systemic bone
metabolism in AIS, it remains unchanged even after an increase or decrease in asymmetrical loading by
corrective surgery. Thus, the purpose of this study was to reveal the changes in BMD asymmetrical
distribution in each vertebral body up to 1 year after posterior corrective fusion surgery in patients with
AIS.

Methods
This retrospective review of a radiological database of patients with AIS who underwent posterior
corrective surgery was approved by the Research Ethics Committee of Osaka University Hospital (no.
15098-5). The research ethics committee of our institution waived receipt of written informed consent,
because all clinical and radiographic interventions in the study followed routine assessments and the
study was retrospective. Instead, the patients were allowed to opt out of the study based on the research
information published on our institution’s website.

Patients and surgical procedure

We enrolled all consecutive female AIS patients who had undergone posterior corrective fusion between
February 2017 and August 2019 and whose age at the time of surgery was between 10 and 20 years (n =
30). Three patients who underwent computed tomography (CT) scans without a hydroxyapatite phantom
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were excluded. Thus, 27 patients were included in this study. The median age at the time of surgery was
16 years (interquartile range [IQR], 14–19 years).

All surgeries were performed through the conventional posterior spinal approach under general
anesthesia and neuromonitoring. After exposure of posterior spinal bony elements, pedicle screws were
inserted into as many pedicles as possible. If the pedicle screws could not be inserted due to anatomical
problems, hooks or sublaminar tapings were substituted. A Grade 1 osteotomy (resection of inferior
facet) was performed in each fusion segment and a Grade 2 osteotomy (resection of both inferior and
superior facets and ligamentum �avum) was performed in each rigid segment where segmental �exibility
was not con�rmed in preoperative traction and side-bending plain radiographs. After instrumentation, we
corrected coronal and sagittal alignments and directly rotated vertebrae to correct 3-dimensional
deformities. The autologous local bone graft and hydroxyapatite were transplanted on the decorticated
lamina and articular surfaces. Neither iliac bone grafts nor bone morphogenic proteins were used in any
of the cases. The patients were banned from participating in sports activities for 1 year after surgery.

Patients’ demographic data

From medical charts, we obtained each patient’s age at the time of surgery, preoperative body mass
index, and levels of lowest instrumented vertebrae.

Radiographic assessments

Each patient’s type of scoliosis was classi�ed according to the Lenke classi�cation on the basis of
preoperative, full-length, standing, posteroanterior, and lateral radiographs [19]. Preoperative and 1-year
postoperative Cobb angles of the main thoracic (MT) and thoracolumbar/lumbar (TL/L) curves and
preoperative Risser grades were measured on a �at-panel monitor at our hospital using built-in imaging
software (SYNAPSE 5; FUJIFILM Medical Systems, USA, Inc., Lexington, MA).

The disc wedging angle, which was de�ned as the angle between the upper and lower endplates adjacent
to the disc (left open, +), was measured in every disc below a lowest instrumented vertebra (Fig. 1). In
addition, a disc wedging angle index (DWAI), which was de�ned as the sum of the upper and lower disc
wedging angles adjacent to a vertebra, was calculated in every vertebra within the non-instrumented
lumbar spine (Fig. 1). The perioperative change in DWAI (ΔDWAI = 1-year postoperative value −
preoperative value) was also calculated (Fig. 1).

CT assessments

The patients underwent routine CT scans about 1 week and 1 year postoperatively for the purpose of
detecting mispositioning of instrumentation or con�rmation of bone union. CT images were acquired
using 1 of 2 scanners (Discovery CT750 HD, GE Healthcare Japan, Tokyo, Japan, or Aquilion ONE,
Toshiba Medical Systems Corporation, Tochigi, Japan). The scans used a slice thickness of 0.625 mm
with the Discovery CT750 HD and of 0.5 mm with the Aquilion ONE; a tube voltage of 120 kVp; a matrix
of 512 × 512; and a standard algorithm. The tube current was maintained by an automatic exposure
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control system. Each CT scan imaged together a standardized spine phantom consisting of 5 rods
containing 0, 50, 100, 150, and 200 mg/cm3 hydroxyapatite (HA) (B-MAS 200; Kyoto Kagaku Co., Ltd.,
Kyoto, Japan). Multiplanar reconstruction was performed by our institution’s built-in 3-dimensional
imaging software (Synapse Vincent; FUJIFILM Medical Systems, USA, Inc., Lexington, MA). From the 1-
week and 1-year postoperative CT scans, each vertebra within the non-instrumented lumbar spine was
superimposed automatically by the built-in application of the Synapse Vincent (Fig. 2); then, spherical
regions of interest (ROIs) for measurements of Houns�eld Unit (HU) values were set in each vertebral
body, excluding the cortical margin on the superimposed 3-dimensional images so that the ROIs should
be in the same area on both scans. The centers of the spherical ROIs were set in each vertebral body as
follows (Fig. 3):

1. At the center of each vertebral body (ROI representing the whole of each vertebral body);

2. At the center of the right half of each vertebral body (ROI representing the right half of each vertebral
body); and

3. At the center of the left half of the vertebral body (ROI representing the left half of each vertebral
body).

The BMD (mg/cm3 HA) of each ROI was calculated by substituting the HU values into the linear
regression equation obtained from the measured values of the phantom in each scan. The laterality index
(LI) of BMD in each vertebral body was calculated by the following equation:

LI = (BMD of right half of the vertebral body) / (BMD of left half of the vertebral body)

The postoperative change in the LI (ΔLI = 1-year postoperative value–1-week postoperative value) was
also calculated.

Statistical analysis

The statistical analysis was performed using IBM SPSS Statistics Version 25 (IBM, Armonk, NY, USA).
The Wilcoxson signed rank test was used to compare Cobb angles of preoperative and 1-year
postoperative MT and TL/L curves and 1-week postoperative and 1-year postoperative BMDs.
Spearman’s rank correlation coe�cient was used for a correlation analysis. Differences were considered
statistically signi�cant at P values < 0.05.

Results
The patients’ demographic data, preoperative Risser grades, curve pro�les, and levels of lowest
instrumented vertebrae are shown in Table 1. We analyzed a total of 75 vertebrae within non-
instrumented lumbar spines.
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Table 1
Demographic data and scoliosis pro�le.

Age at time of surgery, years 16 (14–19)

Lenke classi�cation, number of patients

Type 1 9

Type 2 4

Type 3 2

Type 4 1

Type 5 8

Type 6 3

Preoperative body mass index, kg/m2 19.4 (17.6–21.7)

Preoperative Risser grade, number of patients

1 1

2 0

3 0

4 13

5 13

Lowest instrumented vertebra, number of patients

T12 3

L1 4

L2 4

L3 16

Values are expressed as medians (interquartile ranges).

 

The median preoperative and 1-year postoperative Cobb angles were 47.0° (IQR, 35.5–57.0°) and 18.6°
(IQR, 15.0–24.8°), respectively, in the MT curve and 43.0° (IQR, 36.6–48.0°) and 15.0° (IQR, 12.0–19.0°),
respectively, in the TL/L curve. The Cobb angles of both the MT and TL/L curves were corrected
signi�cantly after surgery (P < 0.001).

The overall BMD and the BMDs of both the right and left halves of each vertebral body signi�cantly
decreased from 1 week postoperatively to 1 year postoperatively (both P values < 0.001; Table 2).
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Table 2
Bone mineral density (mg/cm3 hydroxyapatite) of vertebral bodies in non-

instrumented lumbar spine.

  1 week postoperatively 1 year postoperatively P value

Whole 230.9 (203.1–246.6) 211.3 (188.0–236.1) < 0.001

Right half 228.3 (201.8–251.0) 214.8 (186.9–241.0) < 0.001

Left half 229.6 (198.7–244.7) 206.3 (188.0–231.9) < 0.001

Values are expressed as medians (interquartile ranges).

 

The median preoperative DWAI was 5.0 (IQR, − 12.0 to 13.0) and the 1-week postoperative LI was 1.01
(IQR, 0.95–1.08); these measures were signi�cantly, positively correlated (ρ = 0.827; P < 0.001; Fig. 4). The
median ΔDWAI was − 4 (IQR, − 9 to 10) and the median ΔLI was 0.01 (IQR, − 0.02 to 0.03); these
measures were signi�cantly, positively correlated (ρ = 0.741; P < 0.001; Fig. 5).

Discussion
This study showed that BMDs of vertebral bodies in non-instrumented lumbar spines decreased from
immediately after surgery to 1 year after surgery. In addition to a decrease in the overall BMD of vertebral
bodies, the BMDs also decreased in both the right and left halves of the vertebral bodies postoperatively;
also, there were positive correlations between the preoperative DWAI and 1-week postoperative LI and
between the perioperative change in DWAI and postoperative change in LI. These facts imply that the
laterality of BMD in each vertebral body was changeable and disc wedging was signi�cant factor for the
laterality of BMD.

A limitation of this study is that we only analyzed the BMDs of those vertebral bodies in the non-
instrumented lumbar spine, because metal artifacts prevented postoperative BMD measurements in the
instrumented thoracic spine. However, we con�rmed spontaneous correction of scoliosis in our patients
even in the non-instrumented lumbar spine, which we believe re�ects the altered effects of external
loading due to correction of scoliosis on BMD of vertebral bodies in AIS.

The other limitation is the lack of data on long-term postoperative BMD changes, since frequent CT scans
can increase radiation exposure for patients and are not ethically acceptable.
However, to the best of our knowledge, this is the �rst report to use qCT in vivo to reveal postoperative
BMD changes in vertebral bodies in AIS patients.

The BMD of each vertebral body decreased from 1 week postoperatively to 1 year postoperatively.
Previous reviews showed that physical activity during growth leads to increased BMD and bone mineral
content [20, 21]. Kontulainen et al. revealed that adolescent girls who underwent a 9-month training
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intervention of weekly step aerobics and jumping had a 4.9% greater increase in bone mineral content at
the lumbar spine compared to those who did not do the training intervention [22]. Thus, we speculate that
the overall decrease in the BMD of the vertebral bodies resulted from prohibiting participation in sports
activities for 1 year after surgery.

A previous report indicated that the asymmetrical distribution of BMD in vertebral bodies in AIS, which
was most obvious around the apex of the scoliotic curve, was an adaptive response to asymmetrical
loading to the vertebral bodies [18]. Our present study also revealed the asymmetrical distribution of BMD
in each vertebral body. The positive correlation between the preoperative DWAI and 1-week postoperative
LI in our study indicates that the BMD of the concave side was larger than that of the convex side in each
vertebral body, and the asymmetrical distribution of BMD in each vertebral body became obvious from
the increasing disc wedging angle adjacent to the vertebral body. Moreover, the positive correlation
between the perioperative change in DWAI and the postoperative change in LI also indicates that the BMD
became relatively higher on the side where the intervertebral discs were “compressed” due to surgery than
on the side where the intervertebral discs were “stretched.” These results show that external loading via
intervertebral discs alters not only the morphometries of vertebral bodies but also the distribution of BMD
in each vertebral body according to the Hueter–Volkmann Law, and indicates that this asymmetrical
distribution of BMD in AIS is a plastic phenomenon.

It has been reported that high bone turnover or low BMD can be associated with curve severity or
progression of AIS, and poor BMD can be an etiopathogenesis in AIS [13–15, 17, 23, 24]. Furthermore, Xu
et al. observed asymmetric expression of GPR126, which is considered a susceptibility gene for AIS and
plays an important role for ossi�cation of the developing spine [25], in the vertebral bodies of AIS patients
[16]. Their study revealed that overexpression of GPR126 delayed osteogenic differentiation of human
mesenchymal stem cells, and transcripts of GPR126 were expressed signi�cantly more in the convex side
than in the concave side of vertebral bodies [16]. These genetical facts could result in the laterality of
BMD in each vertebral body, although it is still unknown whether the laterality of BMD is associated with
the etiology of AIS or curve progression. Our hypothesis was that the asymmetrical distribution of BMD in
each vertebral body in AIS patients, if it was the sequence of the inherent abnormal bone metabolism,
would remain unchanged even after an increase or decrease in asymmetrical loading from corrective
surgery. However, from our results, the laterality of BMD in each vertebral body was plastic and was
related to the degree of wedging deformity of the intervertebral discs. Therefore, even if an abnormal
bone metabolism can be an etiology of developing AIS, we speculate that the laterality of BMD in each
vertebra is not the primary change but the secondary change, due to asymmetrical loading to each
vertebral body.

Conclusions
We evaluated the BMD of each vertebral body in the non-instrumented lumbar spine of patients after
receiving posterior corrective fusion surgery for AIS, and found that the BMDs decreased until 1 year
postoperatively. The asymmetrical distribution of BMD was more obvious in those vertebrae with more
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disc wedging, and the BMD of the concave side was larger than that of the convex side. Furthermore, this
laterality of BMD was a plastic phenomenon, and the amount of change in the disc wedging angle was
positively related to the amount of change in laterality of BMD in each vertebral body. Therefore, the
laterality of BMD in each vertebral body is considered to be a secondary change due to external loading
rather than a primary etiopathogenesis of AIS.

Abbreviations
BMD, bone mineral density; AIS, adolescent idiopathic scoliosis; PSF, posterior spinal fusion; IQR,
interquartile range; LI, laterality index; DWAI, disc wedging angle index; DEXA, dual-energy x-ray
absorptiometry; qCT, quantitative computed tomography; CT, computed tomography; MT, main thoracic;
TL/L, thoracolumbar/lumbar; HA, hydroxyapatite; ROI, region of interest; HU, Houns�eld Unit.
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Figures

Figure 1

An example measurement of a disc wedging angle index (DWAI) of L3. The perioperative change in DWAI
(ΔDWAI = 1-year postoperative value–preoperative value) was calculated.
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Figure 2

An example of an L3 vertebra in which 1-week postoperative (color scale) and 1-year postoperative (gray
scale) computed tomography scans were automatically superimposed by the built-in application.
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Figure 3

An example of setting spherical regions of interest (ROIs) for measurements of Houns�eld Unit values in
the L3 vertebral body on the superimposed 3-dimensional images. A indicates the ROI for the whole
vertebral body; B shows the ROI for the right half of the vertebral body; and C shows the ROI for the left
half of the vertebral body.
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Figure 4

A scatter plot representing the correlation between the preoperative disc wedging angle index (DWAI) and
the 1-week postoperative laterality index (LI), which were signi�cantly, positively correlated (ρ = 0.827; P <
0.001).
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Figure 5

A scatter plot representing the correlation between perioperative changes in the disc wedging angle index
(ΔDWAI = 1-year postoperative value − preoperative value) and postoperative changes in the laterality
index (ΔLI = 1-year postoperative value–1-week postoperative value), which were signi�cantly, positively
correlated (ρ = 0.741; P < 0.001).


