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Abstract

Purpose Although the occurrence and progression of AIS

has been linked to low bone mineral density (BMD), the

relationships between spinal curvature and bilateral dif-

ferences in proximal femur BMD are controversial. Few

correlation studies have stratified patients by curve type.

The purpose of this study was to evaluate the relationships

between spinal coronal profile and bilateral differences in

proximal femur BMD in patients with adolescent idio-

pathic scoliosis (AIS).

Methods This study included 67 patients with AIS who

underwent posterior correction and fusion surgery between

January 2009 and October 2011. The mean age at the time

of surgery was 17.4 ± 4.1 years. Bilateral proximal femur

BMD was measured before surgery by dual-energy X-ray

absorptiometry. We compared the proximal femur BMDs

by determining the bilateral BMD ratio (left proximal

femur BMD divided by that of the right). We evaluated

correlations between coronal parameters, obtained from

preoperative radiographs, and the BMD ratio using Pear-

son’s correlation analysis.

Results Patients with Lenke type 1 curve (48; all with a

right convex curve) had a mean bilateral proximal femur

BMD ratio of 1.00 ± 0.04. Patients with Lenke type 5

curve (19; all with a left convex curve) had a mean bilateral

proximal femur BMD ratio of 0.94 ± 0.04, indicating that

the BMD in the proximal femur on the right side (concave)

was greater than that in the left (convex). Coronal balance

was significantly correlated with the BMD ratio in both the

Lenke type 1 and type 5 groups, with a correlation coef-

ficient of 0.46 and 0.50, respectively.

Conclusions The bilateral proximal femur BMD ratio

was significantly correlated with the coronal balance in

AIS patients. When the C7 plumb line was shifted toward

one side, the BMD was greater in the contralateral proxi-

mal femur.
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mineral density � Proximal femur

Introduction

In 1982, Burner et al. reported that patients with adolescent

idiopathic scoliosis (AIS) had low bone mineral density

(BMD) as assessed by the Singh index [1]. Other studies

have also reported an association between low BMD and

the occurrence of AIS [2–7]. The prevalence of low

BMD in AIS is 20–38 %, with low BMD being defined as a

BMD value more than 2 SD below the mean value in age-

matched, healthy control subjects [2–6]. Hung et al. iden-

tified low BMD in the proximal femur on the concave side

as a risk factor in predicting AIS curve progression [8].

However, the relationships between spinal curvature and

proximal femur BMD in AIS have been controversial.

Some authors have reported differences in the proximal

femur BMD in the right and left limb [8, 9], which might

be attributable to asymmetrical mechanical loading due to
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spinal deformity. However, with the aid of a weight-bear-

ing pattern analyzer, Hoppenfeld et al. [10] determined that

spinal curvature is not associated with the amount of load

borne by each foot. Some studies have found no significant

relationship between spinal curvature and bilateral differences

in femur BMD [1, 4, 6, 11, 12]. However, few studies have

grouped subjects by curve type when evaluating correlations

with BMD, which may account for these discrepancies.

Since relationships between the spinal coronal profile,

especially the coronal balance, and bilateral proximal

femur BMD have not yet been clarified, this study was

conducted to evaluate correlations between the spinal

coronal profile and bilateral differences in proximal femur

BMD in AIS patients stratified by curve type.

Materials and methods

In this study, we reviewed the radiographs of 67 consec-

utive AIS patients (3 male, 64 female) with Lenke type 1

(48 patients) or type 5 curve [13] (19 patients) who

underwent posterior correction and fusion surgery between

January 2009 and October 2011. The mean age at the time

of surgery was 17.4 ± 4.4 years (range 11.6–31.8 years)

for all patients, and 17.7 ± 4.4 years (range 11.6–31.8

years) in the Lenke type 1 group and 16.6 ± 3.2 years

(range 12.7–24.5 years) in the Lenke type 5 group.

Although there are six Lenke curve types, we evaluated the

two most common single-curve types to simplify the

analysis. All patients in the Lenke type 1 group had a right

convex thoracic curve, and in the Lenke type 5 group, all

patients had a left convex thoracolumbar or lumbar curve.

Bilateral proximal femur BMD was measured prior to

surgery using dual-energy X-ray absorptiometry (DEXA)

(Lunar Prodigy Advance Encore 10X, GE Healthcare,

Madison, WI, USA). To measure the femoral neck in ante-

rior–posterior position, a foot support was used to maintain a

20� inward rotation of the legs to compensate for femoral

neck anteversion and to minimize the effect of the pelvic

rotation on the measurement results which might occur in

scoliosis patients. Quality assurance was performed daily

using the standard phantom provided by the manufacturer.

We used the total proximal femur BMD and femoral neck

BMD values for this study, since the reported precision error

in BMD measurements of the total proximal femur

(0.6–1.0 %) [14, 15] and femoral neck (1.2–2.1 %) [14, 15] is

low compared with that in Ward’s triangle (1.6–3.9 %)

[16–18] or the greater trochanter (1.5–3.7 %) [16–18].

We evaluated correlations between coronal parameters

and bilateral differences in the proximal femur BMD, and

between the coronal balance and pelvic obliquity. This

study was approved by the medical ethics committee of

Keio University Hospital.

Radiographic measurements

The following measurements were obtained from preop-

erative standing X-rays: the Cobb angles of the proximal

thoracic, main thoracic, and thoracolumbar/lumbar curves;

the apical vertebral translation, defined as the distance

between the apex of the main thoracic curve and the C7

plumb line (C7PL) in Lenke type 1 patients or the distance

between the apex of the main thoracolumbar/lumbar curve

and the central sacral vertebral line (CSVL) in Lenke type

5 patients; and the coronal balance, defined as the distance

between the CSVL and the C7PL. The value of the coronal

balance was defined as negative when the C7PL was to the

left side of the CSVL. We also measured pelvic obliquity

and leg length discrepancy, using the method reported by

O’Brien [19]. The angle of pelvic obliquity was defined as

having a positive value if the sulcus of the S1 ala was

higher on the left than on the right side. Similarly, the leg

length discrepancy was defined as having a positive value

if the left femoral head was higher than the right femoral

head. All measurements were performed by the first author

of the present study (RC); all radiographic parameters were

measured with the CIS-Image/Viewer digital measurement

software (Ver. 2.11.31, IBM, Japan).

Correlations between the BMD ratio and coronal

parameters

Differences in bilateral proximal femur BMD values were

compared by the BMD ratio, defined as the proximal femur

BMD on the left side divided by that on the right. Corre-

lations between the BMD ratio and coronal parameters

obtained from radiographs were evaluated separately for

the Lenke type 1 and type 5 groups.

Statistical analysis

SPSS software version 19.0 (IBM, New York) was used for

statistical analysis of the data. Statistical significance was

defined as a P value less than 0.05. Differences in BMD

values between the right and left femur were evaluated by a

paired t test. Correlations between BMD ratios and radio-

graphic parameters, and between coronal balance and

pelvic obliquity, were evaluated using Pearson’s correla-

tion analysis.

Results

BMD and radiographic parameters

In the Lenke type 1 group, the mean total BMD in the

femoral neck and in the total proximal femur did not differ
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between the left and right sides (Table 1), with mean total

BMD ratios of 1.00 ± 0.06 and 1.00 ± 0.04, respectively.

The mean coronal balance was 1.1 ± 12.3 mm (Table 2),

and the mean pelvic obliquity was -1.4 ± 3.0� with a mean

length discrepancy of 1.5 ± 3.5 mm. However, in the

Lenke type 5 group, the mean total BMD in the femoral

neck and the total proximal femur was significantly higher

on the right than on the left side (Table 1), with mean

BMD ratios of 0.97 ± 0.05 and 0.94 ± 0.04, respectively.

The mean coronal balance was -20.2 ± 13.3 mm, and the

mean pelvic obliquity was -4.6 ± 2.9� (Table 2). The

mean discrepancy in length between the right and left leg

was quite small (0.5 ± 10.6 mm).

Pelvic obliquity was significantly correlated with coronal

balance in the Lenke type 1 group, with a correlation coeffi-

cient of 0.406 (P = 0.004). However, no significant corre-

lation was seen in the Lenke type 5 group (P = 0.806).

Correlation analysis

The coronal balance was significantly correlated with the

bilateral BMD ratio, both in the femoral neck and the total

proximal femur, in both the Lenke type 1 and type 5

groups; correlation coefficients ranged between 0.402 and

0.498 (Table 3). Pelvic obliquity was significantly

correlated with the bilateral total proximal femur BMD

ratio in the Lenke type 1 group, with a correlation coeffi-

cient of 0.446. However, the proximal femur BMD ratio

was not correlated with the Cobb angle of the main curve,

the apical translation, or the leg length discrepancy.

Discussion

We found that the mean BMD of the femoral neck and the

total proximal femur was significantly higher on the con-

cave than on the convex side of the curve in the Lenke type

5 group; however, no significant difference was observed

in the Lenke type 1 group. Thus, the type of curve should

be considered when discussing differences in bilateral

proximal femur BMD values. In a study of 318 patients

with AIS, Hung et al. [8] found that the mean BMD in the

femoral neck on the concave side of the curve was sig-

nificantly larger than that on the convex side, and Hans

et al. [20] reported that 15 females with structural lumbar

scoliosis had lower femoral neck BMD on the convex side

of the curve. However, other authors found no significant

differences in bilateral proximal femur BMD values [1, 4,

6, 11, 12], Previous studies have not grouped subjects by

spinal curvature using a validated classification such as the

Table 1 BMD values and BMD ratios

Type 1 Type 5

Mean ± SD (g/cm2) Range P value* Mean ± SD (g/cm2) Range P value*

Femoral neck

Left 0.93 ± 0.14 0.67–1.25 0.930 0.95 ± 0.11 0.72–1.14 0.007

Right 0.93 ± 0.14 0.64–1.25 0.99 ± 0.11 0.72–1.19

BMD ratio 1.00 ± 0.06 0.89–1.17 0.97 ± 0.05 0.86–1.05

Total proximal femur

Left 0.94 ± 0.12 0.63–1.17 0.517 0.94 ± 0.11 0.73–1.09 0.001

Right 0.94 ± 0.13 0.65–1.23 1.00 ± 0.11 0.75–1.19

BMD ratio 1.00 ± 0.04 0.94–1.12 0.94 ± 0.04 0.84–1

* Evaluation between left BMD and right BMD using paired t test

Table 2 Radiographic parameters

Type 1 Type 5

Mean ± SD Range Mean ± SD Range

Proximal thoracic Cobb angle (�) 24.2 ± 5.4 4.9–32.6 9.2 ± 8.3 3.3–15.0

Main thoracic Cobb angle (�) 53.9 ± 7.3 42.4–70.5 25.4 ± 6.0 14.5–36.0

Thoracolumbar/Lumbar Cobb angle (�) 31.2 ± 9.1 13.7–48.5 45.2 ± 6.8 32.5–60.1

Coronal balance (mm) 1.1 ± 12.3 -26.4–33.1 -20.2 ± 13.3 -44.3–6.5

Apical translation (mm) 50.5 ± 10.9 29.4–80.2 -44.0 ± 26.6 -63.7–59.5

Pelvic obliquity (�) -1.4 ± 3.0 -9.4–7.5 -4.6 ± 2.9 -10.9–1.2

Leg length discrepancy (mm) 1.5 ± 3.5 -5.0–10.6 0.5 ± 4.8 -8.5–10.3
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Lenke [13] or King [21] system, which may account for

some of these discrepancies.

Regarding coronal parameters, patients in the Lenke

type 1 group were well balanced on the coronal plane. The

left and right pelvis were almost parallel, and the average

leg length discrepancy was minimal. In patients in the

Lenke type 5 group, the trunk was shifted to the left side

(mean coronal balance -20.2 ± 13.3 mm), and the left

pelvis was lower than the right (mean pelvic obliquity:

-4.6 ± 2.9�) on average. Meanwhile, the mean total BMD

in the femoral neck and in the total proximal femur did not

differ between the left and right sides in the Lenke type 1

group, but the mean BMD values were significantly higher

on the right than on the left side in the Lenke type 5 group.

Since these results indicated that coronal parameters might

influence differences in bilateral proximal femur BMD, we

evaluated possible relationships and found that coronal

balance was significantly correlated with the BMD ratio in

both the Lenke type 1 and type 5 groups. Interestingly, the

proximal femur BMD was higher in the side opposite to the

direction of the C7PL shift away from the CSVL (Fig. 1),

contrary to our expectation that a C7PL shift would cause

BMD to increase in the proximal femur on the same side.

This may be explained by the hip joint biomechanics

described by Denham [22] (Fig. 2), in which the load on

the proximal femur head on side 1 is equal to the sum of

the force of gravity (G) and gluteal force (F1)

(P1 = G?F1) (Fig. 2). If the C7PL, which can be used to

indicate gravity (G), shifts toward side 2, G gains a longer

force arm on the femur head on side 1 (X1 [ X2), and F1

consequently increases. Finally, these forces would increase

with any load added on side 1. Since BMD increases under

mechanical stress, the femur BMD on side 1 would increase.

However, we have neither demonstrated that the gravity line

was identical with C7PL nor the changes of the moments at

hips joints. Further evaluation using gait analysis system and

stabilometry is required to elucidate the biomechanical

background of the result in this study.

Pelvic obliquity was significantly correlated with the

BMD ratio for the total proximal femur only in the Lenke

type 1 group (Table 3), possibly because pelvic obliquity

was significantly correlated with coronal balance only in

Table 3 Correlation between radiographic parameters and BMD ratios

Main curve Cobb angle Apical translation Coronal balance Pelvic obliquity Leg length discrepancy

R P value R P value R P value R P value R P value

Femoral neck

Type1 0.013 0.932 -0.060 0.684 0.402 0.005* 0.275 0.058 0.037 0.804

Type5 0.329 0.169 -0.043 0.862 0.478 0.038* 0.165 0.499 0.293 0.223

Total proximal femur

Type1 0.011 0.939 -0.048 0.747 0.464 0.001* 0.446 0.001* 0.155 0.297

Type5 0.307 0.201 0.231 0.342 0.498 0.030* 0.062 0.800 0.153 0.531

Bold values indicate statistical significance at (P \ 0.05)

R correlation coefficient

* Significant correlation by Pearson correlation analysis

Fig. 1 Relationships between

coronal balance, pelvic

obliquity, and proximal femur

BMD In Lenke type 1 the pelvis

and the proximal femur BMD

were raised (a) on the concave

side with a C7PL shift to the

convex side, and (b) on the

convex side if C7PL shifted to

the concave side. In Lenke type

5, C7PL generally shifted to the

convex side, with (c) BMD

raised on the concave side and

the pelvis raised on the concave

side
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this group. In Lenke type 1 curve, if the C7PL shifts to one

side, the contralateral pelvis elevates (Fig. 1a and b). In

patients with Lenke type 5 curve, however, pelvic obliquity

may relate to the lumbar curvature rather than the coronal

balance, so the pelvis is usually higher on the concave than

on the convex side (Fig. 1c).

In conclusion, bilateral difference in the proximal femur

BMD was significantly correlated with coronal imbalance

in both the Lenke type 1 and type 5 groups, where the

C7PL shifted toward one side, the proximal femur BMD

was greater on the opposite side. This conclusion should be

tested by further biomechanical studies.
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