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ABSTRACT
Three-dimensional geometric and structural measurements of the proximal femur are of considerable interest in understanding the

strength of the femur and its susceptibility to fracture. Quantitative computed tomography (QCT) with a small voxel size (�1mm per

side) is the current ‘‘gold standard’’ to examine the macrostructure of the femur, but it has a high effective radiation dose (approximately

2 to 5mSv) and cost. Volumetric dual-energy X-ray absorptiometry (VXA) uses a commercially available DXA system (Hologic Discovery A)

to reconstruct the proximal femur from four DXA scans delivering an effective radiation dose of 0.04 mSv. VXA was compared with QCT

(voxel size of 0.29� 0.29� 1mm) in 41 elderly women (age 82� 2.4 years) at slices located at the femoral neck and trochanteric regions

of interest. For parameters of shape, the femoral neck axis length (FNAL) and the cross-sectional slice area (SA), accuracy and strong linear

correlations (r¼ 0.84 to 0.98) were demonstrated. Similar correlations (r¼ 0.81 to 0.97) were observed for the density parameters, the

cross-sectional bone area (CSA) and volumetric bone mineral density (vBMD). VXA also demonstrated strong correlations (r¼ 0.76 to

0.99) for the engineering parameters of the minimum, maximum, and polar cross-sectional moments of inertia (CSMIs) and the section

modulus (Z). We conclude that VXA is capable of generating a variety of 3D geometric and structural measurements that are highly

correlated with QCT in elderly subjects in vivo. Moreover, the VXAmeasurements can be made with a commercially available DXA device

at a very low radiation dose. � 2010 American Society for Bone and Mineral Research.
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Introduction

Proximal femur areal bone mineral density (aBMD, g/cm2)

measured by dual-energy X-ray absorptiometry (DXA) has

been shown in many prospective studies to be a major predictor

of fracture risk.(1) As such, it is the current clinical standard for the

diagnosis of osteoporosis. Furthermore, DXA is inexpensive, has

a very low radiation dose (effective dose of less than 0.01 mSv),

and has been shown to be cost-effective for the management of

bone disease.(2,3) Nevertheless, as a measure of the structural

integrity of bone, DXA has limitations. DXA is a 2D projection

measurement of a 3D object, which limits the geometric and

structural information that can be derived from a DXA exam and

may, in turn, limit its ability to predict fracture risk. This may

account, in addition to the propensity to fall, for the fact that that

more than half of women who suffer a hip fracture do not have

low aBMD as measured by DXA.(4–6)

Because quantitative computed tomography (QCT) provides a

3D measurement at moderately high resolution (voxels � 1mm

in all dimensions), it is considered the ‘‘gold standard’’ for

measurements of bone macrostructure. However, the radiation

dose required for moderately high-resolution QCT (effective

dose 2 to 5mSv), alongwith the high cost of suchmeasurements,

has to date limited QCT’s use primarily to research studies.(7)

There has long been a desire to obtain 3D geometric and

structural information about bone from a few 2D X-ray images. If

this goal were achievable, it would circumvent the high-dose,

high-cost, and access limitations associated with QCT. Volumetric

reconstruction of an arbitrary object sampled with d pixels

requires aboutpd/4 images, for example, 200 images for a matrix
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of 2562 pixels. However, if one has a priori knowledge of the

object to be measured, multiple methods have been postulated

for volumetric image reconstruction of the object with fewer 2D

images. These methods have been an active area of research

for many years.(8–14) DXA images are particularly well suited

for limited field-of-view image-reconstruction methods of the

skeleton because the soft tissue can be subtracted from the

patient image, greatly reducing image complexity. This report is

the first to examine in vivo the correlation with QCT of structural

and geometric parameters obtained from volumetric DXA (VXA)

constructed from four DXA images.

Materials and Methods

Study subjects

Forty-eight subjects for this study were recruited at random from

the CAIFOS Age Related Extension (CARE) study, a population-

based study of ambulatory elderly women. The only exclusions

were focal bone disease or osteomalacia.(15,16) The mean age of

participants was 82.8 (SD 2.5) years, height was 157.4 (6.1) cm,

weight was 64.2 (10.7) kg, and body mass index (BMI) was 25.9

(3.9) kg/m2. Informed consent was obtained from each patient,

and the study was approved by the Sir Charles Gardiner Hospital

Ethics Committee.

Data acquisition

The VXA measurements consisted of four DXA images of the

proximal femur taken with a Discovery A bone densitometer

(Hologic, Inc., Bedford, MA, USA) at –21, 0, 20, and 30 degrees,

where the angle is measured relative to the posteroanterior

image (0 degrees). The total effective radiation dose was

0.04mSv.(17) QCT of the same hip wasmeasured on the same day

as the VXA using a 64-slice Phillips CT Brilliance 64 (Phillips

Healthcare, Best, The Netherlands) with a Mindways calibration

phantom (Mindways Software, Inc., Austin, TX, USA) placed

below the patient. The QCT technique factors were 120 kV,

170mA, pitch of 1, 1-mm slice thickness, reconstruction kernel B,

and 15-cm reconstruction field of view, resulting in a 0.29-mm

in-plane voxel size. Total effective radiation dose was 4 mSv.

Periosteal and endosteal bone surfaces of the QCT images were

segmented using the Medical Image Analysis Framework (MIAF)

software package developed at the University of Erlangen.(18)

Four subjects did not have the proximal femur scanned

appropriately, 1 scan file was corrupted during data transfer,

and in 2 cases the femurs were not segmented successfully,

yielding 41 subjects with complete data for this analysis.

Development of the proximal femur atlas

In this study, the limited information from the four DXA images

available for mathematical image reconstruction of the proximal

femur was supplemented by incorporating information from a

statistical model or atlas created using software developed at

Johns Hopkins University.(8,14) The data for the atlas came from

the QCT scans of 99 white women aged over 65 years acquired

with a Siemens Sensation 64 (Siemens Medical Systems,

Erlangen, Germany) and used the same acquisition as described

earlier but used the B40s reconstruction kernel. The entry and

exclusion criteria for these women, who were a subset of the

Erlangen Senior Fitness and Prevention Study (SEFIP), have been

published previously.(19)

A proximal femur statistical atlas was generated by fitting a

tetrahedral model with shape and density information onto each

subject’s segmented proximal femur QCT scan.(20) From these

individual models, an average tetrahedral femur model was

derived. Deformation fields then were calculated from this

average femur model to each subject’s tetrahedral model.

Principal-components analysis was performed on the deforma-

tion fields to calculate the principal modes of variation. This

allowed the most important features of the shape and density of

the atlas to be summarized by using the average femur along

with a discreet number of modes of variation. In this analysis, we

used eight modes of variation.

VXA method

The VXA method reported here extends earlier work on

‘‘deformable’’ 2D/3D registration of statistical atlases of bony

anatomy to X-ray images.(13,21–24) The method is an iterative

process (Fig. 1). The four DXA images are compared with

projections of an iteratively modified tetrahedral subject model.

The process begins by assuming an average femur derived from

the femur atlas. At each iteration, the pose (location and

orientation in space), scale, and modes of variation of the

statistical model are varied to minimize the difference between

the simulated DXA images from projections of themodel and the

actual acquired DXA images. Thousands of iterations are

performed, and the summed mutual information of the four

images is minimized. The resulting tetrahedral model of the

subject’s femur, when projected into the four angles measured

by DXA, closely approximates the DXA images, particularly for

shape and, to a lesser extent, for density. To better approximate

the subject’s femur density, as a final step, aBMD in each pixel of

the posteroanterior VXA projection calculated from the subject’s

model is calibrated to the measured aBMD value in the

posteroanterior DXA image. The BMD values of all voxels in

the model contributing to the projected pixel were linearly

scaled so that the aBMD of the projected pixel was equal to the

measured aBMD of corresponding pixel in the posteroanterior

DXA image. The voxel density was calibrated to DXA based on

the value for cortical bone from the National Institute of Standard

and Technology (NIST) (1850mg/cm3).

The completed VXA image is a volumetric model of the

subject’s proximal femur containing patient specific shape and

volume information (Fig. 2) identical in format to a segmented

QCT image. By construction, the subject’s VXA image is located in

DXA space with a known pose with respect to the densitometer.

However, the QCT image is located in CT space, and the

orientation of the patient femur is likely different than for the

DXA measurement. For accurate comparison, the segmented

QCT image of each subject’s proximal femur was fitted with a

tetrahedral mesh, and the QCT image then was transformed to

DXA space by changing the pose of the QCT image until four

simulated DXA images from projections of the QCT image

minimized the difference with the four DXA images taken in the
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VXA acquisition. This allows comparison between VXA and QCT

without the confounder of different regions of interest (ROIs). An

ROI chosen on the posteroanterior DXA image can be placed

accurately on the VXA and QCT volumes because they are

aligned with this image.

Regions of interest (ROIs) and measured parameters

Primarily two ROIs are used in this article. Both are 1-mm-thick

slices that are perpendicular to the plane defined by the

posteroanterior DXA image and correspond to the narrow neck

(NN) and the intertrochanteric (IT) regions used for Hip Structure

Analysis (HSA) analysis in DXA (APEX Version 3.0, Hologic,

Bedford, MA, USA). On the DXA image the NN ROI cuts through

the center of the femoral neck, whereas the IT ROI is through the

greater trochanter (Fig. 2). Additionally, a third ROI, the minimal

neck area, was defined as the plane through the femoral neck

that had minimal area. Unlike the other two ROIs, this minimal

neck area ROI was found independently on the VXA and

QCT images and was not in general perpendicular to the

posteroanterior DXA image.

All reported parameters [ie, femoral neck axis length (FNAL);

slice area (SA); cross-sectional area of bone (CSA); volumetric

BMD (vBMD); the polar, minimum, and maximum cross-sectional

moment of inertia (CSMI); and the section modulus (Z)], used the

same algorithm for the QCT and VXA images and are defined in

detail in the Appendix. QCT was considered the ‘‘gold standard,’’

and VXA was compared with QCT by linear regression analysis.

Fig. 1. Diagrammatic description of the development of the VXA model.
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Results

VXA QCT structural comparisons

For the structural variables of FNAL, SA, CSA, and vBMD, high

linear correlations were demonstrated for all of the ROIs (r¼ 0.81

to 0.98), as shown in Fig. 3. The slopes and offsets of the linear

regressions for the regions are reported in Table 1. The length of

the FNA was the same for VXA and QCT. The SA was slightly

larger (2% to 9%) with VXA. For the NN and IT regions, the offset

of the regression for SA did not reach statistical significance

(p¼ .34 and p¼ .12, respectively), but for the combined regions,

the offset was highly significant (p< .01).

The regressions of the parameters that contained density, CSA,

and vBMD indicated that a slope and offset are required to cross-

calibrate between VXA and QCT. This is not surprising because

VXA was calibrated to DXA aBMD calibration standards, which

were different from the QCT calibration standard.

VXA QCT engineering comparisons

As shown in Fig. 4, strong correlation also was observed for all

regions for engineering parameters that measure resistance to

bending forces, CSMI, CSMImin, CSMImax, and Z (r varied from 0.76

to 0.99). CSMImin showed lower correlations than the other

parameters and was the only engineering parameter with a

statistically significant offset (0.18� 0.05 cm4) for the combined

data.

The correlation of VXA and QCT also was examined at the

minimal neck area ROI. However, this ROI did not give statistically

different results from the NN ROI for the r value for any of the

reported parameters (data not shown).

Discussion

This study is unique in its methodology and is the first to report

on truly 3D density-based parameters acquired in vivo by a DXA

scanner. Strong correlations with minimal offset were observed

between shape and structural parameters calculated by VXA and

QCT in the femoral neck and trochanteric regions of the femur.

This finding demonstrates that both the shape and density of the

VXAmodel strongly correlate with the QCT of the subject’s femur

in these regions. The femoral neck and trochanteric regions are

of particular interest because they are the regions where most

femoral fractures occur, and femoral fractures are the most

severe consequence of osteoporosis.

A strength of the method used in this study is that the model

was fit using both the shape and density of the complete

proximal femur. Thus, even areas of the femur outside the region

of interest assist in constraining the measured regions. When the

shape of VXA was compared with QCT, a small systematic

overestimation of the physical cross-sectional area of the femoral

neck of 9% and, to a lesser extent (2%), the trochanteric region

was observed. This overestimation was not seen in the FNAL

parameter, which measures a distance approximately in the

plane of the posteroanterior image. This is likely due to the

limited angles available to DXA because there is no angle that

provides a good constraint on the posteroanterior depth of the

femoral neck. It would be highly desirable to obtain greater

angular coverage so as to have at least a 90-degree angular

range between the two most separated DXA images. However,

this study used the maximum angle obtainable on the only C-

arm densitometer available commercially, which is 51 degrees.

Additionally, this angular separation also approaches the

practical limit imposed by patient anatomy because angular

separation beyond about 60 degrees will be obscured either by

the contralateral femur or the acetabulum.

At its current stage of development, VXA does not allow

separation between the cortical and trabecular components of

the bone, nor is the width of the cortex modeled accurately

(Fig. 2). This limitation is shared by low-resolution QCT, where the

voxel size is larger than the cortical width. Even with the higher-

resolution QCT approach used in this study, certain cortical

widths, such as at the upper femoral neck, are not measured

reliably. A future area of research, which potentially could allow

VXA to accurately model the cortical and trabecular components

separately, would be to explicitly include the cortical and

trabecular segmentation during the construction of the VXA atlas

Fig. 2. Volume rendering of a VXA image showing the sections and lengths measured and two cross-sectional slices showing density distribution. On the

image on the left, the femoral neck axis length (purple line) and the narrow neck (NN) region (yellow shading; darker yellow indicates higher density) are

shown. The middle image shows the slice through the intertrochanteric (IT) region. The blue volume on the third image from the left shows the size of a

slab used for the narrow neck vBMD calculation. The two images on the upper far right are cross-sectional slices with density indicated by brightness and

on the bottom right is the posteroanterior DXA image with the NN and IT regions shown.
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along with the use of smaller tetrahedrons or a different model

representation. One then could investigate whether the

relatively low-resolution DXA images currently used clinically

provided sufficient constraint to separate cortical and trabecular

bone accurately.

An additional consideration is that VXA is model-dependent.

The accuracy of the reconstructed VXA volume depends on

whether the VXA atlas has modes of variation that contain the

anatomic uniqueness of the patient. In this study, good success

was found in predicting elderly white Australian women from

less elderly white German women. Further work will be required

to determine whether men or other ethnicities can be modeled

with this atlas or whether gender- and ethnicity-specific atlases

will need to be created.

This study has a number of strengths. First, it was an in vivo

study of elderly women in whom bone mass was low. Therefore,

it is expected that translation of the method to somewhat

younger individuals who typically have higher bone mass, fewer

degeneracies, and better-defined structure is likely to be less

difficult. Second, results were compared with QCT taken at a

relatively high spatial resolution. In particular, the slice thickness

of 1mm was much thinner than the 3mm used in many QCT

protocols. Third, the software used to calculate the parameters of

the VXA and QCT volumes was identical, thus eliminating any

possible algorithmic differences. Fourth, the VXA and QCT

volumes were coregistered, so region placement differences

were eliminated. Finally, a number of geometric and density

parameters were compared in the two most important fracture

regions of the proximal femur, and strong correlations were

observed for all these parameters.

It also must be emphasized that the sample size was relatively

small and designed to study technical aspects of a new

technology rather than VXA’s ability to predict fracture.

There are several potential advantages of VXA over QCT. The

cost of installation and servicing of a DXA device is far less than

for QCT. In addition, most patients evaluated for osteoporosis are

already referred for DXA BMD measurements, so the additional

burden of obtaining 3D data on the same device is minimal in

terms of subject scheduling and the total time required per study

subject. Finally, achieving accurate 3D shape and structural

measurements using four DXA images on a commercially

available bone densitometer required an effective dose that was

100 times smaller than the dose delivered by QCT. Even with

more advanced dose-reduction techniques now available for

Fig. 3. VXA versus QCT for the structural parameters. FNAL was found independently on VXA and QCT, whereas SA, CSA, and vBMD used the NN and

IT regions defined from the posteroanterior DXA image with APEX 3.0 HSA software.
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QCT, a difference of a factor of 30 to 50 would remain. Radiation

dose is an increasing concern both to the public and to

institutional review boards.

The closest study to the present one is by Kolta and

colleagues(10) using cadaver femurs and comparing multiple

DXA and QCT images. Kolta and colleagues studied 25 human

cadavers using a Delphi W (Hologic) and a special fixture that

allowed the femur to be rotated by 90 degrees for the two

acquired images. To translate their method to a practical in vivo

method that could be performed on a commercial densitometer

would require overcoming multiple problems. Perhaps the most

serious problem to overcomewould be that one of their two DXA

images was a lateral image of the femur, which in vivo would be

obscured by the contralateral femur and pelvis. Another

significant difference between our method and the method

used by Kolta and colleagues is that their method only models

the shape of the femur, not its density. This excludes the

possibility of calculating many important structural parameters

such as CSMI, Z, and vBMD. Finally, Kolta and colleagues did not

report comparisons of FNAL and SA with QCT, so a direct

comparison with our in vivo study is not possible.

We conclude that VXA may be a promising technology for in

vivo measurements of a variety of 3D shape and macrostructural

measurements of the proximal femur in elderly white women.

The technique is also more convenient and cost-effective than

QCT and uses a significantly lower effective dose. The fact that it

can be undertaken using equipment currently available to

clinicians also makes it an attractive proposition. However,

further studies will be required to establish it as a viable

alternative to QCT in research and clinical practice. In relation to

the true clinical advantage of VXA over CT and DXA, the ‘‘gold

standard’’ will require demonstration of increased predictive

power of fracture events. In the meanwhile, case-control

comparisons of predictive power using receiver operating

characteristic (ROC) analysis in fracture and nonfracture patients

will be of great interest.
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Appendix

The parameters reported in this study were defined as follows:

Slice area (SA, cm2) is the area defined by the outer dimension

of the periosteal boundary of the cross section of the slice.

Cross-sectional area (CSA, cm2) is the area of the slice defined

as bone. Thus the area of each pixel is weighted by the amount of

bone in the pixel.

Cross-sectional moment of inertia (CSMI, cm4) for a slice is a

two-component vector. If rðx; yÞ is the volumetric bone density

in mg/cm3 per voxel in the slice and rNIST¼ 1850mg/cm3,

ðxCM; yCMÞ is the location of the center of mass. Define the center

of mass coordinate system as

x̂ ¼ ðx�xCMÞ
ŷ ¼ ðy�yCMÞ

Table 1. Results of Linear Correlation of VXA versus QCT at the Narrow Neck Region, the Intertrochanter Region, and Combined Regions

Narrow neck Intertrochanter Combined

Femoral Neck Axis Length (cm)

r 0.93 — —

Offset N.S. — —

Slope 1.001 (0.003) — —

Slice area (cm2)

r 0.89 0.84 0.98

Offset N.S. N.S. 1.2 (0.3)

Slope 1.09 (0.01) 1.02 (0.01) 0.95

Cross-sectional area (cm2)

r 0.93 0.93 0.97

Offset N.S. N.S. 0.11 (0.04)

Slope 0.93 (0.01) 0.88 (0.01) 0.83 (0.02)

vBMD (mg/cm3)

r 0.81 0.89 0.87

Offset 69 (19) 38 (14) 48 (11)

Slope 0.59 (0.07) 0.69 (0.06) 0.66 (0.04)

Note: Numbers in parenthesizes are standard error. N.S. indicates that the offset (ie, intercept) was not significantly different from zero, in which case the

slope is reported with the offset fixed to zero. The linear coefficient r is reported with the offset not fixed to zero.
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Then

CSMIx ¼
ZZ

ŷ2
rðx; yÞ
rNIST

� �
dxdy

CSMIy ¼
ZZ

x̂2
rðx; yÞ
rNIST

� �
dxdy

CSMIxy ¼
ZZ

x̂ŷ
rðx; yÞ
rNIST

� �
dxdy

and

CSMI ¼ CSMIx þ CSMIy

CSMImax ¼ CSMI

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CSMIx�CSMIy
� ��

2
� �2 þ CSMI2xy

q

CSMImin ¼ CSMI

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðCSMIx�CSMIyÞ=2
� �2 þ CSMI2xy

q

Thus CSMI without a subscript is the polar CSMI with the origin

located at the center of mass. CSMImax and CSMImin are the

minimum and maximum values of CSMI. The r(x, y)/rNIST term

defines the bone fraction within a pixel and accounts for partial-

volume effects of the finite voxel size. This definition of the

moment of inertia is consistent with that defined by Martin and

colleagues(25) and is consistent with what is reported by HSA in

the published literature.

Section modulus (Z, cm3) is CSMI/rmax.

vBMD (mg/cm3) is the volumetric density of the ROI for a 10-

mm-thick slab centered on the ROI slice.

Femoral neck axis length (FNAL, cm) is perpendicular to the

narrowest plane of the femoral neck. The length of the axis was

through the center of mass to the edge of the femoral head

where the axis exited the femur proximally. To reduce noise

introduced by osteophytes, the FNAL was the median value of

the nine line segments, all parallel to the neck axis but equally

distributed around the neck axis in a circle with a 1-mm radius.
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