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Abstract

The common method to evaluate femoral fracture risk was to measure bone mineral density.
However, the morphology of proximal femur also had a great influence on fracture risk. The
objective of this paper was to measure three-dimensional morphological parameters of proxi-
mal femur more accurately. A new measurement method was established by reverse engineer-
ing technique. Fifty-one subjects with the age range of 66-75 were divided into two age groups.
All subjects were scanned using QCT and the right femurs were reconstructed to perform the
measurement. There were eight three-dimensional morphological parameters measured. Cus-
tom developed algorithm for parameters measurement was validated to be reliable. Relation-
ships between these parameters were analyzed. Statistical results showed that there were
strong correlations between the parameters. There were large differences in morphological
parameters between different age groups. This study provides the basic data about the mor-
phologies of proximal femur in elderly male and the references for the fracture risk evaluation
of proximal femur for elderly.
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Introduction

Osteoporosis is a kind of disease characterized by reduced
bone mineral density (BMD), deteriorated bone micro-
structure and increased bone fragility. The sites most sus-
ceptible to osteoporosis are those full of cancellous bones,
such as proximal femur, thoracic and lumbar vertebral
bodies. Osteoporosis can reduce the mechanical proper-
ties of bone, and the most serious consequence is fracture
[1].

The proximal femur is composed by three parts of femo-
ral head, femoral neck and femoral shaft. The majority of
femoral head and femoral neck consist of cancellous
bones, which are prone to osteoporosis. In the natural
standing state, proximal femurs bear full weight of the
upper body. Proximal femurs are susceptible to fracture
for the elderly with severe osteoporosis.

With the increase of age, bone mass of healthy males de-
clined sharply. There were also high fracture risk existed
in aging men [2]. Mazess noted that from the age of 70,
bone mass in femoral neck and greater trochanter declined
sharply. It was found that age and weight might have im-

pact on fracture risk and fracture type [3, 4].

Low BMD is one of the most important indicators of frac-
tures [5]. However, fracture risk cannot be solely evalu-
ated from BMD. There are also some patients with high
fracture risk but normal BMD. The morphology of prox-
imal femur is also an important indicator of proximal fe-
mur fracture [1, 6, 7, 8, 9, 10].

Previous studies of proximal femoral morphology were
about the relationship between hip axis length (HAL) and
hip fracture risk. However, no consensus was achieved.
On the one hand, some researchers found that there was a
strong correlation between HAL and fracture risk [7, 8, 11,
12]; but on the other hand, there were also some investi-
gations that did not find such a correlation [13, 14, 15].
The studies mentioned above were mostly based on the
two-dimensional Dual-energy X-Ray absorptiometry
(DXA) images. As a matter of fact, planar image was only
a projection of the object, which could not reflect the
complex three-dimensional morphology of femur. Since
the positions of the subjects may not uniform during the
X-Ray scanning, large individual differences may occur
from those images obtained. This may lead to a non-
unified measurement [16].
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The process of scanning usually brings in errors. The
most accurate measurement is to measure the skeleton
directly. This method can only be used to the three-
dimensional morphological parameters in vitro, but not in
vivo. The operating habits of the operators would also
have a great impact on results, so this measurement re-
quires professional staff to complete the experiment and is
not suitable for measuring a large number of in vivo sam-
ples.

Another method of morphological parameters measure-
ment is to measure the parameters on three-dimensional
proximal models that were reconstructed from clinic QCT
images by reverse engineering technique. As X-ray planar
imaging technology will zoom the object, there may be a
large error existed in the morphological parameters when
considering the measurement accuracy. This error is about
12% of general X-ray machine [17] and about 7% of
DXA [18, 19], but with no errors in QCT. A previous in-
vestigation regarding cadaveric femurs was performed to
measure the morphological parameters on X-ray images,
CT images, as well as on the skeleton directly. The results
showed that there was 2.4 mm error occurred on X-ray
images and only 0.9 mm error on CT images. There was
few literature on the comparison between computer aided
measurement and manual measurement for one sample in
vivo. So the differences between these two methods can-
not be evaluated.

Accordingly, in this study, three-dimensional femur mod-
els were reconstructed from clinical QCT images by re-
verse engineering method. The measurements on the re-
constructed models were accomplished entirely by com-
puter aided method. All calculations were compiled into a
program. Therefore, three-dimensional morphological
parameters could be calculated conveniently through the
feature points coordinates snapped by cursor. Eight repre-
sentative three-dimensional morphological parameters of
proximal femur were measured on the reconstructed mod-
els. We combined three-dimensional morphological pa-
rameters with age, weight, height and BMD to perform a
series of statistical analysis to find their correlations. This
study may provide the basic data about the morphologies
of proximal femur in elderly male and the references for
the fracture risk evaluation of proximal femur for elderly.

Materials and Methods

Subjects
In this study, Fifty-one healthy Chinese males with no
history of femoral disease or hip disease were selected as
subjects. The range of age was 66-75, and the average age
was 70.5 years old. All samples were divided into two age
groups to observe the morphological differences in the
femur. Group A was the subjects with 66-70 years old and
the average age was 68; group B was the subjects with

71-75 years old and the average age was 73. Height,
weight and BMD of all subjects were recorded as parts of
morphological parameters of proximal femur. Written
informed consents were obtained from all the subjects.

Computed Tomography Scanning
All subjects were scanned using clinic QCT (GE Medical
Systems/LightSpeed 16). Since the radiation dose on sub-
ject should be strictly controlled, the scanning area was
the part from upper edge of the acetabulum to 50mm be-
low the less trochanter. QCT scan acquisition was per-
formed with 80kv, 260mAs, 512×512 matrix, 0.938 mm
pixel size and 2.5mm increment. All QCT data were im-
ported into reverse engineering software MIMICS 10.01
(Materialize Inc.). All right femurs were used to do 3D
reconstructions. After a series of operations, i.e., creating
masks, region growing, 3D objects calculation and
remeshing, models of right femurs were established. The
subjects may not hold on a unified position during the
process of scanning, in order to set a uniform measure-
ment standard, all models need to be rotated and trans-
lated to a specified position according to the coordinate
system generated by CT machine. Each model recon-
structed by MIMICS was rotated around the X-axis and
Y-axis respectively in MAGICS 13 (Materialize Inc.) to
ensure that the shaft axis was perpendicular to XOY plane.
As the shaft axis was fixed and morphological parameters
were measured on three-dimensional models directly, an-
teversion did not affect the parameters measurement
much [20]. The femoral model in the unified position was
shown in Figure 1.

Measurements of morphological parameters of proximal
femur
Morphological parameters of the proximal femurs were
measured in MAGICS. Eight three-dimensional morpho-
logical parameters of proximal femur were measured,
which were shown in Figure 2. Two auxiliary lines need
to be created during the measurement process, which
were shaft axis of proximal femur and neck axis. Shaft
axis of proximal femur: shaft of femurs in most old peo-
ple were curved, but shaft axis of proximal femurs almost
keep straight. So the lower edge of lesser trochanter and
25 mm below the lower edge of lesser trochanter were cut
off, and the contours of cross-sections were fitted with
circles. The connection of two circle centers was defined
as shaft axis of proximal femur. Neck axis: we cut off the
narrow end of femoral neck and fit the cross-section with
a circle. The connection of circle center and head center
was defined as neck axis. Generally, there were three
types of neck cross-section: circle, ellipse and triangle.
The fitting circle was defined as the contour of cross-
section to the circle, short axis of the ellipse as diameter
of fitting circle and circumcircle of triangle.

The parameters were defined as follows [21]:
HD: diameter of femoral head. Fit the contour of the fem-
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oral head with a circle at front view, top view and right
view, respectively. The mean of the diameters of the fit-
ting circles is defined as diameter of head. The mean of
the center coordinates are defined as HC.

HH: height of femoral head. Altitude difference from HC
to the top of lesser trochanter.

OFF: offset. Distance from HC to shaft axis.
NSA: neck shaft angle. Skew lines angle between neck
axis and shaft axis.
TRH: altitude difference from HC to the top of greater
trochanter.

TOF: thickness of femur. Thickness of the femur 25 mm
below the lower edge of the lesser trochanter, i.e., the av-
erage thickness of femoral shaft in the front, rear, inside
and lateral sides.
ND: neck diameter. Fit the contour of the narrow end of
neck cross-section with a circle. The diameter of the circle
is defined as ND.
NL: length of neck. Distance between the two intersec-
tions points of neck axis and femur contour.

HD and TOF could be calculated by snapping node coor-
dinates of femoral surface, but other parameters could not
be calculated directly. The models should be cut off, and
then the node coordinates inside the model could be
snapped to measure these parameters. Therefore, a self-
developed program was made to integrate the process of
parameters' calculation in Visual Studio 2008, which can
calculate the three-dimensional parameters of proximal
femur automatically. The program interface was shown in
Figure 3.

Verification about the measurement method
Five samples were selected randomly from the fifty-one
samples to perform rapid prototype (RP) modeling, which
were shown in Figure 4. Three-dimensional morphologi-
cal parameters were measured manually on the RP models
with micrometer and protractor. Paired T test was per-
formed between manual measurement and computer aided
measurement to validate our method.

Statistical analysis
All parameters measured and age, height, weight, BMD
were imported into statistical software SPSS 16.0 to per-
form statistical analysis. The mean value and the standard
deviation were calculated for each parameter. Bivariate
correlations analysis was performed between each two
parameters. Independent-samples T test were performed
for each parameter between group A and group B to ob-
serve the differences of morphology between different age
groups.

Comparison with traditional 2D measurement method
In order to compare the difference with 2D measurement

method, we also simulated a 2D environment in MAGICS
and measured the 2D morphological parameters of each
proximal femur. The definition of 2D morphological pa-
rameters of proximal femur was shown in Figure 5 [9].
Paired T test was performed for all eight parameters be-
tween two measurement methods, so we could find out
whether there were differences existed between two
methods.

Results

The three-dimensional morphological parameters of prox-
imal femurs were shown in Table 1. There were signifi-
cant differences in parameters HD and ND between the
two age groups. Bivariate correlations test were per-
formed for all the parameters. The result was shown in
Table 2. There were significant correlations between mor-
phological parameters. It was found that AGE correlated
with HD, ND and NL, WGT correlated with HGT, TOF
and BMD. BMD only significantly correlated with WGT
and TOF, respectively. And the most relevant parameters
were NSA and TRH. TOF didn’t correlate with any other
morphological parameter.

Figure 1. One proximal femoral model in the unified po-
sition, the proximal shaft axis of which was perpendicular
to XOY plane

Paired T test was performed for manual measurement on
RP models and computer aided measurement. Table 3
shows that the p value in the comparison of each parame-
ter was larger than 0.05, which means that there were no
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significant difference between the two measurements.
Manual measurement could be replaced by computer aid-
ed measurement we developed in this paper.
In order to compare the differences between 2D parame-

ters and 3D parameters, paired T test was performed for
the two measurements, which was shown in Table 4.
There were significant differences under the two meas-
urements  for parameters HH, OFF, TOF, ND and NL

Figure 2. Measurements of three-dimensional morphological parameters of proximal femur. They are diameter of head
(HD), height of head (HH), offset (OFF), neck shaft angle (NSA), altitude difference from head center to the top of great
trochanter (TRH), thickness of femur (TOF), diameter of neck (ND), length of neck (NL), where NSA is an angle of skew
lines between shaft axis and neck axis.

Figure 3. Program interface of three-dimensional morphological parameters’ calculation of proximal femur
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Figure 4. Measurement of 2D morphological parameters of proximal femur, in which HD=LM; HH= DG; OFF= BD;

NSA=∠KND; TRH=PQ; TOF=RI; ND=CE; NL=AF.

Figure 5. Rapid prototype models of five proximal femurs

Table 1. Three-dimensional morphological parameters of proximal femur in two different age groups

Parameters Group A Group B P value
AGE (year) 67.92±1.3820 73.0385±1.4277 0.000*

WGT (Kg) 60.588±7.5759 57.3654±7.6780 0.138
HGT (cm) 161.852±5.1744 163.8462±4.7777 0.159
BMD (g/cm3) 0.865±0.1046 0.8083±0.1246 0.085
HD (mm) 47.6483±1.7448 48.8720±2.1887 0.032*

HH (mm) 46.2026±5.6391 48.0016±6.7731 0.309
OFF (mm) 37.8201±3.9379 38.2476±4.5263 0.721
NSA (degree) 126.0779±6.3039 126.896±6.2753 0.644
TRH (mm) 8.3710±5.3598 8.6712±4.0841 0.822
TOF (mm) 9.4549±0.7371 9.2150±0.9931 0.334
ND (mm) 34.8184±3.2642 37.2116±2.6514 0.006*

NL (mm) 89.4211±6.4443 92.2888±7.1455 0.139
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* p<0.05
Table 2. Correlation analysis of morphological parameters of proximal femur

AGE WGT HGT BMD HD HH OFF NSA TRH TOF ND NL
AGE 1 -.090 .176 -.237 .316* .124 .067 .053 .037 -.098 .328 .331*

WGT 1 .284* .606** .182
-
.108

-.132 .056 .058 .355* .210 .158

HGT 1 -.027 .322* .225 .149 .127 -.042 .043 .265 .393**

BMD 1 -.045
-
.228

-.196 -.087 .077 .613** -.048 -.156

HD 1 .187 .203 .029 .145 .023 .646** .400**

HH 1
-
.463** .681** -

.767** -.171 .142 .315*

OFF 1
-
626** .617** .081 .073 .200

NSA 1
-
.778** -.230 .031 .146

TRH 1 .061 .125 -.166
TOF 1 .065 -.103
ND 1 .256
NL 1

*. Significant correlation at the level of 0.05 (two-tails)
**. Significant correlation at the level of 0.01 (two-tails)

Table 3. T test results of manual measurement and com-
puter aided measurement

Parameters Sig. (2-tailed)

HD .481
HH .432
OFF .756
NSA .092
TRH .673
TOF .835
ND .578
NL .296

Table 4. T test results of the comparison between 2D and
3D parameters

Parameters Sig. (2-tailed)

HD .081
HH .016
OFF .000
NSA .118
TRH .092
TOF .000
ND .003
NL .008

Discussion

With the help of medical imaging technology, in this pa-
per, an algorithm for measuring three-dimensional mor-

phological parameters of proximal femur has been devel-
oped. In our pilot study, we have taken a measurement of
20 samples [22]. Correlation tests were performed be-
tween every two parameters and differences tests were
performed between two age groups. Only non-parametric
tests could be performed duo to small sample size. In this
study, in order to further verify the algorithm, we also
measured the same morphological parameters directly on
rapid prototyping models by micrometer and protractor.
The paired T test proved that the computer aided method
we developed was reliable. The algorithm of morphologi-
cal parameters of proximal femur designed by Dong and
Zheng fitted femoral head into sphere, fitted femoral neck
into round table and fitted shaft of femur into cylinder
[23]. However, fitted proximal femur may miss a lot of
morphological information. In the algorithm designed by
us, in order to describe the morphology of femurs more
feature points coordinates’ information were snapped. The
cross-sectional shapes of different femoral necks were
quite different, so for the different femoral necks, re-
peated measurements were taken to find the narrow end
of femoral necks.

Chantarapanich et al. [24] measured femoral curvature
and femoral length of proximal femur which were recon-
structed from CT images. Song et al. [25] fitted the femo-
ral head and part of acetabulum of reconstructed model
with a sphere, and measured the center coordinates and
radius of fitting sphere. However, they did not measure
other parameters of proximal femur but these two parame-
ters, and they did not verify the measurement method ei-
ther. Kaneuji et al. [26] measured the anteversion of re-
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constructed models at coronal plane and sagittal plane
separately. This method was still a measurement of 2D
parameters. Aroonjarattham et al. [27] and Rubin et al.
[28] measured the parameters on cadavers, which cannot
apply to the in vivo measurement. For our method, how-
ever, not only the high accuracy as the measurement on
cadavers could be reached, but also we can obtain the
precise 3D morphology of femurs.

From the result of paired T test between manual meas-
urement and computer-aided measurement, it was found
that there was no significant difference between the two
measurements. This meant that computer-aided measure-
ment using the custom algorithm was reliable for measur-
ing three-dimensional parameters of proximal femur. It
was also possible to measure large number of in vivo
samples with this method. From Table 3, it was found that
although the error between the 5 models reconstructed
from QCT images and skeleton was negligible, there were
still differences existed in the process of measurement
between manual measurement and computer-aided meas-
urement. They mainly came from the modeling process
and measurement process:

1. The process of model reconstructions using re-
verse engineering technique. The threshold of mask
and remesh might have an impact on the size of mod-
els to be measured, but generally this error was less
than the resolution of QCT images.

2. The process of measurements. Although the algo-
rithm could calculate the parameters automatically,
feature points coordinate still need to be snapped
manually. The process of repeated snapping may pro-
duce visual errors, which was about 0.01mm in re-
peated measurements.

3. From the comparison results in Table 4 we found
that there were significant differences between two
measurements in HH, OFF, TOF, ND and NL. Tradi-
tional measurement only measured the parameters on
projection, which cannot reflect the 3D morphological
information of proximal femur accurately. So the reli-
ability of the fracture risk predicted from the 2D pa-
rameters reduced, and even reached the contrary con-
clusion. As 3D morphological parameters were more
accurately than 2D parameters, the data measured
were much closer to the true values. Correlation result
in Table 2 showed that BMD did not correlate with
most of the morphological parameters. However,
BMD and morphological parameters were all impor-
tant indicators that can reflect fracture risk. So we
cannot only focus on BMD or morphology of proxi-
mal femur for fracture risk assessment. These two fac-
tors should be taken into account together so that the
accuracy of femoral strength prediction and fracture
risk prediction can be improved.

The morphology of male femur might be different from
female femur, so during the measurement process, we
eliminated gender impact factor and only measured male
samples. Post-menopausal female generally have severe
osteoporosis. Therefore, the choice of female age groups
was quite different from male. In the future study, we will
take measurement and analysis for female samples.
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