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Abstract

Summary We measured bone texture parameters of excised
human femurs with a new device (BMA™), We also measured
bone mineral density by DXA and investigated the perfor-
mance of these parameters in the prediction of failure load. Our
results suggest that bone texture parameters improve failure
load prediction when added to bone mineral density.
Introduction Bone mineral density (BMD) is a strong
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determinant of bone strength. However, nearly half of the
fractures occur in patients with BMD which does not reach
the osteoporotic threshold. In order to assess fracture risk
properly, other factors are important to be taken into
account such as clinical risk factors as well as macro- and
microarchitecture of bone. Bone microarchitecture is
usually assessed by high-resolution QCT, but this cannot
be applied in routine clinical settings due to irradiation, cost
and availability concerns. Texture analysis of bone has
shown to be correlated to bone strength.

Methods We used a new device to get digitized X-rays of 12
excised human femurs in order to measure bone texture
parameters in three different regions of interest (ROIs). We
investigated the performance of these parameters in the
prediction of the failure load using biomechanical tests. Texture
parameters measured were the fractal dimension (Hmean), the
co-occurrence matrix, and the run length matrix. We also
measured bone mineral density by DXA in the same ROIs as
well as in standard DXA hip regions.

Results The Spearman correlation coefficient between BMD
and texture parameters measured in the same ROIs ranged
from —0.05 (nonsignificant (NS)) to 0.57 (p=0.003). There
was no correlation between Hmean and co-occurrence matrix
nor Hmean and run length matrix in the same ROI (»=—0.04
to 0.52, NS). Co-occurrence matrix and run length matrix in
the same ROI were highly correlated (»=0.90 to 0.99, p<
0.0001). Univariate analysis with the failure load revealed
significant correlation only with BMD results, not texture
parameters. Multiple regression analysis showed that the best
predictors of failure load were BMD, Hmean, and run length
matrix at the femoral neck, as well as age and sex, with an
adjusted 7°=0.88. Added to femoral neck BMD, Hmean and
run length matrix at the femoral neck (without the effect of
age and sex) improved failure load prediction (compared to
femoral neck BMD alone) from adjusted /*=0.67 to adjusted
7=0.84.
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Conclusion Our results suggest that bone texture measure-
ment improves failure load prediction when added to BMD.

Keywords Biomechanics - BMD - Bone microarchitecture -
Bone texture - Failure load - Fracture

Introduction

Bone mineral density (BMD, g/cm?) is a strong determinant
of bone strength [1], but there is an overlap between BMD
values of fractured and non-fractured populations [2].
Nearly half of the fractures occur in patients with BMD
which does not reach the osteoporotic threshold [3]. The
force in a fall is a strong risk factor that is not captured by
BMD. In order to assess properly fracture risk, other factors
are important to be taken into account such as clinical risk
factors as well as macro- and microarchitecture of bone.
Geometric parameters as hip axis length, cross-sectional
moment of inertia, cortical wall thickness, and others [4]
have been shown to be risk factors for fracture independent
from BMD at both hip and vertebrae. Microarchitecture
deterioration is actually included in the definition of
osteoporosis [5]. Trabecular thickness, trabecular separa-
tion, star volume, and bone volume/trabecular volume (BV/
TV) are now assessable by different techniques. Bone
microarchitecture can be measured in three dimensions
(3D) using high-resolution quantitative computed tomogra-
phy (HR-QCT). In postmenopausal women, vertebral and
non-vertebral fractures are associated with low volumetric
BMD and architectural alterations of cortical and trabecular
bone, measured by HR-QCT, partially independently from
BMD [6]. Femoral neck QCT also provides a tool for
longitudinal investigation of bone strength indices in vivo
[7]. However, this technique cannot be applicable to large
populations in routine clinical settings for cost and
availability concerns [8]. There is a growing interest for
the use of techniques with broad availability, as X-rays or
bone densitometry [9, 10]. However, these projectional
methods use the transformation of a 3D structure into a 2D
image, and thus must be validated for bone strength analysis.

Digital radiographs can be used to provide bone texture
parameters as co-occurrence matrix, run length matrix, and
fractal dimension (Hmean) [11]. The fractal parameter
corresponds to Hurst parameter (Hmean) and is represen-
tative of signal roughness, the co-occurrence parameter is
representative of texture homogeneity, and the run length
encoding parameter is representative of the number of short
run length. The limitation of standard digital X-ray is the
spatial resolution, which is around 4 Ip/mm (pixel size,
127 pum) compared to BMA (D3A™ Medical Systems,
Orléans, France) which is between 8 and 10 lp/mm (pixel
size, 50 wm). This is not sufficient to visualize the smallest
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trabeculae having thickness around 100 pum, where a pixel
of 50 um is needed.

Hmean, measured at the calcaneus, is able to discrimi-
nate postmenopausal women with osteoporotic vertebral
fractures from age-matched controls, better than BMD
alone [12]. In another study including 900 postmenopausal
osteoporotic women, texture analysis of the calcaneus
differentiated patients with and without prevalent vertebral
fracture [13]. Fractal analysis of the calcaneus is also
significantly correlated to bone strength evaluated by axial
compression testing [14]. However, the calcaneus is not the
best site to evaluate fracture risk as it is not a site of
osteoporotic fracture, and it may not represent other bones,
as the hip, precisely. It would be more relevant to directly
measure bones as the proximal femur. We used a bone
microarchitecture analysis (BMA) device to measure ex
vivo different texture parameters: the fractal dimension
(Hmean), the co-occurrence matrix, and the run length
matrix at excised human femurs.

The aims of this study were:

—  To compare the texture parameters at different regions of
excised human femurs with the BMD at a site-matched
region of interest (ROI) measured by a DXA device.

— To investigate the performance of these parameters in the
prediction of the failure load using biomechanical tests.

Material and methods

Human femurs were obtained from 12 cadavers (7 women
and 5 men) from donors. All cadaver femurs were obtained
with legal authorization from the Department of Anatomy
(Service du don des corps, Université Paris Descartes, Paris,
France). Specimens were retrieved within 10 days postmor-
tem, wrapped in saline-soaked tissues, and stored at —20°C in
tightly sealed plastic bags. To exclude the presence of
any focal pathology, anterior—posterior and lateral radio-
graphs of all specimens were obtained.

Bone texture analysis

The BMA device, equipped with a 12x12-cm detector
(50 p pixel size), was used to get the digitized anterior—
posterior X-rays of these femurs. In order to standardize the
acquisition technique, a ROI of 128 x 128 pixels was chosen
in the femoral neck. The position of this ROI depends on
that of two points selected by the operator. The device
calculates the gray level average. If this lies within a certain
range, further steps are allowed. If not, the software adapts
the parameters of X-ray acquisition (kilovolt, milliampere
second) and invites the operator to take another X-ray. This
procedure aims at the homogenisation of the gray level
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average of the X-ray and therefore allows the comparison
between different X-rays. This procedure was repeated
with a ROI of the same size chosen in the greater
trochanter and then in the intertrochanteric region. The
precision of the technique was calculated by repeating X-
ray acquisition and analysis three times for ten femurs
without repositioning.

The selection of the ROIs was done according to
anatomical landmarks in order to be reproducible. The
femoral neck ROI was chosen by positioning the two points
in the middle of the upper and the lower borders of the
femoral neck so that the ROI lies in the middle of the
femoral neck approximately at the anatomical Ward’s
triangle (Fig. 1a). For the greater trochanter ROI, one point
was positioned at the junction of the greater trochanter and
the femoral neck, and the other, at the edge of the greater
trochanter on a line perpendicular to the axis of the femur
(Fig. 1b). For the intertrochanteric ROI, one point was
positioned at the junction of the greater trochanter and the
femoral neck, and the other, at the upper edge of the lesser
trochanter (Fig. 1c). The texture parameters given by the
device for each ROI are the fractal dimension (Hmean), the
co-occurrence matrix, and the run length matrix.

BMD measurement

BMD of these femurs was measured on a Hologic QDR
4500A device (Hologic, Bedford, MA). They were placed
in a plastic container with 14-cm-depth water in order to
simulate soft tissues. Precision of the measurement was
calculated by rescanning nine femurs three times without
repositioning. Standard DXA femur analysis was done, and
then, three ROIs were selected within the femoral neck, the
greater trochanter as well as the intertrochanteric region.
The size and position of these ROIs were chosen to be
approximately similar to those on the BMA device.

Mechanical testing

Biomechanical testing for each femur was performed using
an INSTRON 500R material testing machine by an

Fig. 1 Position of the three
ROIs for the measurement of
the BMA parameters (a femoral
neck, b greater trochanter,

¢ intertrochanteric region)

independent observer. Femur specimens were tested in a
documented configuration simulating a fall onto the greater
trochanter [15—17]. The distal third of the specimens were
embedded in a metal container using a low-fusion point
alloy (MCP 70; MCP Metalspecialties Inc, Fairfield, CT). It
was positioned with the femoral shaft at 10° from the
horizontal plane and the neck internally rotated 15°. The
greater trochanter was supported by a polymeric cylinder,
with possible horizontal sliding to avoid transmission of
horizontal loads (Fig. 2).

The load was applied vertically on the femoral head
through a PMMA spherical mold with three pre-cycles at
10 mm/min, to 0.5 mm vertical displacement, and then at
120 mm/min until failure occurred. The load—displacement
curves were recorded. The fracture load (maximum load until
fracture occurred) and the energy absorption (area under the
curve to the point of maximum load) were calculated. For
each specimen, the fracture pattern was documented and
classified using the Kyle classification [18].

Statistical analysis

The software SAS 9.1 was used to make the statistical
analysis. For the reliability analysis, intraclass coefficient
correlation (ICC) with confidence interval and coefficient
of variation (CV percent) were used. For the correlation
analysis, the nonparametric Spearman coefficient was
estimated with the p value of its nullity test. For the failure
load predictor search, univariate and multivariate linear
regressions were used.

Results

Mean age+standard deviation (SD) of the donors was 86+
13 years (range, 64—101). The mean BMD=SD results of
the standard DXA regions of analysis of the hip as well as
of the three ROIs selected at the femoral neck, greater
trochanter, and intertrochanteric region (corresponding to
ROIs where BMA was measured) are presented in Table 1.
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Fig. 2 Mechanical testing of a lateral stance configuration (simulation
of a fall onto the greater trochanter)

Mean total hip T-score was —3.4 SD. The reproducibility of
the BMA parameters is presented in Table 2. The
reproducibility (CV percent) of the BMD of total hip,
femoral neck, greater trochanter, and intertrochanteric
regions, calculated on the same femurs, was 0.8%, 1.5%,
2.2%, and 0.9%, respectively, and that of the subregions
defined on the DXA scans were 2.3%, 2.1%, and 6.4% for
the subregion positioned in the femoral neck, the inter-
trochanteric region, and the greater trochanter, respectively.

There was no correlation between Hmean and co-
occurrence matrix nor Hmean and run length matrix in the
same ROI (r=-0.04 to 0.52, nonsignificant (NS)). There
was a strong correlation between the co-occurrence matrix
and the run length matrix in the same ROI (#=0.90 to 0.99,
»<0.0001). The Spearman correlation coefficient between
BMD and BMA parameters measured in the same ROIs
ranged from —0.05 (NS) to 0.57 (p=0.003). Hmean was
only significantly correlated to BMD in the same ROI at the
femoral neck, not the greater trochanter nor the intertro-
chanteric region. The co-occurrence matrix and the run

Table 1 Mean BMD=+SD results of the standard regions of analysis of
the hip as well as of the three subregions selected at the femoral neck,
greater trochanter, and intertrochanteric region (where BMA was
measured)

BMD=SD (min-max) (g/cm?)

Standard hip regions
Femoral neck 0.450+0.148 (0.234-0.662)
0.391+0.195 (0.095-0.801)
0.654+0.269 (0.257-1.013)

0.544+0.225 (0.205-0.899)

Greater trochanter
Intertrochanteric region
Total hip
Subregions
Femoral neck 0.351+0.189 (0.011-0.643)
0.297+0.202 (0.135-0.784)

0.464+0.179 (0.181-0.787)

Greater trochanter

Intertrochanteric region
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Table 2 Reproducibility of the BMA parameters evaluated by the
coefficient of variation (CV) and intraclass coefficient of correlation
(ICC) on ten femurs measured three times

ICC [95%
confidence interval]

Coefficients
of variation (%)

Hmean
Greater trochanter 0.47 [0.08; 0.81] 2.4
Femoral neck 0.72 [0.40; 0.91] 2.1
Intertrochanteric region 0.82 [0.59; 0.95] 1.9
Co-occurrence
Greater trochanter 0.71 [0.40; 0.91] 1.0
Femoral neck 0.87 [0.68; 0.96] 1.7
Intertrochanteric region 0.90 [0.75; 0.97] 1.2
Run length matrix
Greater trochanter 0.60 [0.23; 0.86] 1.3
Femoral neck 0.85 [0.63; 0.95] 2.7
Intertrochanteric region 0.87 [0.69; 0.94] 1.8

length matrix were only significantly correlated to the
BMD in the same ROI of the intertrochanteric region, not
the greater trochanter nor the femoral neck.

All of the fractures were Kyle II trochanteric fractures.
Mean failure load (Newton) was less for women (N=7)
compared to men (N=5), 1,615.00+554.226 and 2,816.60+
1,012.45, respectively (p=0.06). Univariate analysis with
the failure load revealed a significant correlation only with
BMD results, not BMA ones. Results were comparable
after adjustment for age and sex; »=0.75 to 0.82 (p<0.01)
for BMD and r=—-0.06 to 0.54 (p=NS) for BMA
parameters. Adjusted 7> was 0.65, 0.67, 0.72, and 0.78 for
the intertrochanteric region, the femoral neck, the total hip,
and the greater trochanter, respectively (p<0.0001).

Multiple regression analysis showed that the best
predictors of failure load were BMD, Hmean, and run
length matrix at the femoral neck, as well as age and
sex, with an adjusted +*=0.88. Added to femoral neck
BMD, Hmean and run length matrix at the femoral neck
(without the effect of age and sex) improved failure load
prediction (compared to femoral neck BMD alone) from
adjusted 72=0.67 to adjusted 7*=0.84.

Discussion

Our study suggests that bone texture measurement can
improve the failure load prediction when added to BMD.
This result is obtained in a context where BMD explains
from 65% to 78% of the failure load according to the site of
measurement. This is in the higher range of previously
published studies using BMD measurement by DXA and
biomechanical testing (0.42</°<0.72) [19-22]. BMD
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results of the standard hip regions and the three subregions
are within expected values of BMD in elderly, validating
our measurement technique of BMD in excised human
femurs. Reproducibility of our measurements (BMD and
BMA) was in an acceptable range. It was assessed without
repositioning because we wanted to diminish as much as
possible the other sources of variation as we aimed to
evaluate this new technique.

Previous clinical studies suggested that bone texture
measurement can have an added value as compared to
BMD. These parameters, measured at the spine [23], the
femur [24], or the calcaneus [12, 25, 26], discriminated
patients with and without fractures. Texture analysis of the
calcaneus measured by a peripheral densitometer could
differentiate between patients with and without vertebral
fracture even after controlling for clinical risk factors and
BMD [27]. At least two hypotheses can be drawn to explain
the improvement of the failure load prediction. The first one
is that, in these studies, measurements were made at
different bones. Actually, using BMD, there is no evidence
that adding a peripheral measurement improves the predic-
tion value of a spine or hip measurement. This may be
different for tools using different techniques, and designed to
give information different than BMD, as the correlation of
microarchitecture parameters measured at different sites is
modest [28]. The second hypothesis of the fracture risk
improvement is that bone parameters assessed by BMA and
BMD measurements even at the same site are different.
Previous studies comparing the fractal parameter measured
on radiographs of the calcaneus to histomorphometric
indices measured on biopsies of the same bone have shown
that fractal parameter is correlated with trabecular separation.
Furthermore, the amount of bone (evaluated by BV/TV)
would explain 20% of the variance of the fractal parameter,
while trabecular spacing and trabecular number explain
together 38% of the variance of the fractal parameter,
suggesting that fractal parameter reflects more bone micro-
architecture than bone mass [29]. Fractal parameter was
correlated with trabecular parameters measured by HR-
pQCT at the radius and tibia, except for tibial trabecular
thickness [30]. A good correlation has also been previously
shown between 2D fractal dimension measured by BMA
device and 3D microarchitecture using MRI images [31].

In our study, we measured BMD and texture parameters
at the same site; correlations between texture parameters
and BMD of the same ROI of the femur were, for most of
them, nonsignificant. This is comparable to what was
previously found in the calcaneus [27, 31]. It also confirms
recently published results, using radiographs of 14 femurs
measured in vitro: texture parameters were highly correlated
with failure load (+* up to 0.61, p<0.01) and were partially
independent of BMD, suggesting that texture information
contained in trabecular bone structure may determine local

bone non-quantitative parameters [32]. In another study,
although site by site correlation coefficients between BMD
and texture parameters in 40 excised human femurs were
significant, yet BMD only partially explained texture
parameters. These texture parameters performed as well as
BMD measured by DXA in the explanation of failure load
[33]. Texture analysis is not a direct approach of bone
microarchitecture. Fractal analysis is an assessment of
texture roughness and could provide structural information
on the trabecular network of bone [34]. The other measure-
ment used to characterize the texture of the bone radiography
is the short run emphasis parameter (calculated from the run
length matrix) where run is constituted by consecutive pixels
of the same gray value in a given direction. Short run
emphasis is highly dependent on the occurrence of short runs
and is expected large for fine textures [35].

The precision errors of texture parameters using BMA
have been previously evaluated at the calcaneus. They
ranged in vivo from 1.16% to 1.24% according to the
parameter [36]. In another study, Hmean measured in vivo
at the calcaneus and radius was 1.2% and 2.1%, respec-
tively. It was 4.7% at the tibia [28]. Precision errors of other
texture parameters ranged from 0.5% to 3.2% for image
analysis and from 1.1% to 8.3% for the entire measurement
ex vivo [31]. Our study at the femur yielded comparable
results (1.0% to 2.7%, Table 2).

Our study has strengths and limitations. We measured both
texture parameters and BMD directly at the femur known to
be a site of major osteoporotic fractures, and we used
biomechanical tests to validate the texture parameters. We
also measured BMD and BMA at the same site. However, our
study is an exploratory one with a small number of femurs,
including both genders. The effect of soft tissues on texture
parameter measurement is not known.

In summary, this new technique (BMA) directly meas-
ures texture parameters which could add complementary
information to BMD measurement for failure load predic-
tion ex vivo. Further step should be in vivo studies in order
to confirm that combining texture parameters of BMA to
BMD would allow a better prediction of fracture risk.

Conflicts of interest None.
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