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Abstract. Assessment of bone microarchitecture in
complement to bone mineral density (BMD) exam could
improve prediction of osteoporotic fractures. A high-
resolution X-ray prototype was developed to assess
microarchitecture quality. Images were obtained on os
calcis; then, three texture parameters were calculated on
the same region of interest (ROI): a fractal parameter, a
run-length parameter, and a co-occurrence parameter.
This work describes the reproducibility of this method.
We also examine the relationship between texture
parameters and BMD at a site-matched ROI. Mea-
surements on the left heel were performed on 30 healthy
women, on the same day, with repositioning for short-
term precision error. An additional measurement was
done at 1 week to evaluate mid-term precision error on
14 subjects. Os calcis images from 10 healthy women
were used to evaluate both intra- and interobserver
reproducibility. Thirty other healthy patients were
measured successively on two similar devices for inter-
prototype comparison. BMD and texture analyses of the
left heel were obtained from 57 women. Short-term
precision errors ranged 1.16—1.24% according to the
texture parameter. Mid-term precision error was slightly
higher than short-term precision for the mean Hurst
exponent parameter. Comparisons of texture parame-
ters and BMD at a site-matched ROI on the os calcis
showed no significant relationships. The results also
show that the use of this high-resolution digital X-ray
device improves the reproducibility of parameter mea-
surement compared to the indirect digitization of
radiologic films previously used.
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Osteoporosis (OP) is characterized by a decrease in the
biomechanical competence of bone leading to fractures.
Although the risk of OP fractures increases as bone
mineral density (BMD) decreases, lower energy frac-
tures in patients older than 50 years often come in wo-
men with osteopenia, as defined by the World Health
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Organization [1]. Approximately one-half of all frac-
tures occur among women without OP [2, 3]. Further-
more, it has been shown that there was an overlap in
BMD measurements between controls and fracture pa-
tients, suggesting that BMD alone does not explain all
heterogeneity in the pathogenesis of bone fragility in
women with fractures [4]. Other bone properties play an
important role in the mechanical properties of trabecu-
lar bone [5, 6]. Among them, trabecular bone microar-
chitecture is considered to have a central role and has
been included as a part of the definition of OP [7].
Trabecular microarchitectural alterations (loss of tra-
becular plates and of their connection) produce greater
deficit in bone strength than does trabecular thinning
[8]. Recent imaging techniques produce three-dimen-
sional (3D) images of trabecular bone [9]; however, their
applicability to large populations may be limited by
their cost and availability.

As a cheaper alternative, it has been shown that
texture analysis of X-ray radiographs is well suited to
assess changes in trabecular bone architecture [10, 11].
In addition, it has been shown that fractal analysis on
conventional radiography provides additional informa-
tion beyond BMD in correlating with biomechanical
properties [12, 13]. We have found that fractal dimen-
sion measured on a 2D gray-level projection texture
obtained from high-resolution 3D magnetic resonance
imaging was significantly associated with porosity and
connectivity [14]. Other authors have also found signif-
icant correlations between radiographic patterns and
parameters measured either on micro-computed
tomography (CT) [15] or on synchrotron [16]. As we
have shown that a texture analysis was independent
and complementary with BMD for determining the odd-
ratio of fractures [17], it would be interesting to combine
this analysis with BMD results and other factors that
play independent roles in the prediction of fractures like
the fracture index proposed by Black et al. [18].

The role of microarchitecture in the treatment of OP
is obvious [19]. BMD and bone markers do not reflect
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deterioration of trabecular architecture and do not
accurately explain the preservation of bone microar-
chitecture obtained with bisphosphonates [20, 21] or its
improvement observed with teriparatide [22]. It has been
hypothesized that texture analysis may reflect significant
treatment-related differences in trabecular bone mic-
roarchitecture [23].

We have previously validated trabecular bone texture
analysis on radiographs and assessed its reproducibility
[24]. Relationships of both histomorphometric [25] and
biomechanical [26] properties with texture parameters
have been shown. Then, we have determined its value to
discriminate OP patients with bone fractures from
controls [27]. However, this analysis required the use of
very standardized procedures as well as obtaining
radiographs to digitize the images. Assuming, firstly,
that direct digitization of images would improve the
reproducibility of our technique by reducing potential
precision errors linked to digitization of radiographic
films and, secondly, that the parameters measured by
texture analysis are not merely surrogate markers of
bone density, the aims of this study were (1) to assess the
reproducibility of a texture analysis obtained with a new
high-resolution digital X-ray prototype designed by our
laboratory and (2) to compare the results of texture
analysis parameters with BMD at the same region of
interest (ROI).

Materials and Methods
Image Acquisition

Images were obtained on the os calcis with a direct digital X-
ray prototype with the following characteristics. Focal distance
was set at 1.15 m. The lateral part of the left heel was placed in
contact with the sensor. X-ray parameters were set at 55 kV
and 20 mAs. The high-resolution digital detector integrated
with this prototype had a 50 um pixel size, providing a spatial
resolution of 8 Ip/mm at 10% modulation transfer function.
Scanning the heel permitted the selection of a similar mea-
surement site (ROI) for each subject by using individual ana-
tomical landmarks as previously described [24]. These
anatomical landmarks are localized by the operator, allowing
positioning of the ROI (1.6 x 1.6 cm?) performed by the
software device (Fig. 1). Then, three texture parameters were
calculated on the ROI to evaluate the bone microarchitectural
quality.

Trabecular Bone Texture Parameters

H,,c.n parameter. The gray levels of the ROI were fitted to the
most used fractal model for texture images: the fractional
Brownian motion (fBm). In this case, fractal shapes are de-
scribed by a single parameter, H (Hurst exponent), related to
the fractal dimension, D, by H = 2 - D. The higher H is, the
smaller the roughness of the path. However, due to its non-
stationary nature, fBm is difficult to analyze directly. There-
fore, we used the increments of fBm called fractional gaussian
noise (fGn), which is a stationary process. The maximum
likelihood estimator (MLE) was applied to the fGn to estimate
H [28]. The estimation of the H,,.,, parameter is described in

E. Lespessailles et al.: Bone Texture Analysis

Fig. 1. ROI for texture analysis at the os calcis with anatom-
ical landmarks.
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Fig. 2. Example of a run-length matrix in which rows repre-
sent the gray level of the run and columns represent the length
of the run. One element, RLg(i, j), of this matrix indicates the
number of runs with a gray level (i) and a length (j) found in
the image in the direction 0.

detail elsewhere [24]. For an image, H was estimated on each
parallel line in the direction under study. So, the Hc., of this
direction was obtained by averaging all these values and the
Hi,ean of the image was obtained by averaging 36 directions
following 10° step of analysis [24].

Run-length parameter. A run is a set of consecutive pixels
having the same gray-level value in a given direction [29—31].
A run-length matrix is a 2D array, RL, in which rows represent
the gray level of the run and columns represent the length of
the run. One element, RLg(i,j), of this matrix indicates the
number of runs with a gray level (i) and a length (j) found in
the image in the direction 0 (Fig. 2). Run-length encoding is
based on the extraction of texture parameters from the sta-
tistical repartition of runs. Many run-length parameters can be
calculated; for this study, the short run emphasis parameter
was chosen (see equation 1).

- 1 RLy(i, )
SR S RO 22 f M
i

This parameter is expected to be large for fine textures [29].

Co-occurrence parameter. In this case, a co-occurrence matrix
is a 2D array, C, in which both rows and columns represent a
set of possible image values. C(i, j) indicates how many times
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Fig. 3. Example of a co-occurrence matrix in which both rows
and columns represent a set of possible image values. The
matrix indicates how many times the gray-level value i co-
occurs following a translation vector, t = (d; 0), with the gray-
level value j; d represents the distance between the two pixels
and 0, the direction.

the gray level value (i) co-occurs following a translation vector,
t = (d, 0), with the gray-level value j (Fig. 3); d represents the
distance between the two pixels and 0, the direction. For this
study, although many parameters of co-occurrence exist, we
chose to estimate the energy parameter as defined by Haralick
(eq. 2) [29]. Moreover, we computed d equal to 1.

Energy = > Ny(i,j)’ (2)

ij

Estimation of all these parameters was performed for eight
directions, and then we calculated the mean values for all the
images.

Quality control. A calibration test was carried out each day of
exam using an external phantom to detect any potential drift
of the instrumentation. Both image quality control and
quantitative results were checked. Figure 4a shows a photo-
graph of the phantom and Figure 4b, the corresponding digi-
tized image. We did not observe any drift during the period of
precision protocol.

Precision Protocol

The root-mean-square (RMS) coefficient of variation (CV)
formula was used to calculate all reproducibility data [32].

o Short-term precision error (S — CV) was estimated using the
CV, which is based on the calculation of the average RMS of
the individual subject’s Standard Deviation (SD;) of
repeated measurements at one time point, as recommended
by Gluer et al. [9].

e Mid-term precision error (M — CV) was also estimated by
the CV, based on calculation of the average RMS of the
individual subject’s SD (SDj) of repeated measurements at
three time points.

o Intraobserver reproducibility (IntraOR): one observer ex-
tracted the ROI three times on each image for 10 subjects.

o Interobserver reproducibility (InterOR): three observers
extracted the ROI one time for each of 10 subjects.

o Interprototype comparison: 30 subjects were measured
successively on two similar devices.

e In vitro reproducibility: 42 images performed over 2
consecutive days on the same os calcis phantom.

Subjects and Patients

This protocol was evaluated and approved by the Regional
Ethics Committee (Tours, France).

Each subject or patient gave informed consent to enter this
study.
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Fig. 4. (a) The phantom used for quality control and (b) its
digitized image.

Thirty healthy women referred to our bone densitometry
unit (58.2 £+ 6.8 years of age) were measured twice on the left
heel on the same day, with repositioning for short-term pre-
cision error. Fourteen subjects from our medical staff and re-
search team (3 men, 11 women) aged 44.2 + 14.4 years had
three measurements at 1-week intervals (D0O—D7-D14) to
evaluate the mid-term precision error. Os calcis images from 10
healthy women were used to evaluate both intraOR and inte-
rOR. Thirty other healthy patients referred to our bone den-
sitometry unit were measured successively on two similar
devices for interprototype comparison.

The same observer (C. G.) extracted ROI for the repro-
ducibility study in vitro, short-term, mid-term, and interpro-
totype comparisons.

Influence of Foot Positioning

In order to have proper positioning, the foot has to be in
contact at three points with the image sensor. One point
concerns the leg, the second corresponds to the ankle, the third
is at the fifth toe (Fig. 5). In the first step, we analyzed the foot
phantom in the proper position (three points in contact). Then,
we increased the distance between the contact point and the
detector 2.5 and then 10 mm. We kept in contact the two
others points when displacing one contact point.

We expressed the influence of positioning the foot in rela-
tive error (%). Relative error was the ratio of the absolute
value of the difference between proper positioning and with
displacement by the value with proper positioning.
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Fig. 5. Schematic representation of the foot with the three

points which have to be in contact with the sensor in order to
obtain a proper analysis.

Table 1. Reproducibility (CV%) of the bone texture analysis
with the three parameters: H..,, run-length, co-occurrence
matrices

Hinean Run-length Co-occurrence

(%) (%) (%)
In vitro 0.25 0.29 0.21
Short-term precision error 1.26 1.24 1.16
Mid-term precision 1.45  0.88 0.84
IntraOR 0.15 0.26 0.17
InterOR 0.39 0.37 0.26
Interprototype comparison 0.90 0.57 0.65

Comparison of Texture Analysis and BMD at the Os Calcis

BMD and texture analysis of the left heel were obtained in 57
females with a mean age of 53.21 + 9.64 years (range 24—72).
BMD measurements were performed using a protocol software
on a QDR 1000 from Hologic (Waltham, MA). BMD was
obtained in a location that fit with the ROI used in the texture
analysis and was of the same surface area. Correlations be-
tween BMD and texture parameters were evaluated by deter-
mining Pearson correlation coefficients.

Comparative Study of Texture Parameters at the Two Os Calcis

Texture parameters of the left and right os calcis were mea-
sured in 13 women aged 22.3 + 3.5 (range 18—31) years, on
the same day for each woman. A paired Student’s 7-test was
done to compare values between the left and right os calcis.
Correlation within measurements was calculated by the
Spearman rank correlation coefficient.

Results

The reproducibility results are reported in Table 1.
Short-term  precision errors ranged 1.16—1.24%
according to the texture parameter. Mid-term precision
error was slightly higher than short-term precision for
Hijnean but not for the two other texture parameters.
Comparisons of texture analysis and BMD at the os
calcis were performed for 57 women. In addition, among
these women, BMD at the lumbar spine, femoral neck,
and total hip was obtained for 51 women. There were no
significant relationships between texture parameters and
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Table 2. Correlation between texture parameters measured at
the os calcis and BMD at a site-matched ROI of the os calcis,
hip, and lumbar spine

BMD BMD BMD total BMD os
lumbar spine neck hip calcis
Hmean
r -0.0211 —0.1245 —0.0585 —-0.0202
P 0.88 0.38 0.68 0.88
Co-occurrence
r —-0.1084 -0.2961 —-0.1959 0.1766
P 0.45 0.03 0.17 0.19
Run-length
r —-0.176 -0.3136 —-0.2247 0.1295
P 0.22 0.03 0.11 0.34

BMD at a site-matched ROI at the os calcis (Table 2).
Furthermore, we did not find any significant relation-
ship between texture parameters at the os calcis and
BMD at the lumbar spine. However, we found a mild
relationship between the co-occurrence and run-length
parameters at the os calcis and BMD at the femoral
neck, respectively (r = 0.29, P = 0.03, and r = 0.31,
P = 0.03) but not between the texture parameters and
total hip BMD.

There was no statistical difference between values of
Hpcan obtained after analysis of the dominant and
nondominant os calcis: 0.645 = 0.061 vs. 0.648 =+
0.062, respectively (P not significant).

Displacements of the contact points with the detector
led to relative errors ranging 0.02—1.53% according to
the contact point and the parameters studied.

Discussion

These results suggest that this new high-resolution dig-
ital X-ray prototype provides better precision data of
texture parameters than those found previously [24] on
digitized film. The reproducibility of texture parameters
with our technique is comparable to the reproducibility
of BMD [33, 34], which is the reference technique for
bone quantitative measurement.

The better results of reproducibility — e.g., 1.45% vs.
2.07% [24] for mid-term precision error - might be ex-
plained by the cut-out of the number of steps used in the
assessment of the texture parameters. With this new
device, the direct digitization avoids the need for film
processing reproducibility and high-resolution film
scanning.

The study approach for reproducibility was based on
specific recommendations by Gliier et al. [32]. Thus, the
short-term and mid-term precision error protocols in-
cluded, respectively, 30 and 14 subjects (28 and 14
subjects were suggested).
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Mid-term precision error estimates the error of
measurement over periods of time. It should give the
limit of this high-resolution digital X-ray device for
monitoring texture parameter changes over a period of
time. The mid-term CV of our new device has been
evaluated at 1.45% for Hean and < 1% for run-length
and co-occurrence parameters. We do not know yet the
biological decrease of texture parameters linked to aging
and menopause. However, we have recently reported the
difference in texture parameters between patients with
established osteoporosis (with fractures) and age-mat-
ched controls [35]. The reproducibility in the present
study was around three times smaller than the difference
observed in our case-control study [35]. Furthermore, if
we compare our CV results with the range of values of
texture parameters in the same previous study, it is
about 14—16 times smaller.

Usually, mid-term precision errors are larger than
short-term precision errors. In our study, we found
lower mid-term precision errors than short-term preci-
sion errors for run-length and co-occurrence parame-
ters. This may be explained in part by the age of subjects
included in the short-term precision protocol, which was
higher than that in the mid-term precision protocol.
Furthermore, health status was different for patients in
the short-term protocol and both patients and members
of staff in the mid-term protocol.

The positioning of the foot is also a major component
of measurement precision as it has been demonstrated
both for dual-energy X-ray absorptiometry (DXA) and
for ultrasound measurements at the os calcis [35, 36].
For the present technique, the positioning of the heel
across the beam along the mediolateral axes of the foot
has to be carefully controlled, but the three steps of
displacement imparted to the foot phantom in this study
led to weak changes (relative error <1.5%). The contact
points, which have to be placed with careful attention,
are the ankle and the leg. This is probably explained by
the location of the ROI (near the ankle point) and its
anatomical marks.

OP is a systemic skeletal disease, but the decrease in
bone mass and eventually in microarchitectural deteri-
oration is heterogenecous. It has been shown that OP
prevalence is dependent on the measurement site [37];
therefore, the more sites we measure, the more the
diagnostic sensitivity improves. Thus, it could be ar-
gued, when we assess bone texture parameters at the os
calcis to separate osteoporotic women with fracture
from controls [17], that this discrimination is linked to
the fact that this assessment is made at the os calcis (a
third site) in addition to BMD measurements at the
lumbar spine and the hip. In this study, we have dem-
onstrated that there was no relationship between the
three parameters of texture and BMD assessed at a site-
matched ROI at the os calcis (Table 2). This is partic-
ularly in accordance with fundamental theory about the
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fractal dimension, which is known to be independent of
the gray level of images [28]. However, in this study, we
found weak correlations between BMD at the femoral
neck and the co-occurrence and run-length parameters
at the os calcis (Table 2). Our results show that BMD
would explain 9% or less of the variance of these texture
parameters. These results are also in accordance with a
previous study describing the effects of age and time
since menopause with the fractal parameter H,ca, [38].
In this latter study, using radiographic films, 427 women
were included and we found a lack of correlation be-
tween total hip BMD as well as lumbar spine BMD and
Hpean (r = 0.08, P = 0.08, and r = 0.02, P = 0.74,
respectively) and a slight correlation between H,.,, and
femoral neck BMD (r = 0.13, P = 0.008) [15].

Conclusion

This new high-resolution digital X-ray device enhances
the reproducibility of texture parameter measurements
versus indirect digitization of radiologic films. Texture
parameters measured at the os calcis were not associated
with BMD. The reproducibility of this technique com-
pares favorably with DXA precision and allows inter-
group comparisons as well as multicenter cross-sectional
and prospective studies in fracture risk assessment.
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