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Abstract: The aim of this study was to investigate the relationships between selected quantitative ultrasound (QUS)
parameters and human femur microstructure properties, as quantified by micro-computed tomography (micro-CT). The
authors employed an innovative custom-designed experimental set-up, which allowed the insonification of each
portion of an excised femoral head sample, simultaneously including trabecular region, cortical layer and cartilage in
their physiologic morphological configuration. Thirty different, uniformly distributed, regions of interest were analysed
for the calculation of apparent integrated backscatter (AIB), integrated reflection coefficient (IRC) and several micro-CT
parameters. QUS data acquisitions were performed through both single-element ultrasound transducers at two
different frequencies (2.25 and 3.5 MHz) and a clinically available 128-element echographic probe. Obtained results
showed that AIB was strongly correlated with trabecular network properties (|r| up to 0.80) and IRC had appreciable
linear correlations with cortical bone density (|r| up to 0.57). The agreement between single-element transducers and
echographic probe, combined with the innovative approach of considering the entire femoral head in its physiological
shape with all its components (cartilage, cortical layer, trabecular region), encourages the clinical translation of the
proposed approach as a possible new method for early osteoporosis diagnosis.

1

Introduction

Osteoporosis and its related fractures are becoming an important
public health problem, since they represent a very heavy economic
burden for national healthcare systems [1]. In fact, osteoporotic
fractures and their complications cause a reduced quality of life
and an increased mortality rate for osteoporotic patients [2].
The key to an effective prevention is the adoption of simple and
inexpensive methods for population mass screenings [3, 4].
Currently, the ‘gold standard’ method for osteoporosis diagnosis is
the measurement of bone mineral density through dual X-ray
absorptiometry (DXA) [5–10]. Unfortunately, this kind of
densitometry has some important limitations, mainly related to
X-ray exposure and the associated risks [11–14], high costs and
limited availability, that hinder its use for mass screening purposes
[3, 4, 15, 16]. Moreover, the typical DXA investigation cannot
provide information on bone microarchitecture, unless the DXA
scanner is equipped with a recently developed software package
for the calculation of the so-called ‘trabecular bone score’ [17, 18],
whose additional installation represents anyway a further cost
increment.
The employment of quantitative ultrasound (QUS) methods,
which are intrinsically more prone to detect bone microarchitecture
properties, is an alternative to DXA that is attracting an increasing
interest because of its several potential advantages, such as
absence of ionising radiation exposure, portable machines, lower
costs and wider availability [5, 16, 19]. In fact, bone health
assessment is just one out of the several biomedical applications of
ultrasound (US) systems that have been introduced in the last
years because of their mentioned intrinsic advantages over
competing technologies [20–30].

IET Sci. Meas. Technol., 2016, Vol. 10, Iss. 3, pp. 193–199
& The Institution of Engineering and Technology 2016

Several QUS parameters have been proposed in literature in order
to extract useful diagnostic information from the interaction between
US waves and human bones [19, 31–33]. Among those already
available in clinical routine, the most common QUS parameters
are currently derived from devices employing through-transmission
measurements at the calcaneus, including broadband US
attenuation, speed of sound and stiffness index [34–36]. Recent
experimental studies have also documented the potential of US
backscattering as an innovative and promising technique for
osteoporosis diagnosis through parameters such as backscatter
coefﬁcient [37], apparent integrated backscatter (AIB) [38–41],
frequency slope of apparent backscatter and time slope of apparent
backscatter [38], spectral centroid shift [39], broadband US
backscatter [40], integrated reﬂection coefﬁcient (IRC) [40, 41],
mean of the backscatter difference spectrum and slope of the
backscatter difference spectrum [42].
In this context, in a recent conference paper [43] we presented an
in-vitro characterisation of human proximal femur microstructure
through QUS backscatter parameters, evaluated in comparison
with micro-computed tomography (micro-CT) data. The referred
study [43] was conducted employing an innovative
custom-designed experimental set-up that allowed the possibility
of insonifying each portion of an excised femoral head, including
both the trabecular region and the cortical layer in their
physiologic morphological conﬁguration. The peculiarity of this
approach consisted in employing the entire femoral head instead of
suitably shaped samples of pure trabecular bone tissue, which is
the typically adopted approach in previous literature-available
papers [37, 38, 42, 44]: our strategy represented a step forward
towards the possible clinical translation of the proposed
methodology. The reported preliminary results were obtained on a
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femoral head sample insoniﬁed employing a 2.25 MHz
mono-element unfocused US transducer.
In the present work, we performed a more accurate
characterisation of the femoral head sample by insonifying and
analysing 30 different regions of interest (ROIs) uniformly
distributed throughout the considered target volume, in place of
the 22 non-uniformly distributed ROIs that had been considered in
our previous investigation. Two different US frequencies (2.25 and
3.5 MHz) were also used, in order to evaluate possible frequency
dependencies of obtained results. Furthermore, in the ﬁnal part of
the study, a modiﬁed experimental set-up was adopted in order to
allow the employment of a conventional clinically available
convex echographic probe, with the aim of evaluating the actual
employability of the proposed approach and facilitating its clinical
translation.

2
2.1

Materials and methods
Bone sample

A femoral head sample was obtained from a patient who had
undergone surgery for prosthesis implant following a coxarthrosis
diagnosis. The extracted bone sample was immersed in formalin
(4% v/v) immediately after excision and stored in a sealed
container until the execution of the US and micro-CT scans
described in the next paragraphs.
2.2

US acquisitions

2.2.1 Single-element transducers: In the ﬁrst part of the
study, the adopted experimental set-up for US data acquisition
through single-element transducers was the same that has been
described in detail in our previous work [43]. A picture of the
employed set-up is reported in Fig. 1 and its main characteristics
are brieﬂy reported herein.
The bone sample was drilled along the head-neck axis and a screw
was carefully threaded into the realised hole (see Fig. 1). The screw
was in turn linked to a mechanical system that allowed, by means of
a crank handle, the rotation of the sample around its head-neck axis,
which could be roughly considered as a kind of ‘symmetry axis’ of
the sample. In this way, it was possible to rotate step-by-step the
bone sample and to assure that backscattered US signals came
from a speciﬁc target slice located at enough distance from the
screw hole. The described set-up was placed in a plastic tank and
immersed in distilled water at room temperature (20°C). The US
transducer, employed in reﬂection mode, was positioned in such a
way as to insonify the bone sample slice corresponding to its
largest transversal section, whose proﬁle closely resembled a
circular shape (see Fig. 2); consequently, considering that the only

Fig. 1 Picture of the experimental set-up adopted for US data acquisitions
with a single-element transducer. The set-up was realised in order to allow
controlled rotations of the bone sample around its head-neck axis
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possible sample movement was the rotation around its head-neck
axis, the distance between the US transducer and the insoniﬁed
surface could be considered approximately constant.
Sample insoniﬁcations were performed considering 30 different
rotation angle steps of 12° each (Fig. 2). The sample was
insoniﬁed twice, each time employing a different single-element
unfocused transducer with an external diameter of 16 mm and a
capsule diameter of 12.7 mm: the ﬁrst 30-step insoniﬁcation was
carried out using a 2.25 MHz submersible transducer (V-306-SU,
Panametrics, Waltham, MA, USA) and the second insoniﬁcation
using a 3.5 MHz submersible transducer (V-382-SU, Panametrics).
The transducer was connected to a pulser receiver (Panametrics
PR5077), which generated 400 V pulses centred at the transducer
frequency at a pulse repetition rate of 200 Hz. Received
backscatter signals were 10 dB ampliﬁed and 1 kHz high-pass
ﬁltered before being sent to a data-acquisition board (PCI-5122,
National Instruments, Austin, Texas, USA) for analogue-to-digital
conversion (100 MS/s, 14 bits) and storage on a computer hard-disk.
For each rotation step, 50 signal records, corresponding to the
backscattering of 50 incident US pulses, were acquired and
averaged in order to improve the signal-to-noise ratio (SNR). For
each employed transducer, a reference signal was also acquired by
replacing the bone sample with a perfect US reﬂector, represented
by a steel plate.
2.2.2 Convex echographic probe: In the second part of the
study, a modiﬁed version of the US acquisition set-up was used, in
order to allow the employment of a clinically available
echographic device (Echo Blaster 128, Telemed Medical Systems,
Milan, Italy), which was equipped with a 128-element convex
probe (C3.5/60/128 Z, Telemed Medical Systems) operating at
3.5 MHz. The device was provided in a research conﬁguration that
allowed the acquisition of both conventional B-mode echographic
images and ‘raw’ unprocessed radiofrequency (RF) signals, which
were high-pass ﬁltered, ampliﬁed, digitised and stored through the
same signal pre-processing chain used in the case of
single-element US transducers.
The convex probe was partially immersed in the water tank
containing the previously described set-up and ﬁxed in such a way
as to insonify the bone sample slice corresponding to the largest
transversal section of the sample itself, as shown in Fig. 3. Sample
insoniﬁcations were again performed considering 30 different
rotation angle steps of 12°, acquiring 10 frames of RF data for
each step. A reference signal was also acquired in this case by
replacing the bone sample with a perfect US reﬂector, consisting
of a steel plate.

Fig. 2 Micro-CT image of the transverse plane of the bone sample. The
30 US insoniﬁcation directions are indicated by the dotted lines; for each
direction a speciﬁc ROI was considered, as deﬁned by the rectangular box
for the selected direction. For each ROI, the parameters extracted from the
corresponding US signal were compared with the micro-CT ones
calculated in the same ROI
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region (ROItrab) was deﬁned as a time window of 13 µs
immediately after ROIcort (the duration of this time window was
determined to match the depth of the parallelepipeds considered in
the micro-CT data analysis, as detailed in Section 2.4).
Finally, IRC and AIB were computed through the following
formulas [45]
1
IRC =
Df

AIB =

Fig. 3 Main details of the experimental set-up adopted for US data
acquisitions with the convex probe

2.3

US data analysis

Referring to the single-element transducer acquisitions, for both the
considered incident frequencies, IRC and AIB values were
calculated from the average US signal acquired for each rotation
angle step.
We followed the approach reported in [44] in order to identify the
signal portions coming from cartilage, cortical layer or trabecular
region: considering the reference signal envelope, two time
windows ΔT1 = tM−t1 and ΔT2 = t2−tM were deﬁned (tM represents
the time position of signal envelope maximum, while t1 and t2 are
the closest points in which envelope amplitude reaches 10% of its
peak value). Then, considering the acquisition performed on the
bone sample, in each average US signal the ROI corresponding to
the cortical region (ROIcort) was deﬁned as the union of ΔT1 and
ΔT2 around the maximum time position t* in the signal envelope,
as shown in Fig. 4. Then the signal portion before ROIcort was
attributed to the cartilage; the ROI corresponding to the trabecular
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where Acort and Atrab represent the amplitude of ROIcort and ROItrab
signal spectrum, respectively; Aref is the amplitude of reference
signal spectrum and Δf is the considered frequency bandwidth,
determined as the −6 dB bandwidth of the reference signal spectrum.
Each frame acquired through the convex echographic probe was
composed of 253 RF lines, which could, in principle, be processed
as the signals acquired through single-element transducers. In our
analyses, an ‘average RF frame’ was preliminary obtained for each
considered rotation step by averaging the homologous tracks in the
10-frame acquired sequence. Then, IRC and AIB were calculated
for each of the nine central tracks through the same procedure
adopted for signals acquired through single-element transducers.
The ﬁnal IRC and AIB values for a given rotation step were
obtained by averaging the nine values calculated for the single
tracks. The choice of considering just the nine central tracks was
motivated by geometrical considerations showing that this was the
best approximation in order to have an insoniﬁed volume similar
to that obtained in the case of single-element transducers.
2.4

Micro-CT acquisitions and data analysis

The adopted micro-CT scan protocol was described in our previous
work [43] and is brieﬂy recalled herein.
Each bone sample was scanned through a high-resolution
micro-CT scanning system (Raytest IRIS micro-PET/CT, Raytest,
Straubenhardt, Germany), which performed low-dose acquisitions
(80 kV, 1 mA) with isotropic voxels (60 µm).
Subsequent data analysis included 50 micro-CT image slices
(16-bit grey level, 886 × 943 voxels), which corresponded to a
3 mm bone thickness centred on maximum sample diameter along
the head-neck axis. Thirty parallelepipeds (3 × 3 × 19 mm3) were
extracted from this sub-dataset at the angles shown in Fig. 2. Each
parallelepiped contained cartilaginous, cortical and trabecular
regions, as illustrated in Fig. 5.

Fig. 4 Segmentation of a typical RF signal acquired on the bone sample with a 2.25 MHz single-element transducer. t* is the point where the signal envelope is
maximum (not shown in ﬁgure). Please see the text for further details
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and micro-CT measurements was assessed through the
corresponding values of Pearson’s correlation coefﬁcient. A
reproducibility test was also performed, by repeating the same US
measurements in the same experimental set-up, which was wholly
re-assembled 6 months after the ﬁrst set of acquisitions. For each
considered combination of employed transducer and measured US
parameter, the statistical signiﬁcance of the differences between
the mean values of the two sets of US measurements was
evaluated using a paired two-tailed Student t-test.

3
Fig. 5 Three-dimensional microstructure of a typical parallelepiped
extracted from the micro-CT dataset. Cartilaginous (Ca), cortical (Ct) and
trabecular (Tb) regions are indicated

Size of parallelepiped boxes was established by taking into
account that: (i) both the diameter of the US beam generated by
single-element transducers and the height of the US beam of the
convex probe in the respective focal regions measured ∼3 mm, as
derived from the corresponding manufacturer data sheets; (ii)
preliminary US measurements performed on a different bone
sample at the highest employed frequency (3.5 MHz) documented
that US signals backscattered from a depth of 19 mm were
typically received with a suitable SNR.
The actual US penetration depth was experimentally veriﬁed on this
second bone sample in the following way. A hole was realised in the
bone sample in a direction perpendicular to US propagation, in such a
way that the distance between the hole and the sample surface along
the US propagation direction was about 19 mm. A screw was then
carefully threaded in the realised hole. The variation in the
backscattered US signal due to the presence/absence of the screw in
the hole identiﬁed the time interval corresponding to a 19 mm
penetration depth. Afterwards, the insoniﬁcation of the sample
along a different direction (not interested by the hole) allowed the
measurement of the SNR at the considered depth. The whole
procedure was repeated four times, therefore a total of four holes
were realised in the second bone sample and the ﬁnally adopted
time interval was determined as the average of the corresponding
four measurements: taking into account the scheme of RF signal
segmentation reported in Fig. 4, we obtained that 13 µs had to be
considered after the cortical interface echo, identiﬁed by ROIcort, in
order to match the target penetration depth.
A custom-implemented version of the algorithm reported in [46]
was employed for automatic segmentation of cartilaginous, cortical
and trabecular volumes on each parallelepiped. BoneJ software [47]
was then used to calculate the following structural parameters for
cortical and trabecular regions. For the cortical layer, we measured
the voxel-based bone volume fraction (BV/TV), representing the
volume of mineralised bone per unit volume of the sample. For
the trabecular volume, we computed the following parameters: the
mean and maximum trabecular bone thickness (Tb.Th Mean and
Tb.Th Max, in mm) and spacing (Tb.Sp Mean and Tb.Sp Max, in
mm), calculated as in [48]; the structural model index (SMI), which
is a parameter that determines the plate-like or rod-like geometry of
trabeculae and was calculated following the approach reported in
[49]; the bone surface density (BS/TV, in mm−1); the fractal
dimension, calculated through the box counting method [50]; the
connectivity density (Conn.D), representing a measure of the
connectivity degree of trabeculae normalised by total volume (TV)
[51]; the previously deﬁned voxel-based BV/TV. Cortical thickness
was not included in the analysis because, due to the narrow shape
of the ROI selected, it did not provide independent information to
that already measured by cortical BV/TV.
2.5

Statistical analysis

AIB, IRC and micro-CT parameter values were computed for each
considered rotation step. The degree of correlation between US
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Results and discussion

Obtained mean values of AIB, IRC and micro-CT parameters are
shown in Table 1, reporting, for each considered parameter, the
average over the 30 rotation steps and the corresponding standard
deviation (SD).
Considering the US acquisitions performed through
single-element transducers, both AIB and IRC increased with
increasing incident US frequency, as expected from previous
papers [38, 52]. This means that the ratio between the signal
reﬂected by the sample and the reference one (which represents
the total emitted pulse) increases at higher frequencies.
Literature-available papers reported for IRC a minor
non-systematic increase as a function of frequency [52]; however,
those authors considered only suitably shaped samples of pure
trabecular bone: in this way IRC calculation resulted mainly
inﬂuenced by the trabecular porosity. In our approach, instead, we
used an intact sample of human femoral head and this
consideration may not be fully exhaustive to explain the IRC
behaviour, since it was computed from the reﬂection of the
cartilage–cortical bone interface. In our case, the observed effect
could be at least partially due to the presence of the cartilaginous
layer, which may introduce a selective attenuation of speciﬁc US
frequencies. This hypothesis would anyway require an
experimental conﬁrmation through further studies, employing
different frequencies.
Referring to the echographic probe acquisitions, obtained AIB and
IRC values resembled those obtained with the single-element
transducer having the same centre frequency (3.5 MHz) (Table 1).
Moreover, in order to test the reproducibility of the ultrasonic
measurements, the same US acquisitions were performed again by
a different operator 6 months after the ﬁrst experiment. AIB and
IRC values were computed for this second measurement set
through the same previously employed procedures. The results of
the two measurement sets were compared with each other, in order
to determine whether any signiﬁcant difference occurred. For this
purpose, six comparisons between original and repeated
measurements were performed (three transducers × two ultrasonic
parameters). Obtained results are shown in Table 2, indicating that
there was no signiﬁcant difference between the two sets of
measurements ( p > 0.05 for all the considered comparisons).
Table 1 Obtained values for considered micro-CT and US parameters
(mean ± SD)
Parameter
trabecular BV/TV
Tb.Th Mean, mm
Tb.Sp Mean, mm
Tb.Th Max, mm
Tb.Sp Max, mm
SMI
BS/TV, mm−1
fractal dimension
Conn.D, mm−3
cortical BV/TV
AIB at 2.25 MHz, dB
AIB at 3.5 MHz, dB
AIB (convex probe), dB
IRC at 2.25 MHz, dB
IRC at 3.5 MHz, dB
IRC (convex probe), dB

Value (mean ± SD)
0.22 ± 0.05
0.30 ± 0.05
1.07 ± 0.36
0.69 ± 0.18
2.34 ± 0.49
4.18 ± 0.38
0.71 ± 0.25
1.89 ± 0.08
0.04 ± 0.02
0.04 ± 0.01
−51.02 ± 3.04
−44.61 ± 3.47
−46.24 ± 3.01
−46.43 ± 3.37
−43.45 ± 4.17
−44.58 ± 3.84
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Table 2 Results of the first and the second set of measurements
performed by different operators on the same sample

Table 5 Linear correlation coefficients (r) between micro-CT and US

US
parameter

Micro-CT parameter

AIB

IRC

Transducer

single-element
2.25 MHz
single-element
3.5 MHz
convex probe
single-element
2.25 MHz
single-element
3.5 MHz
convex probe

1° measurement
set (mean ± SD)

2° measurement
set (mean ± SD)

p

−51.02 ± 3.04

−51.21 ± 2.63

0.82

−44.61 ± 3.47

−45.00 ± 3.51

0.71

−46.24 ± 3.01
−46.43 ± 3.37

−46.01 ± 3.01
−46.28 ± 3.07

0.83
0.89

−43.45 ± 4.17

−41.96 ± 3.49

0.15

−44.58 ± 3.84

−44.53 ± 3.91

0.96

parameters measured with the convex echographic probe

trabecular BV/TV
Tb.Th Mean
Tb.Sp Mean
Tb.Th Max
Tb.Sp Max
SMI
BS/TV
fractal dimension
Conn.D
cortical BV/TV

AIB

IRC

−0.71a
−0.47b
−0.56b
−0.15
−0.34
−0.55b
−0.72a
−0.67a
−0.43c
−0.01

−0.32
−0.04
−0.31
−0.10
−0.06
−0.18
−0.39c
−0.35
−0.43c
−0.47b

a

p < 0.001
p < 0.01
p < 0.05

b
c

Table 3 Linear correlation coefficients (r) between micro-CT and US
parameters measured with the 2.25 MHz single-element US transducer
Micro-CT parameter
trabecular BV/TV
Tb.Th Mean
Tb.Sp Mean
Tb.Th Max
Tb.Sp Max
SMI
BS/TV
fractal dimension
Conn.D
cortical BV/TV

AIB

IRC

−0.60a
−0.40b
−0.48c
−0.30
−0.41b
−0.29
−0.46b
−0.30
−0.20
−0.05

−0.22
−0.01
−0.20
−0.16
−0.10
−0.17
−0.04
−0.08
−0.03
−0.54c

a

p < 0.001
p < 0.05
c
p < 0.01
b

Therefore, the results reported and discussed in the rest of the paper
are referred to the ﬁrst measurement set.
Pearson’s linear correlation coefﬁcients (r) between US
parameters and micro-CT ones were also calculated for each
utilised single-element US transducer (Tables 3 and 4) and for the
convex probe (Table 5).
Values shown in Table 3, obtained employing a 2.25 MHz US
transducer, are similar to those reported in our preliminary work
[43] and they also conﬁrm some previous results documenting
appreciable linear correlations between AIB and trabecular
structure properties [38]. In particular, the negative correlation
between AIB and trabecular BV/TV (r = −0.60) indicates that the
greater the density of the trabecular region, the smaller the
intensity of the backscattered US signal. In fact, when bone
density becomes lower, US signals progressively detect more
‘discontinuities’ in the trabecular structure, as further conﬁrmed by
the positive correlations found between AIB and trabecular
spacing parameters (r = 0.48 with Tb.Sp Mean and r = 0.41 with

Table 4 Linear correlation coefficients (r) between micro-CT and US
parameters measured with the 3.5 MHz single-element US transducer
Micro-CT parameter
trabecular BV/TV
Tb.Th Mean
Tb.Sp Mean
Tb.Th Max
Tb.Sp Max
SMI
BS/TV
fractal dimension
Conn.D
cortical BV/TV

AIB

IRC

−0.80
−0.50b
−0.52b
−0.36
−0.56b
−0.04
−0.69a
−0.15
−0.32
−0.28
a

a

p < 0.001
p < 0.01
p < 0.05

b
c
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−0.17
−0.04
−0.20
−0.17
−0.03
−0.17
−0.06
−0.04
−0.17
−0.57b

Tb.Sp Max). On the other hand, IRC showed the highest
correlation (r = 0.54) with cortical BV/TV and the positive sign
indicates that the intensity of reﬂected US signals increases with
cortical bone density.
These ﬁndings were qualitatively conﬁrmed by the results of the
US acquisitions carried out through a 3.5 MHz transducer
(Table 4). In this case, the correlations were typically somewhat
stronger with respect to those reported in Table 3, especially for
trabecular BV/TV (r = −0.80), and this was an expected effect of
the increased US frequency, which is associated with a better
spatial resolution [38, 52] and with increased backscattering
phenomena due to the reduced ratio between acoustic wavelength
and trabecular pore size [53].
Very similar correlations were obtained also when a clinically
available 128-element convex echographic probe operating at
3.5 MHz was employed for femoral head characterisation
(Table 5). The most signiﬁcant differences observed with respect
to the use of a single-element US transducer centred at the same
frequency were represented by the higher correlations found for
AIB with SMI (r = 0.55) and fractal dimension (r = −0.67). This
positive effect can be due to the combination of two factors: (i)
the convex probe bandwidth is wider compared with that of the
corresponding single-element transducer; (ii) the electronic
focusing of the US beam operated by the echographic probe is
more effective than the intrinsic focusing of the employed
single-element transducers.
Anyway, correlation data reported in Table 5 demonstrate once
more that AIB, which was computed from the US signal segment
due to trabecular backscatter, is correlated with trabecular region
properties as quantiﬁed by micro-CT parameters, whereas IRC,
which was computed from the US signal segment due to the
reﬂection produced by the discontinuity between cartilage and
cortical bone, is better correlated with bone density of the cortical
layer.
It can be observed that we always found good and statistically
signiﬁcant correlations between AIB and trabecular BV/TV (see
the corresponding values in Tables 3–5). In particular, as it can be
seen from the data reported in Fig. 6, the distributions of
trabecular BV/TV and AIB values computed from convex probe
acquisitions followed the same trend, with AIB being able to
detect important changes in trabecular BV/TV while resulting
independent from the insoniﬁcation angle. Analogous results were
found when single-element transducers were employed, further
conﬁrming the strong relationship between AIB and trabecular
BV/TV, which encourages a prompt clinical translation of the
proposed approach.
Preliminary tests conﬁrmed that about half of the femoral head
volume was easily accessible during ‘in-vivo’ echographic
acquisitions. Since the femoral head is directly connected to the
femoral neck, which is one of the reference axial sites for
osteoporosis diagnosis, the availability of additional information
about the status of its internal structure (not accessible for DXA
investigations) has a potential to improve the clinical management
of this pathology.
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Fig. 6 Micro-CT reconstruction of the bone tissue and AIB and trabecular BV/TV values as a function of the insoniﬁcation direction
a Micro-CT reconstruction of the bone tissue in the sample largest transversal section. The dotted lines represent the 30 angular positions corresponding to the insoniﬁcation directions
during the US acquisitions. The highlighted region between 72° and 156° is characterised by the presence of a high reduction of trabecular bone density
b AIB and trabecular BV/TV values as a function of the insoniﬁcation direction (AIB values were computed from convex probe data). It can be noted that AIB is able to effectively
follow the trend of trabecular BV/TV

Actually, the main difference between a real clinical acquisition
on a patient and the experimental conditions of the present study
is represented by the presence of soft tissues between the US
probe and the target bone surface. However, the amount of
intervening soft tissue thickness should result in an increased
acoustic attenuation, which could be compensated by appropriate
settings of echographic device parameters, such as power, gain,
focus, time-gain compensation and mechanical index.
Furthermore, the considered anatomical site is characterised by a
limited variation of soft tissue thickness as a function of patient
physical structure and body mass index. For instance, such
variations are much larger for abdominal organs, but this has not
prevented the development of US methods for quantitative
transabdominal measurements, including in particular a recently
introduced approach for osteoporosis diagnosis on lumbar
vertebrae [16]. In the case of femoral head acquisitions, it is
reasonable to expect a very narrow range of soft tissue thickness
variability, at least thanks to the possibility of suitably calibrating
the pressure exerted on the probe. Consequently, the reliability of
the measurements should be preserved.
Nevertheless, before the actual translation of the proposed
approach to clinical routine facilities, further studies will require
the investigation of additional US parameters, in order to establish
more speciﬁc relationships with single micro-CT outputs, as well
as the veriﬁcation of reported ﬁndings on a statistically signiﬁcant
number of bone samples and their ‘in-vivo’ validation through
dedicated clinical trials.

4

Conclusion

The correlations between two QUS parameters (AIB and IRC) and
bone structure properties as quantiﬁed by micro-CT were
investigated ‘in vitro’ on a whole human femoral head, employing
both single-element US transducers and a clinically available
128-element echographic probe.
Obtained results showed that AIB was strongly correlated with
trabecular network properties (|r| up to 0.80) and IRC had
appreciable linear correlations with cortical bone density (|r| up to
0.57). The documented agreement between single-element
transducers and echographic probe, combined with the innovative
approach of considering the entire femoral head in its physiological
shape with all its components (cartilage, cortical layer, trabecular
region), encourages the clinical translation of the proposed approach
as a possible new method for early osteoporosis diagnosis.
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