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Summary

Currently, the accepted “gold standard” method for bone
mineral density (BMD) measurement and osteoporosis
diagnosis is dual-energy X-ray absorptiometry (DXA).
However, actual DXA effectiveness is limited by several
factors, including intrinsic accuracy uncertainties and
possible errors in patient positioning and/or post-acqui-
sition data analysis. DXA employment is also restricted
by the typical issues related to ionizing radiation em-
ployment (high costs, need of dedicated structures and
certified operators, unsuitability for population screen-
ings). The only commercially-available alternative to
DXA is represented by “quantitative ultrasound” (QUS)
approaches, which are radiation-free, cheaper and
portable, but they cannot be applied on the reference
anatomical sites (lumbar spine and proximal femur).
Therefore, their documented clinical usefulness is re-
stricted to calcaneal applications on elderly patients
(aged over 65 y), in combination with clinical risk factors
and only for the identification of healthy subjects at low
fracture risk. Literature-reported studies performed
some QUS measurements on proximal femur, but their
clinical translation is mostly hindered by intrinsic fac-
tors (e.g., device bulkiness). An innovative ultrasound
methodology has been recently introduced, which per-
forms a combined analysis of B-mode images and corre-
sponding “raw” radiofrequency signals acquired during
an echographic scan of the target reference anatomical
site, providing two novel parameters: Osteoporosis
Score and Fragility Score, indicative of BMD level and
bone strength, respectively. This article will provide a
brief review of the available systems for osteoporosis di-
agnosis in clinical routine contexts, followed by a syn-
thesis of the most promising research results on the lat-
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est ultrasound developments for early osteoporosis di-
agnosis and fracture prevention.
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bone quality.

Introduction

Osteoporosis is a highly prevalent bone disease character-
ized by a decrease in bone mass accompanied by microar-
chitectural alterations, resulting in bone fragility and in-
creased fracture risk (1).

Almost 3 million osteoporotic fractures occur each year in
Europe, causing a direct cost of about €40 billion for nation-
al healthcare systems, and these figures are expected to
double by the year 2050 because of population ageing (2-4).
Vertebral and hip fractures are the most frequent, expensive
and disabling osteoporotic fractures, typically leading to sig-
nificant reductions in quality of life for the patients and being
also responsible for high rates of morbidity and mortality (5-
7). For instance, in 2010 the number of deaths causally relat-
ed to osteoporotic fractures in Europe was 43,000 and al-
most 80% of these were due to hip or vertebral fractures (4).
It has been recently estimated that 200 millions of individuals
are affected by osteoporosis worldwide (8) [4.5 million only
in Italy (9)]. Unfortunately, 75% of these people represent
undiagnosed cases because of the lack of reliable diagnostic
tools (8). Therefore, the introduction of innovative methods
aimed at improving the effectiveness of osteoporosis diagno-
sis and subsequent patient management is of paramount im-
portance from clinical, social and economic points of view.
According to the operational definition provided by the World
Health Organization (WHO), osteoporosis is diagnosed when
bone mineral density (BMD) measured at lumbar spine or
proximal femur is at least 2.5 standard deviations lower than
the young adult mean (10, 11). Currently, dual-energy X-ray
absorptiometry (DXA) is the most widely adopted method for
osteoporosis diagnosis, since it is considered the “gold stan-
dard” reference for BMD measurements (12-14).

However, the steady increment of osteoporosis prevalence due
to the demographic transition occurring worldwide is progres-
sively emphasizing the substantial ineffectiveness of current ap-
proaches to diagnosis and clinical management of this disease.
In fact, on one hand, DXA has important intrinsic limitations that
prevent its use for population mass screenings (i.e., ionizing ra-
diation employment, high costs, need of dedicated structures
with certified operators) (8), and, on the other hand, BMD mea-
surements showed a suboptimal sensitivity in the identification
of patients that will suffer from an osteoporotic fracture (15, 16).
Actually, fragility fractures occur in subjects with a reduced
bone strength, which is determined not only by BMD (represent-
ing bone quantity), but also by a multiplicity of bone quality fac-
tors (e.g., elastic properties, microstructural parameters, etc.)
that are mostly not assessed by available DXA scanners (17).
For these reasons, in the last years, increasing research ef-
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Figure 1 - Synthetic overview of the available systems for osteoporosis diagnosis.

forts have been put in the development of the so-called
“quantitative ultrasound” (QUS) approaches to bone health
assessment and osteoporosis diagnosis (14, 18-22). In fact,
ultrasound (US) waves are in principle inherently suited to
probe mechanical properties of investigated bones, and the
typical advantages of corresponding devices (absence of
ionizing radiation, low costs, portability, wide availability) can
overcome most of the DXA limitations (17).
Commercially-available QUS devices are currently employ-
able only on peripheral bone sites (e.g., calcaneus) and sev-
eral investigations of their diagnostic effectiveness with re-
spect to DXA measurements on the central reference sites
(lumbar spine and proximal femur) obtained contradictory re-
sults (14, 18, 22-29).

Consequently, available QUS approaches are typically used
only as a pre-screening method, requiring a further DXA ver-
ification before taking therapeutic decisions (25, 27). In this
context, diagnosis and management of osteoporosis are rou-
tinely based on DXA outcomes and evaluation of clinical risk
factors (e.g., presence of a previous fragility fracture), result-
ing in the reported evidence of underdiagnosis and under-
treatment (30, 31). In order to improve this situation, re-
searchers in this field have recently turned their attention to
the investigation of US approaches for osteoporosis diagno-
sis directly applicable on proximal femur and/or lumbar spine
(32-34). A schematic summary of the existing methods for
osteoporosis diagnosis is shown in Figure 1.

This article will provide an overview of the currently available
systems for osteoporosis diagnosis in clinical routine con-
texts (DXA and peripheral QUS), followed by a synthesis of
the most significant literature-reported results involving the
measurements of QUS parameters on proximal femur. The
first clinical validations of a novel US approach to obtain both
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quantity- and quality-related bone parameters on central ref-
erence sites will be then illustrated. Finally, some concluding
remarks will summarize the most promising paths towards
the effective achievement of early and accurate osteoporosis
diagnosis and fragility fracture prevention.

Dual-energy X-ray absorptiometry

DXA is presently recognized as the reference method to
measure BMD with acceptable accuracy and reasonable re-
producibility (35). This technology has been introduced in
1987 as a successor of Dual-Photon Absorptiometry.

DXA scanners (Figure 2) use an X-ray beam composed of
two different photon energies, in order to compensate for the
different attenuation coefficients of mineralized bone and soft
tissues encountered along the target path within the human
body (36): the intensities of high-energy and low-energy pho-
tons that passed through the body are analyzed separately
by a dedicated algorithm, which subtracts soft tissue attenu-
ation and provides only bone attenuation values. These val-
ues are then compared with reference measurements in
phantoms of known composition to obtain bone mineral con-
tent (BMC, in grams), which is finally divided by the project-
ed area of the considered bone (in cm?) to obtain the BMD
value (in g/cm?) (37). These principles are used to obtain
BMD measurements on multiple skeletal sites, including hip
and lumbar spine.

However, as with every other diagnostic technique, the actu-
al effectiveness of DXA systems should be critically as-
sessed taking into account the factors that can restrict its
employment and/or affect its accuracy and precision levels.
These factors have been scientifically investigated and litera-
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Figure 2 - Schematic illustration of a DXA scanner, including typical diagnostic images acquired on proximal femur (A) and lumbar spine (B).

ture results are briefly reviewed and summarized in the fol-
lowing paragraphs.

First of all, because DXA scanners use two X-ray energies in
the presence of three types of tissue (mineralized bone, lean
tissue and adipose tissue), measurement errors due to non-
uniform distribution of adipose tissues have been reported
(38-43). The typical uncertainty level associated to both hip
and spine BMD measurements is around 0.060 g/cm? (38),
which roughly corresponds to a relative error in the range 5-
10% and this should be considered in evaluating the accura-
cy of DXA scanning.

Secondly, DXA outcome is strongly influenced by patient po-
sitioning, which should be carefully assessed by the technol-
ogist and double-checked by the clinician that interprets the
test (85, 44). For instance, for correct hip positioning, the pa-
tient should keep the femur straight with the shaft parallel to
the image edge and an internal rotation of 25°, obtained by
the use of apposite positioning devices (45). A very recent
paper (46) retrospectively reviewed 793 DXA reports, includ-
ing both spine and femur investigations, and documented the
presence of patient positioning errors in about 9% of femoral
acquisitions and in about 8% of spinal ones.

A further source of inaccuracy in DXA scans is represented
by possible post-acquisition analysis errors. Actually, DXA
software typically provides an automatic identification of the
regions of interest (ROIs) within the target bone district, but
the technologist should make manual adjustments in order to
obtain a reliable outcome (35). In the case of spine, the ROI
consists of the vertebrae L1-L4 and the correct placement of
“spine box” and “intervertebral lines” is critical to avoid errors
in BMD measurement, especially in patients with scoliosis
(35). Analogous manual adjustments are routinely required
for femoral investigations. The above referenced paper (46)
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reported a very high rate of data analysis errors affecting the
final BMD value: 64% for lumbar examinations and 48% for
femoral ones.

Therefore, proper DXA employment requires well-trained
personnel, since incorrect patient positioning, data analysis
errors and interpretation mistakes can easily affect diagnosis
and subsequent therapeutic decisions (44).

Recent literature has also questioned the intrinsic DXA suit-
ability for osteoporotic fracture risk assessment (17, 47, 48),
since, although BMD is one of the major determinant of bone
strength (49), considerable overlaps in BMD values have
been reported between individuals that develop fractures
and those that do not (50). In order to try to overcome this
important issue the trabecular bone score (TBS) based on
DXA images has been recently introduced (47, 48, 51). It
consists of a novel parameter based on a gray-scale textural
analysis of spine DXA images, which uses variograms of 2D
projection images to provide a quantitative estimate of tra-
becular microarchitecture status (51). TBS resulted to be in-
dependent of bone size [which, on the other hand, is known
to affect DXA-measured BMD values (52)] and correlated
with bone quality indicators, such as trabecular number and
connectivity density, as measured by micro-computed to-
mography (51). In particular, TBS showed the potential to
predict osteoporotic fracture risk independently of BMD and
to provide lumbar DXA scans with a specific added value
(48, 53). However, TBS scores are provided through an ad-
ditional software module installation in the DXA systems with
the consequent cost increasing of the final examinations.
Furthermore, it has to be underlined that DXA exploits ioniz-
ing radiation properties and its employment is consequently
subject to the typical limitations associated to this kind of de-
vices: high costs, possible long-term risks for patient health,
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limited exam repetition frequency, need for dedicated struc-
tures with certified operators (8). Because of these reasons,
coupled with the mentioned sources of inaccuracy in BMD
measurement, international guidelines typically recommend
DXA scans for osteoporosis diagnosis only in people aged
65 and older if no other specific risk factors are present (54).

QUS approaches for peripheral sites

QUS technologies represent a group of US-based methods
for bone health assessment that has gained much popularity
since their introduction into clinical practice in the 1990s
(55). Compared to DXA, QUS approaches offer a wider ac-
cessibility to the public, because they are portable, easier to
handle, cheaper and do not use ionizing radiation (8).

From a physical point of view, QUS techniques typically in-
volve the generation of US pulses in the frequency range be-
tween 200 kHz and 1.5 MHz, which are transmitted through
the bone under investigation (56). Some devices transmit US
waves parallel to the axis of the target bone (axial transmis-
sion): the same US probe contains both the pulse emitter
and the pulse receiver, and this approach is adopted to in-
vestigate forearm, tibia and radius (57, 58). Nevertheless,
the most common clinically-available QUS devices send US
pulses perpendicularly with respect to target bone axis
(transversal transmission): there are two separate probes for
sending and receiving US pulses, with the investigated bone
(usually the calcaneus) placed between them (56, 58).

Most of literature-available papers focused on the assess-
ment of QUS diagnostic effectiveness involved calcaneal ap-
plications (14, 24, 26-28, 59-63). In fact, calcaneus is com-
posed almost entirely of trabecular bone, is a weight-bearing
bone and has the advantage of having two flat, parallel later-
al surfaces that are very suitable to achieve a satisfactory
transmission of US pulses through the bone (56). As a re-
sult, calcaneus is the only validated skeletal site for the clini-
cal use of QUS in osteoporosis management (64).
Nevertheless, despite the huge amount of published data,
the International Society for Clinical Densitometry (ISCD) re-
stricted the actual clinical diagnostic usefulness of validated
calcaneal QUS devices to patients aged 65 and older, and
only in combination with clinical risk factors, in order to iden-
tify patients with very low fracture risk, requiring no further
investigations (64). This is probably due to the fact that the
still limited understanding of the actual interaction mecha-
nisms between an US pulse and the complex trabecular
structure does not allow a clear interpretation of the mea-
sured QUS variables, nor the identification of clear relation-
ships between such variables and bone strength (17). Con-
sequently, it is quite difficult the proper interpretation of spe-
cific literature-reported studies that did not find a clear diag-
nostic value for calcaneal QUS devices (24, 27). However,
further work in this field is ongoing and interesting experi-
mental studies aimed at elucidating the mentioned interac-
tion mechanisms are being continuously published (65-70).
Although the most common QUS devices employ the de-
scribed through transmission approach to provide parameters
such as broadband US attenuation (BUA), speed of sound
(SOS) and stiffness index (STI), some recent papers reported
the potential of US backscatter as a new approach to osteo-
porosis diagnosis (34). The considered US backscatter para-
meters include: backscatter coefficient (71), apparent inte-
grated backscatter (AIB) (33, 72), frequency slope of appar-
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ent backscatter (FSAB) and time slope of apparent backscat-
ter (TSAB) (73), spectral centroid shift (72), broadband ultra-
sound backscatter (BUB) (74), integrated reflection coefficient
(IRC) (33), mean of backscatter difference spectrum (MBDS)
and slope of backscatter difference spectrum (SBDS) (75).
Reported articles documented visible correlations between
considered US backscatter parameters and BMD, often sup-
porting the idea that this kind of measurements might also
provide an important added value represented by the evalua-
tion of bone microstructural properties. Encouraging clinical
results were obtained by a pilot study involving multi-site
measurements of AIB and IRC (33) and by a more extended
clinical validation focused on calcaneal measurements of AIB
and spectral centroid shift (72). Nevertheless, most of the re-
ferred papers performed only in vitro measurements on ex-
cised bone samples and, the mentioned QUS backscatter ap-
proaches are still at an experimental research level and gen-
erally suffer from the lack of appropriate clinical validation.

QUS research approaches for proximal femur

Established QUS methods are applicable only on peripheral
bone sites and their limited diagnostic power derives from
the absence of clear relationships with the health status of
hip and/or spine, which actually represents the fracture sites
carrying the largest costs and the most severe reductions in
patient quality of life.

Considering that site-matched correlations between BMD
and QUS parameters are typically better than the corre-
sponding ones obtained from different sites, proximal femur
has become the target of several experimental studies aimed
at translating the measurement of peripheral QUS parame-
ters to the femoral site (32, 33, 76-82). Among these, the
most clinically significant results were those obtained by
Barkmann et al. (2010) (32) with a “through transmission”
approach for measuring SOS and BUA, and those reported
by Karjalainen et al. (2012) (33) exploiting a backscatter
technique to measure AIB and IRC.

A strong correlation (r=0.95) between proximal femur BMD
and a linear combination of SOS and BUA was first docu-
mented in an in vitro study by Haiat et al. (2005) (81). A simi-
lar approach was then applied in vivo in 62 women (32), ob-
taining a significant correlation (r=0.85) between DXA-mea-
sured total hip BMD and a QUS-based estimate obtained
from a linear combination of SOS values measured through
different tissues (i.e., cortical bone, trabecular region, and
soft tissue). In the same study, selected QUS parameters
showed a performance similar to BMD, or even slightly bet-
ter, in the discrimination between patients with recent hip
fractures and controls. However, the adopted prototypal de-
vice was quite bulky and expensive, therefore reducing the
advantages of QUS over DXA. Moreover, its translation to
clinical routine was further hindered by the relatively long
scan time, which was on the order of 5 to 10 minutes.

An alternative approach was employed by Karjalainen et al.
(2012) (33), who, on one hand, replaced the described
“through transmission” method with a more straightforward
pulse-echo technique for QUS measurements at the hip,
and, on the other hand, combined their QUS measurements
with patient-specific information, such as weight and age, in
order to obtain a more effective fracture prediction. They
used single-element US transducers with a fixed focus
depth, whose effective employment required a preliminary lo-
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calization of the ROls through a clinical US imaging system.
Reported findings emphasized that AIB measured on femoral
neck, combined with patient age and weight, provided a
good performance in discriminating patients with a previous
hip fracture from control subjects. In addition, AIB alone
showed a statistically significant correlation with BMD mea-
sured in different femoral regions (r in the range 0.49-0.64).
However, although clinical implementation of pulse-echo
QUS measurements at hip should be in principle more feasi-
ble than the corresponding “through transmission” tech-
niques, the approach adopted in the referred paper (33) suf-
fered from the difficult applicability on obese patients. In fact,
4 out of the 30 enrolled patients (~13%) could not undergo
femoral QUS measurements because of their obesity, thus
reducing actual sample size to only 26 subjects. Further-
more, the described approach did not show a clear advan-
tage over DXA and its reliability was specifically limited by a
relatively low short-term reproducibility of reported results:
RMS-CV for AIB measured on femoral neck was 4.6%, while
the corresponding DXA values for femoral neck investiga-
tions are typically in the range 0.7-0.9% (83). As proposed
by the Authors themselves (33), the mentioned issues could
be partially overcome by the implementation of the adopted
method on a device equipped with a phased-array US imag-
ing transducer capable of optimizing the focal depth to bone
surface, although the actual clinical usefulness of the pro-
posed femoral measurements needs anyway to be verified
on more extended study populations.

Novel echosound approaches for hip and spine

A different US methodology for osteoporosis diagnosis and
fragility fracture prevention has been recently introduced by
our research group (34).

The basic idea underlying this approach is that “raw” unfil-
tered radiofrequency (RF) signals, acquired during an in vivo
echographic scan of a target bone district, can be used to

determine the health status of the considered bone through
advanced comparisons with previously derived reference
spectral models of the possible pathological or normal condi-
tions. This method is natively integrated with US imaging,
since B-mode echographic images are needed for two rea-
sons: 1) the ROI for diagnostic calculations within the investi-
gated bone is frame-by-frame identified by a fully automatic
segmentation algorithm; 2) the simultaneous acquisition of
several RF signals, corresponding to the echographic scan
lines of the considered frame, is necessary to provide a solid
and reliable statistical basis for subsequent spectral analy-
ses. In principle, the outlined approach can be applied to any
bone district to determine in what measure the spectral char-
acteristics of corresponding RF signals are more similar to
those of a pathologic bone with respect to those of a normal
bone. Spinal and femoral applications of the proposed
methodology are illustrated in Figure 3.

The most important bone pathologic conditions for osteo-
porosis diagnosis and fracture prevention can be summa-
rized in “low BMD” and “susceptibility to fracture”. According-
ly, two novel diagnostic parameters were introduced: the Os-
teoporosis Score (OS), which measures the degree of simi-
larity to spectral models derived from subjects with a low
BMD (T-score < -2.5) with respect to those derived from nor-
mal subjects (T-score = -1.0), and the Fragility Score (FS),
which quantifies an analogous spectral similarity to subjects
that reported a recent fragility fracture with respect to control
subjects without fracture history. Literature-available results
on the first clinical validations of OS and FS are illustrated in
the next two sub-paragraphs.

Osteoporosis Score

A complete and detailed description of OS employment for
spinal investigations, including construction of reference
database, spectral model derivation, reproducibility assess-
ment and diagnostic accuracy comparison with DXA, has
been reported in a very recent paper involving 342 patients
(384). Fundamentals of the adopted methodology and main

A B

— RFEnvelope

— RF Signal

Figure 3 - Application of the novel echographic approach to lumbar spine and proximal femur: A) data acquisition; B) typical obtained B-
mode images of spine (top) and femur (bottom); C) illustration of a sample automatically selected ROI for RF signal analysis.
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results are briefly summarized herein.

The study included all the consecutive female patients that
fulfilled the following enrollment criteria: Caucasian ethnicity,
aged 51-60 y, BMI (body mass index) < 25 kg/m?, absence
of previous vertebral fractures, medical prescription for a
spinal DXA. All the enrolled patients (n = 342) underwent a
conventional spinal DXA and an abdominal echographic
scan of lumbar spine with RF signal acquisition. Patients
were subdivided in two groups based on their age (51-55 y
and 56-60 y) and, for each group, the first 100 patients were
included in the reference database for spectral model deriva-
tion and the remaining ones represented the study popula-
tion for reproducibility assessments and accuracy measure-
ments. For both the considered age intervals, US datasets
from patients included in the reference database were used
to calculate the corresponding model spectra for “osteoporo-
sis” and “healthiness” through the procedure detailed in (34).
Once the reference models had been calculated, patient
datasets belonging to study population were processed by
the implemented algorithm in a fully automatic manner that
included the following two main steps: 1) highly selective
identification of vertebrae and ROls within them; 2) statistical
shape comparisons between selected RF spectra extracted
from identified ROIs and the calculated reference models,
providing as a final output the OS value for the considered
patient. Additionally, the adopted algorithm provided the au-
tomatic identification of the “noisy” acquisitions, in which
quality of RF backscatter signals was not sufficient to obtain
a reliable parameter calculation and the acquisition had to be
repeated [in the referred paper (34) the “noisy” acquisition
rate was 3.7%].

Statistical analysis of obtained results showed that, in both
the considered age ranges, OS values of patients classified
as “osteoporotic” by DXA were significantly higher than the
corresponding values of either “osteopenic” or “healthy” pa-
tients, with OS values of the latters being also significantly
lower than those of the formers (34). Diagnostic comparison
with DXA produced the following results: classification of pa-
tients as “osteoporotic”, “osteopenic” or “healthy” on the ba-
sis of OS thresholds was the same of DXA in 91.1% of con-
sidered cases (k = 0.859, p<0.0001), and OS-based BMD
estimates showed a significant correlation with DXA-mea-
sured values (r = 0.84, p<0.001) (34).

The same approach was also preliminarily employed on
proximal femur in a different study population (112 Cau-
casian women, 61-75 y, BMI<40) (84). For 81.3% of the pa-
tients US-based diagnostic classification (osteoporotic, os-
teopenic, healthy) coincided with the corresponding DXA
one, and this accuracy level was not appreciably influenced
by patient age nor by BMI in the considered ranges. Statisti-
cally significant correlations were also found between US-
based BMD estimates and DXA values (r in the range 0.65-
0.80, p<0.01). Therefore, the adopted approach, whose first
clinical target has been osteoporosis diagnosis on spine,
confirmed its feasibility on proximal femur as well. Notably,
the required US scans were effectively carried out on all the
enrolled patients, including the obese ones. Furthermore,
some algorithm refinements specific for femoral application
are currently under development, involving in particular an
optimized automatic identification of bone profile and related
ROls for subsequent spectral analyses: encouraging initial
results support the actual possibility of reaching a diagnostic
performance at least as good as with the spinal application.
Because of its diagnostic agreement with DXA in patient
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classification and its proven ease of use combined with the
complete absence of ionizing radiation (34), OS has an im-
portant potential to reduce the burden of osteoporosis through
early diagnoses obtained from mass screenings on young
populations at the primary healthcare level. In fact, OS
could become particularly useful in the prompt identification
of osteopenic subjects, which represents a high-priority pub-
lic health issue (1) since osteopenia often evolves to osteo-
porosis, but, in presence of an early detection of this condi-
tion, the process can be significantly slowed or even
stopped through simple modifications of lifestyle and daily
habits.

Fragility Score

A different application of the theoretical concepts that guided
the development of OS has led to the implementation of a
further US parameter for the assessment of bone health sta-
tus, FS, which quantifies the fragility of the target bone, inde-
pendently on BMD level (85, 86).

Actually, the global approach to osteoporosis diagnosis and
bone health assessment started to change 10-15 years ago,
when the awareness that a very high percentage of fragility
fractures occur in subjects without osteoporosis (16) has
gradually moved the focus from the identification of patients
with osteoporosis (based on BMD thresholds) to the detec-
tion of patients at high risk of fracture (87). In other words, it
was progressively recognized the importance of bone quality
parameters in determining actual bone strength, indepen-
dently of BMD value.

This gave a further impulse to the development of QUS sys-
tems for bone status evaluation and, in particular, to focus
the assessment of their diagnostic performance on the ability
in discriminating between fractured and non-fractured pa-
tients (i.e., between “frail” and “non-frail” subjects) or in the
prediction of actual fracture occurrence, rather than on the
correlation with BMD values (24, 26, 27, 32, 33, 88). Even
the described implementation of TBS calculation from DXA
images was aimed at the same goal: the achievement of an
osteoporotic fracture predictor that is independent of BMD
(47, 48, 51).

An alternative way to obtain a tool for accurate fracture risk
prediction was proposed by the WHO Collaborating Centre
for Metabolic Bone Diseases at Sheffield (UK) with the im-
plementation of a proprietary fracture risk assessment tool
(FRAX®) (89). FRAX® is a software algorithm that calculates
the 10-year probability of a major osteoporotic fracture (oc-
curring at hip, clinical spine, humerus or wrist) and the 10-
year probability of hip fracture. Fracture risk is calculated
from age, BMI and dichotomized risk factors, including a pri-
or fragility fracture, parental history of hip fracture, tobacco
smoking, use of long-term oral glucocorticoids, rheumatoid
arthritis, other causes of secondary osteoporosis and alcohol
consumption; femoral neck BMD can be optionally added to
improve fracture risk prediction (2). The introduction of
FRAX® is based on the reported evidence that the use of
clinical risk factors in conjunction with BMD and age im-
proves BMD sensitivity in fracture prediction without adverse
effects on specificity (90).

Unfortunately, the reported socio-economic data on fracture
occurrence, associated costs and related projections for the
next decades demonstrate that none of the above mentioned
approaches to fracture risk prediction has satisfactorily
reached its goal. In fact, regarding QUS approaches, their
current clinical usefulness is limited to the restricted applica-

147



S. Casciaro et al.

tion field identified by the reported official position of ISCD
(64), while a consensus still has not been reached on a
wider or different application range. For what concerns TBS,
although it has proven to represent an added value with re-
spect to BMD alone (48), its employment is necessarily relat-
ed to DXA use and, therefore, to the discussed limitations re-
lated to ionizing radiation, including in particular high costs,
unsuitability for population screening purposes and unavail-
ability in primary healthcare settings.

FRAX® limitations have been discussed in detail in dedicated
papers (91,92). The most important weaknesses are related
to the following main points: 1) the employment of di-
chotomized risk factors does not take into account the dose-
response effects, which have been demonstrated to have
appreciable influences on fracture risk (91, 93-95); 2) even
taking into account the previous point, there are limited
chances of improvement, since a more accurate assessment
of risk factors would cause an increased difficulty in properly
answering the corresponding questionnaire, thus making the
method more time-consuming without beneficial effects on
prediction accuracy; 3) the 10-year fracture probability calcu-
lated without femoral neck BMD has a limited reliability and it
is almost useless for the clinician, while, on the other hand,
the need of the DXA-measured BMD value is again associat-
ed to the typical DXA limitations.

In this context, a very recent attempt to introduce a radia-
tion-free and easy-to-use method for bone strength estima-
tion and fracture risk prediction was represented by the
mentioned development of FS (85, 86). In its first implemen-
tation, FS was thought to be measured on lumbar spine and
it was aimed at providing a quantification of the general
skeletal fragility. Therefore, the corresponding analysis of
RF signals acquired on a patient was tailored to quantify the
spectral similarities with reference models derived from
“frail” subjects (i.e., those that reported a recent non-verte-
bral osteoporotic fracture), compared with models of “non-
frail” subjects (i.e., without fracture history). Once the target
reference populations had been established, the procedure
for spectral model derivation and calculation of FS values
was the same that has been described for OS (see previous
paragraph).

A first preliminary clinical validation of FS ability in the identi-
fication of “frail” subjects was conducted on a population of
84 postmenopausal Caucasian women (40 with a recent
non-vertebral fragility fracture and 44 controls without frac-
ture history) (85). Obtained results showed that F.S. was sig-
nificantly higher in the fracture group than in the control
group, and vice versa for DXA-measured BMD. ROC curve
analysis documented the same discrimination power for both
the techniques (AUC=0.77 for both).

In a different study, conducted on a population of 64 post-
menopausal Caucasian women, we aimed at assessing the
correlation between FS values and the 10-year probabilities
of hip and major fragility fractures provided by FRAX® (86).
FRAX® fracture probabilities, calculated including also the
outcome of DXA measurements on femoral neck, resulted
significantly correlated with FS measured on spine (r in the
range 0.69-0.75, p<0.001).

As a general result, FS preliminarily showed the following in-
teresting properties: 1) the same discrimination power of
spinal DXA in the identification of patients that reported a re-
cent non-vertebral osteoporotic fracture; 2) significant linear
correlations with fracture risk probabilities provided by
FRAX® integrated with DXA measurements at the femoral
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neck. Obviously, these findings will need to be confirmed on
more extended study populations. However, taking into ac-
count the complete absence of ionizing radiation employ-
ment with respect to DXA, and the simplicity with respect to
the combination of FRAX® and femoral DXA, the introduction
of FS in clinical routine and primary healthcare settings can
be envisioned with the specific aim of identifying subjects at
increased fracture risk, independently of their BMD.

Future studies of this method will include the implementation
of FS measurement on different anatomical sites starting
from proximal femur, whose application is already under de-
velopment.

Conclusions and future perspectives

In order to significantly reduce the socio-economic burden
currently associated with osteoporosis and fragility fractures,
the introduction of novel diagnostic approaches, specifically
aimed at early disease detection through accurate population
screenings, is needed. Therefore, osteoporosis assessments
and evaluations should be routinely carried out in the prima-
ry healthcare settings, which require radiation-free, portable
and easy-to-use systems.

Furthermore, in order to determine the actual bone strength
and to obtain reliable fracture risk prediction, it is important
to integrate bone quantity parameters (e.g., BMD) with bone
quality indicators (e.g., microstructural properties).

The most promising approach seems to be the optimized
clinical implementation of backscatter US measurements on
the most disabling fracture sites (i.e., proximal femur and
lumbar spine).

In this context, two novel parameters have been very recent-
ly introduced: OS, which showed significant correlations with
BMD, and FS, which demonstrated a clear potential for the
identification of “frail” bone structures. Their combined em-
ployment can enhance the outcome of osteoporosis diagno-
sis through the very early identification of both subjects with
a reduced BMD level (who are prone to develop osteoporo-
sis in the future, but can avoid this perspective through
lifestyle corrections) and subjects at increased fracture risk
because of a compromised bone strength (who should be
considered for possible specific drug therapies).
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