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Abstract

Effective prevention and management of osteopo-
rosis would require suitable methods for population
screenings and early diagnosis. Current clinically-
available diagnostic methods are mainly based on
the use of either X-rays or ultrasound (US). All X-ray
based methods provide a measure of bone mineral
density (BMD), but it has been demonstrated that
other structural aspects of the bone are important in
determining fracture risk, such as mechanical features
and elastic properties, which cannot be assessed us-
ing densitometric techniques. Among the most com-
monly used techniques, dual X-ray absorptiometry
(DXA) is considered the current “gold standard” for
osteoporosis diagnosis and fracture risk prediction.
Unfortunately, as other X-ray based techniques, DXA
has specific limitations (e.g., use of ionizing radia-
tion, large size of the equipment, high costs, limited
availability) that hinder its application for population
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screenings and primary care diagnosis. This has re-
sulted in an increasing interest in developing reliable
pre-screening tools for osteoporosis such as quantita-
tive ultrasound (QUS) scanners, which do not involve
ionizing radiation exposure and represent a cheaper
solution exploiting portable and widely available de-
vices. Furthermore, the usefulness of QUS techniques
in fracture risk prediction has been proven and, with
the last developments, they are also becoming a
more and more reliable approach for assessing bone
quality. However, the US assessment of osteoporosis
is currently used only as a pre-screening tool, requir-
ing a subsequent diagnosis confirmation by means of
a DXA evaluation. Here we illustrate the state of art in
the early diagnosis of this “silent disease” and show
up recent advances for its prevention and improved
management through early diagnosis.

© 2013 Baishideng Publishing Group Co., Limited. All rights
reserved.
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Core tip: Early diagnosis is the key for an appropriate
osteoporosis management. To date, dual X-ray ab-
sorptiometry is the most commonly used and validated
method for bone densitometry in clinical practice.
Nevertheless, some important limitations like radia-
tion dose and high costs do not allow it to be the true
“gold standard technique” and make it unsuitable as a
screening tool at the primary health care level for pre-
vention purposes. As a consequence, interest in devel-
oping reliable pre-screening devices for osteoporosis
assessment such as quantitative ultrasound scanners
is growing up. Ultrasound-based techniques involve
no radiation exposure, represent a cheap solution and
they are also becoming more and more reliable for as-
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sessing bone quality.
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INTRODUCTION

In recent years the prevalence and the awareness of osteo-
porosis are increasing and it has been estimated that 200
millions of individuals suffer from osteoporosis wotld-
wide. Nevertheless, about 75% of these people represent
undiagnosed cases and do not receive appropriate treat-
ment.

According to the World Health Organization (WHO),
osteoporosis is “a systemic skeletal disease characterized
by low bone mass and microarchitectural deterioration
of bone tissue with a consequent increase in bone fragil-
ity and susceptibility to fracture”.

Fractures resulting from osteoporosis lead to high
rates of morbidity and mortality, reduce quality of life
and are responsible for a sharp increase in healthcare
costs”™. As a consequence, with the gradual increase
in life expectancy in developed countries, osteoporosis
and consequent fragility fractures represent a major
health problem in eldetly women (older than 50 years)
which will become a predominant portion in the next
decades”. The socio-economic demand for the manage-
ment of osteoporotic patients will also increase in the
next years': it would be both useful and necessary to
adopt a preventive approach to the problem in post-
menopausal women with the aim to stop or at least slow
down the disease progression”. With this approach
carly diagnosis is essential for timely identification and
treatment of patients who are at risk for osteoporotic
fractures. In this context, diagnostic imaging of osteopo-
rosis has two principal aims: (1) to identify the presence
of osteoporosis, and (2) to derive prognostic informa-
tion on the probability of future fractures by quantifica-
tion of bone mass'".

The diagnosis of osteoporosis relies on the quantita-
tive assessment of BMD, which is currently considered
the best predictor of osteoporotic fractures. The BMD
value is the amount of bone mass per unit volume (volu-
metric density), or per unit area (areal density), and both
can be measured iz vivo by densitometric techniques®.
Over the past 25 years, many non-invasive methods for
osteoporosis diagnosis have been developed that rely on
the attenuation of ionizing radiation to quantify BMD at
different skeletal sites. Among the most commonly used
X-ray based methods, quantitative computed tomogra-
phy (QCT) and DXA allow quantification of bone loss
while morphometry provides assessment of the pres-
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ence of vertebral fractures.

Unfortunately, the application of the current “gold
standard” method for bone densitometry, DXA, is not
appropriate in primary healthcare or as a screening tool in
order to improve the diagnostic outcomes because certain
features, such as the use of radiation, the large size of the
equipment, its relatively high costs and the limited avail-
ability of the measurements, prevent it from being a real
benchmark for osteoporosis management. Moreover, all
the X-ray based methods provide a measure of BMD but
this parameter can explain only 60%-80% of the vari-
ability in bone strength, and it has been demonstrated that
other mechanical aspects of the bone (microarchitectural
parameters, bone geometry and elastic properties, which
cannot be assessed by densitometric techniques[z’sl) are
important in determining fracture risk™”,

Quantitative ultrasound (QUS) methods for osteo-
porosis assessment, developed over the past 10 years,
have showed some ability to determine bone quality and
to provide information not only about bone density but
also about its structure and elastic properties[m’m. Their
main limitation is represented by the fact that currently-
available QUS devices can be applied only to peripheral
sites of the skeleton: the calcaneus, the proximal pha-
langes of the hand, the tibial shaft and the radius. Nev-
ertheless, QUS techniques are much faster, easier to use
and more portable than DXA; they are also less expen-
sive and do not employ ionizing radiation: these features
suggest a future role for QUS as an effective screening
tool for osteoporosis diagnosis.

This article gives an overview of the most widely
used X-ray based techniques to perform osteoporosis
diagnosis and of the most relevant developments in the
field of QUS, underlining the corresponding advantag-
es and limitations for their use in the clinical practice.

This review provides a complete framework for un-
derstanding and properly evaluates which tools or tech-
niques can achieve the carly diagnosis of osteoporosis.

X-RAY BASED METHODS

Before the advent of newer, highly accurate and precise
quantitative techniques such as DXA and QCT, osteo-
porosis has been most commonly diagnosed by con-
ventional Single Photon Absorptiometry (SPA), Single-
energy-X-ray Absorptiometry (SXA) and Dual-Photon
Absorptiometry (DPA)". Thanks to the development
of DPA and DXA it was possible to directly investigate
the main anatomical reference sites: proximal femur and
vertebral bodies'”.

Dual X-ray absorptiometry

Dual X-ray absorptiometry (DXA) method was intro-
duced in 1987 as a successor of DPA. Among the dif-
ferent techniques that have been developed to assess
osteoporosis disease in term of bone mass, bone min-
eral content, or other related aspects of skeletal mass or
structure, the technique that has reached the more com-
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X-ray detector system
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Figure 1 Bone densitometry scan (dual X-ray absorptiometry). Schematic
representation of X-rays source and detector system in dual X-ray absorptiom-
etry device. Adapted from Drugs.com®.

plete technical development and biological validation is
DXA, which is currently regarded as the “gold standard”
for osteoporosis diagnosis.

In DXA the production of photons, based on the
use of an X-ray tube'”, leads to shorter imaging times
(less than 5 min) with enhanced resolution and improved
accuracy than in DPA using a radionuclide source. Like
DPA, this technique determines BMD in two dimen-
sions (from an anterior-posterior image).

A DXA scanner (Figure 1) consists of a mobile X-ray
source, an examination table for the patient, and a de-
tection system that detects radiation emerging from the
bones being examined. The X-ray source is under the
examination table and moves together with the detection
system, which is located opposite the X-ray source and
over the patient’s body.

DXA uses an X-ray beam composed of two different
photon energies (constant and pulsed): the energy used
is selected to compensate for the different attenuation
coefficients of the mineralized bone and soft tissues of
the skeletal site being analyzed"". Tn particular, the inten-
sities of high-energy and low-energy photons are ana-
lyzed separately after the protons have passed through
bones and soft tissue. The attenuation values of soft
tissues are subtracted by an algorithm providing only the
attenuation values of bone. These values are compared
with standard values in phantoms of known density in
order to obtain bone mineral content value (in grams).
Dividing the bone mineral content by the projected area
of the measured site (in square centimeters), it is pos-
sible to obtain the BMD wvalue (in grams per square cen-
timeter)"”. BMD can be also expressed as a T-score and
a Z-score, which represent the number of standard de-
viations (SDs) with respect to a reference average value.
The T-score describes the difference between the BMD
of the patient being examined and the mean BMD of
a standard young adult population (20-30 years of age,
when BMD typically reaches its peak value). The Z-score
shows the difference between the patient’s BMD and the
mean BMD of age- and gender-matched controls. DXA
results are reported as numeric values for BMD, T-score
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and Z-score, and as a graphic curve in which patient’s
parameter values are compared with those of a reference
gender-matched population belonging to the same ethnic
group. In 1994, the WHO defined the threshold levels
for the diagnosis of osteopenia and osteoporosis with
DXA. As a consequence, DXA measurements ate cut-
rently the standard of reference for the clinical diagnosis
of osteoporosis through bone densitometry. In particu-
lar, the WHO classifies BMD on the basis of the T-score
(Figure 2) as normal (= -1.0), osteopenia (< -1.0 but >
-2.5), osteoporosis (< -2.5), and severe osteoporosis (<
-2.5 with a fragility fracture) et

It has been shown that the reproducibility of BMD
measurements, expressed as coefficient of variation (CV),
is quite good: 1.12% for vertebrae, 2.21% for femoral
neck and 1.32% for total hip!"®.

The central skeleton (spine and femur) is the most
relevant measurement site, since this is the site suffer-
ing the most severe fractures. In particular lumbar spine
(from L1 to I.4) and proximal femur (total hip, femoral
neck, trochanter and WARD area) (Figure 2) are mea-
sured by axial DXA devices.

The DXA-method has also been applied for mea-
surements of peripheral locations, such as the heel and
distal radius. The choice to investigate the forearm can
give an information on the possibility to have a wrist
fracture and can be performed when evaluation of other
sites is unfeasible; similarly, calcaneus measurements are
particularly predictive of spine fractures' " even if the
WHO critetion for osteoporosis diagnosis (T score <
-2.5) is not applicable to the calcaneus. Anyway, since
there is only a moderate correlation between the periph-
eral and axial BMD (r = 0.5-0.6), it has been estimated
that over 40% of the patients investigated at peripheral
bone sites would need an additional referral to the axial
DXA measurement”’, It has been shown that the most
reliable prediction of future fractures is reached by mea-
sutements at the actual site of the future fracture. Thus,
the risk of a hip fracture is best assessed by the proximal
femur BMD, whereas vertebral fractures are best pre-
dicted by BMD measurement on the lumbar vertebrae'™.

Since DXA is a two-dimensional technique, it has
some inherent limitations. It cannot help in distinguish-
ing between cortical and trabecular bone neither in
discriminating between changes due to bone geometry
(e.g., variations in the third dimension) and those actu-
ally due to BMD variations (within a fixed volume of
bone). Furthermore, the microstructural characteristics
(eg., trabecular shape, size, number, orientation, ez.) can-
not be assessed. Moreover, other factors that can cause
clinically relevant diagnostic errors should be taken into
account: the presence of osteomalacia may result in
an underestimation of bone mass; osteoarthritis at the
spine or the hip may increase the measured bone density
without improving the actual skeletal strength; soft tis-
sue calcifications, previous fractures, severe scoliosis or
vertebral deformities may be all sources of error in the
diagnosis of osteoporosis by DXA,
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Figure 2 Dual X-ray absorptiometry examination on reference sites. A: Dual X-ray absorptiometry (DXA) scan of the femoral neck; B: DXA examination of the
lumbar spine with analysis of the vertebral bodies (L1-L4); C: A graphic curve of T-score values normalized for age. The green area of the panel indicates normal T-
score values (= -1.0), the yellow one indicates osteopenia (< -1.0 but > -2.5) and the red area indicates osteoporosis (< 2.5). BMD: Bone mineral density.

The use of DXA requires well-trained personnel:
incorrect patient positioning, scan analysis or mistakes in
interpretation may lead to errors in diagnosis and conse-
quent therapy™. Furthermore, it should not be forgot-
ten that a DXA measurement always exposes the patient
to a certain radiation dose: although the radiation dose
in the modern DXA devices is small” it still interferes
with the feasibility of the technique for large scale popu-
lation screenings.

DXA is used also in pediatric populations to quantify
the deficits in bone mineral associated with the various
disorders causing osteopenia in children, and to detect
the genetic susceptibility to osteoporosis™. However,
DXA in children frequently leads to a misdiagnosis of
osteoporosis and an underestimation of the amount of
bone because growth and maturity significantly reduce
the accuracy of DXAPY,

Quantitative computed tomography
In addition to DXA, quantitative computed tomography
(QCT) has also been developed to quantify bone mineral
content and to assess bone loss™. The main advantage
of this technique is that cancellous bone can be exam-
ined separately from cortical bone. In particular, in
QCT a thin transverse slice through the body is imaged:
the image can be segmented to give a quantitative mea-
sute of volumetric BMD (unlike DXA) of vertebrae, as-
sessing the cancellous bone independently of surround-
ing cortical bone and possible aortic calcifications”.
QCT can be performed to the spine (usually two to four
vertebrae between T12 and L4 inclusive) on conven-
tional whole body CT scanners, or to the appendicular
skeleton at peripheral sites (radius, tibia) using smaller,
less expensive, dedicated petipheral CT scanners (pQCT).
In QCT measurements, the X-ray absorption profiles
are typically obtained when the source and the detectors
rotate around the object. The absorption projections
at different angles are then processed to reconstruct a
three-dimensional illustration of the imaged objectm.
CT provides an image which is based on the linear X-ray
absorption coefficients of the irradiated tissues. All clini-
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cal body CT scanners are similatly calibrated to the X-ray
attenuation of water, resulting in CT numbers, measured
in Hounsfield units (HU). In the quantitative determi-
nation of volumetric BMD, a calibration phantom is
imaged simultaneously with the patient, to convert HU
into bone mineral units. This phantom is made of differ-
ent concentrations of calcium hydroxyapatite in water-
equivalent plastic through which the average of the ob-
tained vertebral density is calculated and compared with
those of an healthy reference population. The density
of each vertebral body is determined, and a mean value
for all vertebral bodies is calculated. The results of the
measurements are usually expressed as absolute values
or as Z-score and T-score, as in all bone densitometry
techniques’™

In early CT scanners, QCT was applied to the lum-
bar spine using single two-dimensional (2D) 8-10 mm
slices through the middle of each vertebral body. Over
the last decade technical developments in CT, includ-
ing complete and multiple rings of detectors and spi-
ral rotation of the X-ray tube (spiral multi-detector
computed tomography: MDCT), result in 3D images
of tissue™. In this way analysis of the hip, a clinically
important site of fracture, is more precise than in 2D
single slices and scan times are below 10 s for the spine
or femur™. Moreover, the next generation high-reso-
lution pQCT (HR-pQCT) provide also an evaluation
of trabecular bone structure (e.g., trabecular thickness,
trabecular spacing and bone volume fraction). Patients
with vertebral fractures were better identified by QCT
than DXA measurements at lumbar spine or femoral
neck””. With high resolution CT scans, also mild frac-
tures, affecting the mechanical strength of bone but
not bone mass, could be assessed by the determination
of the structural parameters”’

However, although this technique has important ad-
vantages over DXA, it has also disadvantages, some of
which are common to DXA. First, it has been shown
that BMD values depend on the bone marrow composi-
tion: this factor could provide an underestimation of
bone mineral content values. Second, the radiation dose
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induced by a QCT scan of a hip is significantly higher
than that of DXA (1 mSv 25 10 uSv), which limits the
applicability of the technique not only for screening but
also for standard diagnostics. In addition, this technique
has difficulties with quality control, high cost compared
with DXA, necessity of well-trained technicians for scan
execution’™*,

For the clinical use of QCT and pQCT in the man-
agement of osteoporosis, the International Society for
Clinical Densitometry (ISCD) published its official posi-
tion in 2008 stating that QCT of spine and pQCT of
radius predict vertebral and hip fractures, respectively, in
post-menopausal women®”.,

Spinal QCT and pQCT can be used also in pediatric
research in order to assess bone development in healthy
children and in those at risk for poor bone health™,
Central QCT is less widely used than pQCT because of
its higher doses of ionizing radiation. The ISCD guide-
lines on the clinical application of pQCT in children
definite advice to not use these techniques until more

data has emergedmj.

Morphometry

In order to improve the correct diagnosis of osteoporo-
sis other imaging techniques have been developed, and
in an effort to identify vertebral fractures, morphometric
methods were introduced. Vertebral morphometry is a
quantitative method based on the measurement of dis-
tinct vertebral dimensions, calculating relative changes (or
differences) in vertebral height as indicators of fracture.
These measurements may be obtained from convention-
al spine radiographs (morphometric X-ray radiography)
or absorptiometric images (morphometric X-ray absorp-
tiometry). Before measuring vertebral heights, the reader
must identify the vertebral levels. The vertebral bodies
should be marked so that they can be identified more
casily on follow-up radiographs™.

After the radiographs are digitized, an operator manu-
ally selects the four corners of the vertebra of interest.
The software automatically determines the midpoints
between the anterior and posterior corner points of
the upper and lower endplates and calculates the poste-
rior, middle, and anterior heights of each vertebra and
specific indexes derived from height measurements for
defining vertebral deformities. Morphometric X-ray
absorptiometry is currently the most widely used digital
technique for assessing vertebral height although it is un-
able to distinguish between true vertebral fractures and
vertebral deformities due to degenerative spine and disk
disease.

A combination of semiquantitative visual (conventional
radiography) and quantitative morphometric methods
may be the best approach for defining fractures but not
for prevention aims, as suggested by Kanis e# al™, the Na-
tional Osteoporosis Foundation®, and the International
Osteoporosis Foundation®”

ULTRASOUND METHODS

In order to measure quantitative parameters and assess
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tissue properties, QUS techniques atre also used. Inter-
est in US methods can be attributed primarily to the fact
that they do not involve radiation exposure. In addition,
US devices offer the advantages of small size, portabil-
ity, quick and simple measurements, low costs compared
with both DXA and QCT, shorter investigation times
with respect to DXA.

QUS of bone has been introduced approximately two
decades ago as a method for investigating bone structural
features and elastic properties of bone tissues, which
could not be assessed using densitometric techniquesm],
and has been applied particularly in post-menopausal os-
teoporosisf
of the commercially-available devices have made it possi-
ble to apply QUS to different skeletal areas of study, using
this non-invasive method in order to complete the clinical

39,40 - .
| The recent technical innovations of some

picture of the patient (state of bones and information of
fracture risk).

Physical principles of US methods

US is a mechanical wave characterized by a frequency
exceeding the threshold of audibility of the human ear
(> 20 kH2)™. The typical QUS methods, unlike the
usual US techniques that are based on the reflection of
US waves, involve the transmission (transversely or lon-
gitudinally) of US pulses through the investigated bone
tissue and the detection of the transmitted pulses once
they have passed through the medium. The bone to be
investigated is placed between the two probes, broad-
caster and receiver (Figure 3).

Particularly, the US pulse is transmitted to the cor-
tex and after propagation along the cortical bone layer
parallel to its long axis is received by another ultrasound
transducer at a known distance. Today, most of the de-
vices use several transducers and the bi-directional trans-
mission techniques in order to increase the repeatability
of the measurements and to correct the soft tissue re-
lated errors'™,

The bone tissue has a high coefficient of acoustic at-
tenuation that increases exponentially with the increase
of wave frequency: then, when investigating bones, it is
necessary to use lower frequencies than those used in
the common ecographic scan of soft tissues.

The first US parameters employed for characterizing
bone tissues are: Speed of Sound (SoS) and Broadband
Ultrasound Attenuation (BUA). More complex parame-
ters have been developed from combination of SoS and
BUA: amplitude dependent speed of sound (AD-SoS),
stiffness, quantitative ultrasound index (QUD™. In the
diagnosis of osteoporosis, these latter have proved to be
more useful in identifying subjects with low BMD and
therefore at high risk of fracture™,

Performance of US systems

Several studies have been focused on evaluating the per-
formance of US systems in terms of stability, accuracy,
and ability in the discrimination of patients with osteo-
porotic fractures. Most of these studies involve com-
parison of the QUS method with X-ray methods such as
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Figure 3 Quantitative ultrasound method. A: Ultrasound beam through a bone tissue of phalanx (transmission way) in a typical quantitative ultrasound measure-

ment (section view); B: Ultrasound pulse.

DXA or QCT**,

It has been shown that ultrasonography allows to
obtain useful information, such as the distribution of
the mineralized matrix within the bone (the connectiv-
ity and the thickness of the trabeculae) and the different
resistance to loading of the bone tissue according to the
trabecular otientation ™",

In the last decades, a large number of studies have
confirmed the usefulness of QUS in predicting osteo-
porotic fractures of the calcaneus (particularly in elderly
women aged 65-70 years or older), the distal metaphysis
of the phalanx, the radius and the tibia"".

In particular, the calcaneus was chosen as a site for
measurement since it is easily accessible, with the medial
and lateral aspects being relatively flat and parallel, there-
fore resulting well-suited for optimizing the geometry
of transmission of the US wave through it. It contains
approximately 90% trabecular bone, which has a high
metabolic turnover rate and a pattern of bone loss simi-
lar to the spine™”. Numerous important prospective
studies have been carried out to assess fracture risk by
QUS at the calcaneus”". The EPIC-Norfolk prospective
population study”™, conducted in an English male and
female population, proved the effectiveness of QUS at
the calcaneus in predicting fracture risk, for both males
and females. The same result was confirmed by a pro-
spective study (SEMOF study) performed on more than
7000 Swiss women'™,

The versatility of QUS has suggested that its poten-
tial might be evaluated in fields other than those related
to osteoporosis. In particular, pediatricians are interested
in using this technique for studying skeletal maturation,
thanks to its absence of ionizing radiation. Some nor-
mative data have been collected for calcaneus, phalanx,
radius and tibia in subjects ranging from ages of 3 to 18
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P38 However, QUS devices are

manufactured principally for application in adults and

years in seven countries

adaption for the smaller anatomical structures of chil-
dren may not be available.

Among the other skeletal sites in which QUS has
been used, phalanges offer some advantages for studying
bone status, since they may reflect more systemic bone
loss and, for example, the metaphysis has both corti-
cal and cancellous bone. When osteopenia is develop-
ing, the cortical thickness of these small tubular bones
decreases while the medullary cavity enlarges due to
endosteal resorption of bone"™. The metaphysis of the
phalanges of the last four fingers of the hand have been
investigated by QUS, DXA and QCT to evaluate the as-
sociation among phalangeal morphometric parameters,
AD-SoS, Ultrasound Bone Profile Index (UBPI), and
spinal fracture status. The results of analysis showed that
the phalanx is sensitive to bone tissue changes occurring
with aging and in presence of osteoporosis. The sensi-
tivity of UBPI, AD-SoS, and morphometric variables for
spinal fracture discrimination were similar to that of the
lumbar spine as measured by X-ray techm'quesléoj. Several
other studies about the relationships between ultrasonic
parameters and phalanx bones show that ultrasound
SOS in the compact bone is strongly related to the cor-
tical thickness and cortical area, while the attenuation
seems to be more closely linked to the area of the med-
ullary canal. Many studies have been performed on both
® and phantomsl(’”, either

through mathematical simulations were carried out, and
[49]

samples of animal bone tissue

then confirmed by 77 vivo assessments in humans

A clinical validation of QUS at the phalanx was pro-
vided by the European multi-centre study (PhOS) per-
formed on over 10000 women: precision in identifying
osteoporotic subjects was very good™’. In addition, in

November 28, 2013 | Volume 5 | Issue 11 |



Pisani P et a/. Reliable screening tools for osteoporosis

the BOS study, Hartl ez a/*” showed that the diagnostic
performance of QUS at the calcaneus and the phalanx
was comparable with central DXA. The percentages of
correct classification of osteoporotic subjects with or
without vertebral fractures depended on the different
QUS instruments used and were the following: 66.5%
for Achilles BUA device; 64.8% for Achilles SOS device;
63.9% for Achilles STIFFNESS device; 65.2% for Sa-
hara BUA device; 61.1% for Sahara SOS device; 71.1%
for Bone Profiler AD-SoS and 59.1% for Bone Profiler
UBPI. On the other hand, results of the same discrimi-
nant analysis obtained by DXA device wete the fol-
lowing: 60.4% for DXA lumbar spine; 47.8% for DXA
neck; 59.1% for DXA Ward’s triangle; 66.3% for DXA
trochanter and 62% for DXA total hipm]. Also in the
Buropean study, OPUS (analogous to the BOS study),
all US parameters on phalanx and calcaneus showed a
significant association with osteopenic vertebral defor-
mities acquiredwj.

Interestingly, an Italian study proved that QUS at
the phalanx is more sensitive in discriminating subjects
with and without vertebral fractures immediately post-
menopause, prior to the age of 70 years, while the ef-
fectiveness of the method in predicting hip fractures in
the elderly population was inadequate; on the contrary,
QUS at the calcaneus resulted more sensitive in the sub-
sequent period, at the age of 70 years and older™**,
Recently, the study of bone tissue by US has been
extended to the male population both in Italy and in
Germany, obtaining good results also in this case™* In
addition, NORA, the largest study of post-menopausal
osteoporosis conducted in the United States (performed
on 200000 women), showed a high degree of predict-
ability for phalanx fracture risk [odds ratio (OR) = 4.86],
forearm (OR = 2.86) and heel (OR = 1)"".

Lately, to study the bone tissue in newborns and
preterm, other anatomical peripheral sites, such as the
metacarpal bone and the humerus, were also chosen as
investigation sites for the following reasons: (1) they lend
themselves well to the analysis of bone maturation in
perinatal period as they have larger dimensions than the
phalanges of the hands; (2) are easily accessible; and (3)
do not exhibit the newborn to any risk of shock during
the measurement.

QUS results can be expressed as absolute values or as
T-score and Z-score, thanks to well-established and vali-
dated normative reference curves, allowing bone loss to
be followed up over time™. Recently, Kanis ¢ /™" pub-
lished tables for calculating 10-year fracture risk from
the results of QUS of the phalanx and other clinical risk
factors. Afterwards the ISCD has provided recommen-
dations and possible algorithms for the diagnosis and
management of osteoporosis

The QUS parameters have shown good precision,
stability over time and independence from the presence
of soft tissue, enabling effective follow-up of osteopo-
rosis therapies. The role of US-based techniques might
be to identify patients at risk for osteoporosis as a first-
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line pre-screening tool for large population, but there are
no consensus criteria yet.

New advances in US diagnosis of osteoporosis
Recently, new QUS techniques to assess the femur and
the spine have been developed. Ix vitro studies have
shown a high correlation between QUS measurements
and BMD in human femur cadaver specimens”>"”, Since
the accuracy achieved 7 vitro was very good, the new
methodology could be promising and applicable, in fact
it would be more appropriate to perform QUS at central
sites, which are more commonly involved by osteoporot-
ic insufficiency fractures, rather than the usual peripheral
ones.

In recent years, Barkmann ¢z a/” developed the first
QUS device (Femur Ultrasound Scanner, FemUS) for
measurements at the proximal femur. This prototype
utilizes ultrasonic waves in transmission by using two US
transducers which are able to transmit and receive ultra-
sonic waves. For better ultrasound coupling, the trans-
ducers are submerged in a temperature-controlled water
bath with a stable temperature of 34 = 0.5 'C (a poten-
tial limiting step for the good performance of the scan).
Inflatable water-filled membranes were used to establish
contact between the water bath that contains the trans-
ducers and the patient’s skin. Patients were positioned
on a scan table (lying between the transducers) and the
proximal femur region was scanned by ultrasonic beams
perpendicular to the surface of the table. According to
the authors, significant correlations with total hip BMD
measured by DXA were found with a correlation coef-
ficient R’ up to 0.72. The main limitation of this study is
its restricted sample size. In addition, based on this study,
Grimal et al™ implemented a novel QUS technique that
probes the femoral neck cortical compartment. The sen-
sitivity and the feasibility of the method to variations of
femoral neck cortical properties and strength was tested
in an 7z vivo study. Nine femurs were subjected to QUS,
QCT and DXA measurements, and mechanical tests
(to assess strength). This study has shown the ability of
QUS to measure critical determinants of bone strength
in the cortical compartment of the femoral neck. The
correlations between QUS and DXA with strength were
found to be very similar: R” = 79% for QUS, R” = 78%
for DXA (total proximal femur).

On the other hand, to date, only one iz vivo QUS-
based measurement at lumbar spine was published re-
cently using a commercial sonography scanner to mea-
sure backscattered signals from the lumbar vertebrae.
However, the number of subjects was small (nine), and
correlations with BMD were moderate”.

Currently, a new-method for osteoporosis diagnosis
on reference sites was developed at the Italian Institute
of Clinical Physiology of the National Council of Re-
search in Lecce (Echolight project, partially supported
by FESR P.O. Apulia Region 2007-2013-Action 1.2.4
(grant number 3Q5AX31)). A new fully automatic algo-
rithm was implemented to calculate the same diagnostic
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Gold standard (ionizing)

—
-
TN

Dual X-ray absorptiometry
(spine and proximal femur)

US devices
(radiation-free)

New US method
(Echolight project)
(spine and hip)

US devices
(peripheral sites)

Figure 5 Available systems for osteoporosis diagnosis on main anatomical reference sites. US: Ultrasound.

Table 1 Advantages and disadvantages of the most commonly used diagnostic methods currently available for the treatment of os-

teoporosis

Dual- X-ray absorptiometry

Quantitative computed tomography

Quantitative ultrasound

PROS CONS PROS CONS PROS CONS
High accuracy X-rays True density values Higher radiation Quick, cheap and Different guidelines for
dose than DXA radiation-free devices definition of osteoporosis
Assessment on reference High cost Discriminates Limited Portable systems Only peripheral
sites (spine and hip) completely trabecular  accessibility anatomical sites
from cortical bone

Several validation studies Does not distinguish High resolution Shorter investigation Not directly comparable
available in literature between cortical and times than DXA with the gold standard DXA

trabecular components

Does not discriminate Useful to investigate bone

bone microarchitecture structural features and elastic

properties of bone tissue
Not useful Not useful Useful

as a screening tool

as a

screening tool as a screening tool

DXA: Dual X-ray absorptiometry.

methods, because of their high costs, radiation dose
(more higher in QCT than in DXA), large size of the
equipment and limited availability of the dedicated in-
frastructures, are best suited for a second level diagnosis
of osteoporosis rather than for screening purposes of
primary health care. These limits of X-ray techniques
have resulted in an increasing interest in developing reli-
able pre-screening tools for osteoporosis, such as QUS
92,93] . . .

scanners ', especially in those countries where the
availability of DXA is very limited (Table 1).

Nowadays there is no procedure for standardizing
the QUS devices currently in use and they are all applied
to peripheral anatomical sites, instead of referring to
lumbar spine and to femur that are the most critical and
at the same time the most valuable diagnostic sites (Figure
5). In addition, while a large number of QUS devices are
currently available on the market, particularly for mea-
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surement at the calcaneus, only for a very small minority
of these the scientific validity has been confirmed by
literature-available clinical studies.

It would be necessary to validate the US-based method
for clinical and epidemiological screening at central skel-
eton sites, such as femur or femoral neck and vertebrae, as
well as it has been done for DXA scan in order to encout-
age the widespread use of US techniques for the diagnosis
of osteoporosis. The results of US diagnosis of osteopo-
rosis on spine and hip could open up new perspectives for
eatly and reliable diagnosis of osteoporosis.

The possibility of having a rapid, reliable, portable,
non-ionizing and space-saving device allows to perform
osteoporosis screening, reducing waiting lists and leav-
ing the use of X-ray techniques only for a high level
investigation for specific pathologic definitions and for
some other therapeutic pathways. Through the new US-

November 28, 2013 | Volume 5 | Issue 11 |



based techniques, benefits of the diagnostic DXA could
be guaranteed without the contraindications due to X-ray
use. In fact, future and reliable QUS methods could be
applied to different populations including women, men,

children, newborn and preterm infants.
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