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Description

Field of the invention

[0001] The present invention relates to an ultrasound apparatus for assessing the condition of the bone structure of
a patient. In particular, the apparatus is adapted to carry out bone densitometry tests, i.e. to measure the bone mineral
density of a patient’s bone region.

Prior art - Technical problems

[0002] The assessment of the condition of the bones of a patient is commonly carried out by measuring the bone
mineral density. This assessment, in particular, is used for deciding whether the patient is affected by osteoporosis, and
for evaluating the effectiveness of new therapies. The bone mineral density is a parameter that reveals the bone mineral
amount. It is particularly important to evaluate the amount of mineral that is present in specific bone regions, such as
certain vertebrae and the femur neck.
[0003] X-ray techniques are known for evaluating the bone mineral density of a patient. For instance, the DEXA
technique (Dual Energy X-ray Absorption) provides causing an X-ray beam to pass through a bone region, and measuring
the attenuation of the X-ray beam. This attenuation provides an index of the bone mineral density of the region. An
advantage of this technique is that it allows a direct evaluation of the density in any bone region, in particular in the
bones that are most likely to fracture from osteoporosis, such as the femur neck and the majority of the vertebrae.
[0004] However, the X-ray analysis can provide only a quantitative information about the presence of mineral in the
bone network. This depends on how the X-rays interact with the material they pass through. In other words, the X-rays
don’t allow any structural evaluation of the condition of the bone network. Therefore, the X-rays don’t provide any
information about the bone structure quality. In particular, the X-ray techniques can’t distinguish whether the mineral
that is released by drug therapies becomes a part of the bone network and improves the mechanical properties of the
latter, or whether this mineral simply fills the gaps present in the network, which grow due to a calcium level decrease,
and causes only a slight improvement of bone structural performances. In summary, it is not possible to assess the
effectiveness of such therapies by X-ray techniques.
[0005] Furthermore, the X-ray techniques involve a relatively long and frequent exposition of the subject to ionizing
radiations. For this reason, the diagnostic use of the X-ray techniques is limited by the health regulations. Furthermore,
in elderly patients and/or in patients who suffer from various pathologies, the exposition to the X-rays is added to other
health risk factors such as further X-ray treatments and exams, drug therapies and the like.
[0006] For this and other reasons, ultrasound bone densitometry techniques have been developed, which are known
under QUS (Quantitative Ultrasound). These techniques are based on an X-ray transmission through a bone. In other
words, an ultrasound signal emitted by an emitter probe passes through a bone region and is collected by a receiver
probe located opposite to the emitter probe at the other side of the bone region. The transmitted signal, as received by
the receiver, is correlated to the state of the bone tissue on the basis of some quality parameters and of other reference
means. Examples of these techniques are described in US5730835, US5218963, US5564423, US6221019.
[0007] However, since the known ultrasound bone densitometry techniques are based on ultrasound signals used in
a transmission mode, they can provide only an indirect and approximate estimate of the mineral content of most parts
of the skeleton of a patient. In fact, these techniques are based on measures carried out on peripheral bone regions
such as the heel, the phalanx, the radius, the metatarsus, the patella. These bone regions have a small bone thickness,
therefore they can be passed through by the ultrasound pulses from one side to the other side, which allows an evaluation
by ultrasound pulses in a transmission mode. Furthermore, some bone regions have a conformation which makes it
difficult to position the probes for emitting and receiving the ultrasound pulses.
[0008] Therefore, the presently known ultrasound techniques don’t allow a direct evaluation of the bone mineral density
in those bone regions where the osteoporotic disease is particularly critical, such as the majority of the vertebrae and
the femur neck, especially in the trabecular part of the bone tissue. These are the regions where the osteoporotic fracture
are most likely to occur and/or the most serious. On the other hand, the indirect densitometric evaluation of peripheral
sites cannot reliably represent the general condition of a patient, in particular the condition of such most critical regions,
since some patients may have locally a mineral level higher than the rest of the skeleton. This is the case, for instance,
of people who normally apply much stress on the fingers or on the heels, for sports, professional or other reasons.
[0009] Another drawback of the presently known ultrasonic bone densitometry techniques is the interference of the
soft tissues that may be present between the probe and some bone regions. For instance, the thickness and the tem-
perature of the skin and of the subcutaneous tissue may be different from a measurement to another and from a patient
to another. This sensibly affects the measurement of the ultrasound transmission parameters. For example, the SOS
(Speed Of Sound), which is the propagation speed of a transverse ultrasound wave through the trabecular part of the
bone (trabecular transverse transmission), does not substantially differ from the SOS through the soft tissues. Moreover,
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if the temperature of the skin increases, a remarkable reduction of the SOS is observed, for example about 3.6 (m/s)/°C.
[0010] To solve partially this problem, a technique and a device for assessing the quality of a bone tissue is known
from WO03/032840, in which a non-linear analysis is used in combination with, or in alternative to shear waves. This
technique comprises measuring the speed (pressure wave velocity, shear wave velocity, surface wave velocity) of an
ultrasound signal through a bone, between two points of a bone tissue. A speed, which can be related to a bone disease
or condition, can be determined from the known distance between the two points, and from the time the signal takes for
covering this distance. Firstly, the use of ultrasounds in transmission mode has the general drawback of requiring a
couple of sensors, which is uncomfortable when positioning them with respect to each other and to the patient. Further-
more, in some locations that are important for detecting an osteoporotic disease, such as the vertebrae, in particular the
lumbar vertebrae, the measurement is complicated by the presence of lateral, spinous and transverse processes. In
these bone processes, the cortical tissue prevails over the trabecular tissue, and provides a not very significant diagnostic
information, and also provides a noise for the measurement, in particular when assessing a osteoporotic disease in the
vertebral body.
[0011] WO03/032840 (Fig. 6) also teaches and embodiment with a simple reflection and a subsequent following
analysis of the nonlinearities of the reflected signals. However, this solution allows only detecting possible bone micro-
fractures, and not an osteoporosis condition, since the pathological trabecular tissue has a spongy but substantially
homogeneous structure, therefore would not show important nonlinearities.

Summary of the invention

[0012] It is therefore a feature of the present invention to provide an ultrasound apparatus for determining a quality
index of the bone tissue of a patient, i.e. for assessing the condition of the structure of the bone network.
[0013] It is also a feature of the invention to provide an apparatus that allows measuring the bone mineral density
directly on the bones that have a higher risk of osteoporotic fracture, such as the femur neck and the lumbar and dorsal
vertebrae, without using ionizing radiations.
[0014] It is a particular feature of the invention to provide such an apparatus that allows observing bone regions in
which bone processes would shield the ultrasound field of vision, as in the case of the lower vertebrae.
[0015] It is a particular feature of the invention to provide such an apparatus that is not affected by other tissues that
are present close to the observed bone region, in particular by soft tissues.
[0016] These and other objects are achieved by an apparatus for assessing the condition of the bone tissue in a
patient’s bone region, the apparatus comprising:

- an ultrasound device provided with an ultrasound transceiving means that is configured to emit ultrasound pulses
along a plurality of ultrasound propagation lines that can reach the bone region, and to receive raw ultrasound
signals from the bone region, in response to the emitted ultrasound pulses, said ultrasound transceiving means
comprising an ultrasound signal generation means, which is arranged in the ultrasound transceiving means and
configured to generate an ultrasound signal that has frequencies of a frequency range comprising a nominal fre-
quency, the ultrasound transceiving means configured to emit the generated ultrasound signals during a predeter-
mined emission time,

- a sonographic image formation means for forming a sonographic image of the bone region, starting from the received
raw ultrasound signals, the sonographic image formation means displaying the image to allow an operator to identify
a zone of the region to be investigated, and to direct the ultrasound device towards the zone;
wherein the ultrasound transceiving means is arranged to transmit the ultrasound pulses and to receive the raw
ultrasound signals from a same side of the bone region, such that the received raw ultrasound signals are return
raw ultrasound signals reflected by the bone region,
whose main feature is that:

- a spectrum extraction means is provided that is configured for extracting at least one frequency spectrum starting
from at least one part of the return raw ultrasound signals reflected from corresponding points of the bone region,
the at least one frequency spectrum having a plurality of harmonic components in which to each frequency of the
frequency range an intensity is associated of a portion of one of the raw reflected ultrasound signals that have this
frequency,

- a memory means is also provided that is configured for memorizing at least one reference spectrum associated
with at least one healthy and/or pathological subject, and

- a frequency spectra comparison and diagnostic parameter calculation means is provided for comparing each fre-
quency spectrum, which is extracted by the extraction means, with the at least one reference spectrum recorded in
the memory means, and for calculating a diagnostic parameter according to the comparison.

[0017] In particular, the extraction means carries out a frequency domain transformation of the raw reflected ultrasound
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signals, for instance the Fast Fourier transform (FFT).
[0018] More in detail, the emitted ultrasound signal penetrates the bone region through a surface that limits the bone
region, and reaches points or sites of the bone region at respective depths from the surface, such that in the bone tissues
that are present in these sites, respective raw reflected ultrasound signals are formed in response to the emitted ultrasound
signal. The raw reflected ultrasound signals are received by the ultrasound device with respective delay times after the
emission time, and the delay times depend on the respective depths.
[0019] The ultrasound pulses are able to engage with the bone tissue, according to various modes that depend on
the structure of the tissue, and allow therefore obtaining information about the bone structure, along with simple bone
densitometry data. This is known, for instance, from Claus-C. Glüer, A New Quality of Bone Ultrasound Research, IEEE
Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, vol. 55, no. 7, July 2008, pp 1524-1528, and from
references cited therein. In other words, it is possible to obtain data more detailed than from a simple bone mineral
density. As described, the latter is just an index of the presence of a material, and does not provide any information
about the structural consistency of the bone tissue. More in detail, the frequency analysis of the interaction between the
ultrasound pulses and the bone network allows establishing a correlation between determined harmonic components
of the frequency spectrum and the structural features of the bone tissue.
[0020] As well known, the osteoporotic disease can seriously affect the stability and can determine a fracture of the
vertebral bodies, with severely disabling consequences for the patients that suffer from it. As described above, the
presence of the spinous, lateral and transverse processes remarkably limits the accessibility to the vertebral bodies for
the diagnostic exams that are carried out via a dorsal approach.
[0021] The invention allows therefore easily leaving the soft tissues around the spine out of consideration. Accordingly,
it allows to carry out a diagnostic exam of the vertebral bodies via an abdominal approach, in order not to be affected
by the vertebral processes.
[0022] More in detail, a physician at first can carry out a conventional sonographic procedure using a conventional
probe, in order to establish a region of interest. On the basis of the sonographic data alone, the physician can obtain
only basic diagnostic data. Then, the invention allows to process raw reflected ultrasound signals and to obtain spectra
that are useful if compared with reference models of healthy subjects and of pathological subjects, and to obtain, through
the value of at least one diagnostic parameter, information about the bone tissue that could be only in part obtained by
X-ray techniques, however with an exposition of the patient to potentially harmful radiations.
[0023] The apparatus allows therefore an approach guided by a sonographic image. This is not the case of the prior
art ultrasound bone densitometry devices, which use ultrasound beams and measure their attenuation, and do not make
reference to the intimate structure of the bone region.
[0024] The sonographic image can be obtained conventionally, by means of a conventional probe, which comprise a
plurality of piezoelectric crystals. This kind of probe acquires raw reflected ultrasound signals and can be configured to
represent these raw signals in the form of a matrix.
[0025] As well known, in a matrix representation the raw sonographic signals are arranged in columns and rows. Each
column corresponds to a sonographic line or trace, or propagation line of the emitted/reflected sonographic signal. Each
row further corresponds to a certain delay time of the acquisition process and therefore, substantially, it corresponds to
a certain depth of the points that have generated the raw reflected signals.
[0026] The raw reflected signals can be used for building the sonographic image by means of filtering and averaging
operations, which leaves out of consideration the detailed information about the bone network within them. The same
raw reflected signals, shown in the form of a matrix, are used with their information content to obtain a matrix of spectra
for further processing. In other words, the raw reflected signals are compared, with their information content, with reference
spectra or data. The sonographic device has therefore a raw reflected ultrasound signals extraction means, i.e. a means
for extracting signals that have not been treated yet by the filtration procedure, by an averaging procedure and by other
procedures that provide the sonographic image. This approach allows selecting data that are relevant for the analysis.
[0027] Furthermore, the apparatus allows carrying out quantitative evaluations on the basis of sonographic data, by
a procedure that comprises automatic steps. The prior art devices for performing sonographic investigations of a soft
tissue, for instance a cardiac echo-Doppler device, provides sonographic images to be optically analysed by an operator,
who recognizes and defines manually regions of an organ and causes a computer to calculate a geometric parameter
of the organ. On the contrary, these devices cannot use these images to provide structural features of the organ. In the
case of the bone tissue, where the geometry of the organ is well established, the sonographic apparatus according to
the invention allows obtaining structural bone data.
[0028] As well known, a bone normally comprises a more compact, cortical surface part, and a trabecular inner part
in which cavities are present containing the bone marrow. The ratio between the thickness of the cortical portion and
the thickness of the trabecular portion depends on the bone that is considered. For example, long bones, which have a
substantially circular cross section, are mainly formed by cortical bone, while the vertebrae mainly consist of trabecular
bone. If osteoporosis is present, a reduction of the thickness of the trabeculae (density decrease) and/or a reduction of
the cortical part thickness can be detected. An ultrasound signal, while travelling along the bone, progressively changes
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its own shape, frequency, intensity and propagation speed, according to specific physical features, normally, both of the
cortical part and of the trabecular part.
[0029] Therefore, the apparatus advantageously comprises an adjustment means for setting a receiving or listening
time of the reflected signals, such that reflected signals are received that come from cortical bone regions and/or from
trabecular bone regions. In this case, the frequency spectrum extraction means is adapted to extract at least one
frequency spectrum selected between a frequency spectrum of a signal reflected by a portion of the cortical part and a
frequency spectrum of a signal reflected by a portion of the trabecular part of the bone region.
[0030] The ultrasound device may comprise a positioning and/or fixation means for arranging the ultrasound device
and the bone region of the patient in a mutual proximity, so that the ultrasound device can emit ultrasound pulses and
reach the bone region, and can receive a plurality of raw reflected ultrasound signals from the bone region, in response
to the emitted ultrasound pulses.
[0031] In an exemplary embodiment of the invention, the apparatus comprises a space selection means that is con-
figured to define a region of interest, or ROI, of the bone region on the sonographic image.
[0032] In an exemplary embodiment, the ultrasound device of the apparatus comprises a ultrasound probe that is
equipped with a plurality of sonographic crystals arranged to transceive respective ultrasound signals that travel along
respective ultrasound propagation lines of a same sonographic plane, and the sonographic image is an image of a plane
cross section of the bone region taken along the sonographic plane, such that the image comprises pixels corresponding
to points of the bone region that form a network comprising columns of points aligned along respective ultrasound
propagation lines, and comprising rows of points at respective depths of the bone region, and the reflected ultrasound
signals that come from the points of the rows are received by the probe with respective delay times after the emission
time. The ultrasound probe can be a conventional probe, i.e. a probe of the type commonly used for sonographic
investigations of soft tissues, as described hereinafter.
[0033] In this case, the space selection means for defining a region of interest, also called "ROI", is preferably configured
to define such a region of interest that comprises a plurality of points preferably adjacent to a plurality of ultrasound
propagation lines, most preferably adjacent to a plurality of ultrasound contiguous propagation lines, in particular the
region of interest has a substantially rectangular shape.
[0034] Preferably, the means for defining the region of interest is configured to define a region of interest in a cortical
region and/or to define a region of interest in a trabecular region.
[0035] The ultrasound probe may also be configured to transceive an emitted/reflected ultrasound signal at the same
time in a plurality of sonographic planes that form a sonographic space, according to a three-dimensional acquisition
process, instead of transceiving in a single sonographic plane.
[0036] In an exemplary embodiment, the frequency spectrum extraction means is configured to perform the transfor-
mation on raw reflected ultrasound signals that come from points of a segment of an ultrasound propagation line included
in the region of interest, such that a frequency spectrum is obtained that is associated with the ultrasound propagation
line, more in particular, that is associated with such segment of an ultrasound propagation line.
[0037] In particular the frequency spectrum extraction means is configured to extract a spectrum of at least one segment
of an ultrasound propagation line selected between a segment of an ultrasound propagation line included in a region of
interest defined in the cortical part of the bone region and a segment of an ultrasound propagation line included in a
region of interest defined in the trabecular part of the bone region.
[0038] In an exemplary embodiment, the frequency spectrum extraction means is configured to extract a frequency
spectrum associated with a region of interest, starting from a plurality of spectra associated with segments of the ultra-
sound propagation lines included in the region of interest. For example, the frequency spectrum pertaining to a region
of interest is computed by calculating, for each frequency, a mean value, for example an arithmetic mean value, of
intensity values of the spectra associated with segments of ultrasound propagation lines included in said region of interest.
[0039] Preferably, the frequency spectrum extraction means is configured to perform a step of compensating the
frequency spectrum pertaining to the segment of the ultrasound propagation line or a step of compensating a spectrum
averaged on a ROI. Preferably, the compensation step is carried out by multiplying the reflected signal intensity of each
of the harmonics, which correspond to respective frequencies, by respective compensation coefficients. In particular,
the compensation coefficients increase with the frequency, from a value close to one, which corresponds to the nominal
frequency, to a maximum value, which corresponds to a frequency different from the nominal frequency, and they can
be obtained by the transfer function of the ultrasound probe in use, which is a sensitivity feature of the probe. This way,
it is possible to take into account the features of the specific receiving range of the transducer used by the receiving
means, in particular of the ultrasound probe.
[0040] The frequency spectrum extraction means may also be configured to calculate the frequency spectrum per-
taining to a volume of the bone region starting from the spectra of regions of interest that belong to a plurality of sonographic
planes, in particular, by calculating an average spectrum of spectra of plane regions of interest.
[0041] Said frequency spectrum extraction means may also be configured to perform a step of a normalizing the
frequency spectrum pertaining to the segment of an ultrasound propagation line, or to perform a step of normalizing a
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frequency spectrum on a ROI by shifting the mean frequency spectrum in such a way that the maximum value of the
intensity of the spectrum is 0, and that the intensity values lower than the maximum value are negative, wherein, for
instance, the intensity values are expressed in dB.
[0042] In particular, the diagnostic parameter can be correlated to the bone mineral density, on the basis of reference
tests carried out by means of devices that are considered the "gold standard", for example X-ray devices.
[0043] The apparatus according to the invention allows therefore carrying out a comparative evaluation of the bone
mineral density, without using ionizing radiations, which are potentially harmful for the patient. This evaluation can be
carried out on substantially any bone region, in particular on bone regions that are particularly critical, since they are
likely to experience an osteoporosis risk, such as the majority of the vertebrae and the femur neck. In other words, the
apparatus according to the invention does not have the drawbacks of the prior art methods, which are based on ultrasound
pulses in transmission mode and allow a comparable evaluation only on low-thickness bone regions in which the use
of ultrasound pulses in transmission mode is possible, and which cannot represent the mineral content of the subject’s
bone tissue.
[0044] In a particular exemplary embodiment, the frequency spectra comparison means is configured to calculate this
diagnostic parameter as a shape parameter of said at least one frequency spectrum, or as a combination of a plurality
of shape parameters.
[0045] In particular, the shape parameter or the shape parameters are selected from the group consisting of:

- an area defined by the frequency spectrum within a predetermined range of frequencies or of amplitudes;
- a width of the frequency spectrum at a predetermined amplitude level, in particular at a level defined by an amplitude

value that is lower by 3 dB, or by 1 dB, than a maximum value of the frequency spectrum;
- a frequency corresponding to a maximum value of the frequency spectrum;
- a slope of a line that interpolates points of the frequency spectrum within a predetermined range of frequencies;
- the coefficient of a polynomial that interpolates points of the frequency spectrum within frequencies that contain a

frequency corresponding to a maximum value of the frequency spectrum;
- a ratio of physical quantities that can be deducted from the frequency spectrum.

[0046] The analysis and of calculation means can be configured to calculate any parameter that is adapted to describe
the shape of the spectrum or of a mathematic representation of it, for instance a representation obtained by ICA, Wawelet
processes, and the like.
[0047] In another particular exemplary embodiment, the frequency spectra comparison and diagnostic parameter
calculation means is configured to calculate a correlation coefficient between a plurality of frequency spectra and a
reference spectrum, or a portion of said reference spectrum that corresponds to the portion of the mean frequency
spectrum, of a healthy subject and/or of a pathological subject, and is configured to calculate the diagnostic parameter
according to the correlation coefficient. In particular, the correlation coefficient is a Pearson’s correlation coefficient.
[0048] In an exemplary embodiment, the frequency spectra comparison means is configured to:

- calculate respective correlation coefficients with the at least one reference spectrum of a plurality of frequency
spectra that are associated with respective segments of ultrasound propagation lines (i) included in the region of
interest, and to

- select a set of valid frequency spectra, wherein at least one of the correlation coefficients exceed a predetermined
threshold value;

- calculate a percentage of healthy valid spectra or of pathological valid spectra or of intermediate valid spectra,
wherein one of the valid spectra is a healthy spectrum or a pathological spectrum or an intermediate spectrum
according to whether the correlation coefficient with the healthy or with the pathological or with the intermediate
model, respectively, is substantially higher than the correlation coefficient with the other pathological models;

- define a diagnostic parameter.

[0049] For example, the diagnostic parameter may be the percentage of healthy, or pathological, or intermediate valid
spectra, respectively. In alternative, the diagnostic parameter may be more specific, in other words it may take into
account the values that have valid correlation coefficients: for instance, this parameter may depend on the mean value
of the correlation coefficients of the valid spectra, in particular it may be the complement to 1 of the mean value of the
correlation coefficient of the valid spectra. In alternative, the correlation coefficient me be, or may depend upon, a statistic
parameter or a combination of statistic parameters that describe/s the distribution of the valid spectra correlation coef-
ficients.
[0050] Preferably, the apparatus has an access to a reference spectra database and/or to a database of reference
diagnostic parameters values, said reference spectra/diagnostic parameters values known as disease indexes i.e. as
indexes of disease seriousness, of healthy and/or pathological subjects.
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[0051] The frequency spectra comparison and diagnostic parameter calculation means may be configured to define
as the diagnostic parameter a diagnostic parameter of a reference spectrum selected among a plurality of reference
spectra that represent specific pathology seriousness levels.
[0052] Advantageously, the apparatus has a database selection means, associated to the access to the database,
for selecting a portion of the database that comprises spectra and/or reference values of subjects for whom at least one
of the following parameters:

- age range;
- sex;
- ethnic origin;
- a pathological condition.

is the same as in the patient.
[0053] In particular, the correlation coefficient is a Pearson’s correlation coefficient, and said threshold value is selected
between 0.7 and 0.8, more in particular, said threshold value is about 0.75.
[0054] In particular, the frequency spectra comparison means is configured to calculate the diagnostic parameter
between T-score and Z-score, wherein:

- T-score is calculated by computing the difference between the value of the diagnostic parameter (BMD, bone mineral
density) and the average value (BMD)’ of the same parameter as evaluated for subjects of the same sex but of an
age at which the peak bone mass value occurs (typically, 30 years), and dividing the result of this difference by the
standard deviation σ’ of the values of the parameter measured for the subjects at the peak bone mass value, i.e.
T-score is calculated by the formula: 

- Z-score is calculated by computing the difference between the value of the diagnostic parameter (BMD) and the
average value (BMD)" of the same parameter measured for subjects of the same sex and of the same age of the
patient, and dividing the result of this difference by the standard deviation σ" of the values of the parameter measured
for subjects of the same age as considered, i.e. Z-score is calculated by the formula: 

[0055] Such disease condition may be classified according to the definition of the World Health Organization (WHO),
based on the T-score value:

- T-score > -1: normal bone mineral density, i.e. absence of signs of disease;
- -2.5 < T-score < -1: osteopenia, i.e. the skeleton has a reduced mineral bone density with respect to the peak bone

mass value, but an overt osteoporosis is not yet present;
- T-score < -2.5: osteoporosis.

[0056] The emitted sonographic signals can have frequencies set preferably between 0.2 MHz and 30 MHz.
[0057] As described above, the source of ultrasound signals, or the probe, is configured to emit ultrasound signals of
frequencies set in a frequency range that has a predetermined amplitude, the frequency range comprising a nominal
frequency, for example a nominal mean frequency. Preferably, the nominal frequency of the emitted ultrasound pulses
is set between 2 and 9 MHz, in particular it is selected among 3.5, 5 and 7.5 MHz.
[0058] In a particular exemplary embodiment, the space selection means of the apparatus comprises a surface rec-
ognizing and/or defining means for recognizing and/or defining a limiting surface of the bone region. This way, it is easier
to investigate the bones that have a shape complicated by the presence of bone protrusions or processes, which are
normally unimportant for the purpose of the investigation. In fact, the surface recognizing and/or defining means for
identifying/defining the limiting surface of the bone region makes it possible to exclude from the sonographic acquisition,
i.e. from the bone region to investigate, these unimportant bone portions, for example the spinous processes of the
vertebrae, typically of the lumbar and of the dorsal vertebrae. Similarly, it is possible to exclude portions of tissue different
from bone tissue from the sonographic acquisition. This is particularly advantageous if an abdominal sonographic ap-
proach to the spinal column is not useful, due to the presence of thick tissue layers, for example in the case of a fat
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subject, and a posterior approach is therefore necessary, i.e. an access through the region towards which the spinous
processes extend.
[0059] Advantageously, the apparatus comprises a nominal frequency adjustment means and/or of a frequency range
amplitude adjustment means and/or an acoustic pressure adjustment means. This way, it is possible to obtain a frequency
spectrum that can be used to investigate more in detail specific harmonics that can be of particular interest for a given
subject. In particular, the adjustment means may be a selection means for selecting the frequency and/or the amplitude
and/or of the acoustic pressure among respective predetermined values, to be selected responsive to the features of
the subject. This is advantageous since, unlike the case of soft tissues, the response of the bone tissue to the ultrasound
pulses depends typically upon such factors as the age, the sex, the ethnic origin, as well as pathological factors, in other
words, a bone having a determined disease can be investigated more accurately if different frequencies are used. The
possibility to adjust the acoustic pressure makes it possible to take into account that the response of the bone tissue to
the ultrasound pulses may depend more or less on such factors as the presence of fat tissue.
[0060] Advantageously, the space selection means for defining a region of interest is configured to define and to
recognize at least one anatomical reference point of the bone region, and to identify during a measurement session a
region of interest that coincides with a previously defined region of interest, said previously defined region of interest
defined in a previous sonographic session, on the basis of the at least one anatomical reference point.
[0061] This way, the apparatus allows automatically monitoring the evolution of a region of interest. This makes it
possible to compare more accurately the conditions of a same bone of a patient at time intervals, for instance at intervals
of one year from an evaluation to the next one, and therefore to evaluate the effectiveness in the time of a drug or of
another therapy for improving the bone resistance, which is evaluated both as bone network quality, and as an increase
of the mineral of the bone network.
[0062] In a preferred exemplary embodiment, said memory means configured for memorizing at least one reference
spectrum comprises a computation means for computing said reference spectra that is configured to:

- select a sonographic frame containing a bone region to be used as a model;
- obtain an overall trabecular spectrum of said region and of sub-regions of said region, in particular said trabecular

spectra are compensated and normalised;
- for each sub-region, identify an interface of the vertebra to be investigated;
- generate a bundle of ultrasound propagation lines that meet the interface as defined above;
- on each radiofrequency signal that is associated with one ultrasound propagation line of the above bundle, selecting

a portion corresponding to the reflection provided by a trabecular region of the bone;
- calculate a spectrum, for example by FFT, for each of the above signal portions;
- advantageously, compensate each spectrum, in order to take into account the probe receiving range characteristics;
- advantageously, normalize each spectrum with respect to its own maximum value, in particular, in such a way that

its maximum value becomes 0 dB;
- calculate an average spectrum of all the single spectra that have been defined by the above signal portions.

[0063] In an exemplary embodiment, for each spectrum defined by a respective signal portion, a correlation coefficient
is calculated, for example the Pearson’s correlation coefficient, for correlating this spectrum of a respective signal portion,
and the mean spectrum;

- among all the spectra defined by the portions of said signal, select the spectra for which the correlation coefficient
with the average spectrum is higher than a minimum reference value, in particular select the spectra for which the
Pearson’s correlation coefficient is higher than 0.900;

- calculate a further average spectrum of the spectra that have a correlation coefficient exceeding the minimum value;
- for each spectrum Si defined by a respective signal portion, calculate a further correlation coefficient, for example

the Pearson’s coefficient for correlating the spectrum defined by a respective signal portion and the average spectrum
of the spectra the correlation coefficient of which exceeds a minimum value;

- among all the spectra defined by respective signal portions, select further spectra that have a correlation coefficient
with the average spectrum of the spectra for which the correlation coefficient exceeds the minimum value is, in turn,
higher than this minimum value, in particular further spectra that have a Pearson’s coefficient r>0.900. The number
of such selected spectra can be higher than, lower than or the same as, the number of the previously selected spectra;

- calculate a further average spectrum of the selected further average spectra;
- repeat the step of computing said new correlation coefficient, selecting said further spectra and computing the further

correlation coefficient until a final average spectrum is obtained such that:
- each of the remainder spectra Sni that is included in the final average spectrum has a correlation coefficient for

correlating the final average spectrum higher than the minimum value, in particular it has a Pearson’s correlation
coefficient r>0.900;
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- each other spectra Si that is not included in the final average spectrum has a correlation coefficient for correlating
the final average spectrum lower than or the same as the minimum value ≤0.900.

[0064] In other words, the procedure is discontinued when a further repetition of the procedure would produce a
spectrum that coincides with the last calculated one.
[0065] In particular, the model bone region may be a vertebra, in particular a lumbar vertebra, and the computation
means for computing said reference spectra are configured to:

- repeat the previous steps for other three vertebrae, in particular three lumbar vertebrae, finally obtaining four final
spectra, one for each of the above vertebrae;

- calculate a mean vertebral final spectrum of the four final spectra.

[0066] The final vertebral average spectrum represents the contribution of the subject considered to the model, obtained
as an average of all the mean vertebral final spectra of a population of subjects who take part to the model, for a
corresponding category of subjects.

Brief description of the drawings

[0067] The invention will be now shown with the description of an exemplary embodiment thereof, exemplifying but
not limitative, with reference to the attached drawings, wherein:

- Figs. 1A-1D diagrammatically show an apparatus, according to the invention, for assessing the condition of the
bone tissue in a patient’s bone region, and the relative operation, in particular:

- Fig. 1A shows a display means associated to the apparatus according to the invention;
- Fig. 1B shows a reference spectrum for frequency spectra extracted and used by the apparatus according to the

invention;
- Fig. 1C shows frequency spectra associated with respective ultrasound propagation lines, said frequency spectra

extracted and used by the apparatus according to the invention;
- Fig. 1D shows frequency spectra associated with ROIs or ROI portions, said frequency spectra calculated and used

by the apparatus according to the invention;
- Fig. 2 diagrammatically shows a time plot of sonographic signals received from the bone region that is investigated

in response to sonographic signals coming from the ultrasound probe of an apparatus;
- Fig. 3 shows an example of frequency spectrum of a sonographic signal that can be obtained by means of the

apparatus and of the process diagrammatically shown in Fig. 1, and also shows some shape parameters;
- Fig. 3A shows an example of frequency spectrum of a signal and one or more reference or sample or model frequency

spectra;
- Fig. 4 is a block diagram of a first process for assessing the condition of the bone tissue in a patient’s bone region

that can be carried out with the apparatus of Fig. 1;
- Figs. 5 and 6 are block diagrams that relate to particular methods for assessing the condition of the bone tissue in

a patient’s bone region;
- Fig. 7 is a diagram of a diagnostic parameter of a homogeneous category of a population of patients, plotted versus

the BMD (bone mineral density) evaluated by the DXA system;
- Figs. 8 and 9 are diagrams of this diagnostic parameter, for the same population of Fig. 7, plotted versus T-score

and Z-score, respectively;
- Fig. 10 is a diagram that shows the correlation between the BMD estimated by the ultrasound system and the BMD

measured by the DXA system, for all the patients of the population which includes the category Figs. 7-9 relate to;
- Fig. 11 is a diagram that shows the correlation between the T-score estimated by the ultrasound system and the T-

score calculated by the DXA system, for the patients which Fig. 10 is related to;
- Fig. 12 is a diagram that shows the correlation between the Z-score estimated by the ultrasound system and the Z-

score calculated by the DXA system, for the patients which Fig. 10 is related to;
- Fig. 13 is a diagram that summarizes the diagrams of Figs. 10-12.

Description of preferred exemplary embodiments

[0068] With reference to Fig. 1, an ultrasound apparatus 100 is described according to an exemplary embodiment of
the invention, for assessing a patient’s bone structure condition. Apparatus 100 comprises an ultrasound device that,
in an exemplary embodiment as shown, comprises a ultrasound probe 11, which is equipped with an ultrasound trans-
ceiving means suitable for transmitting/receiving ultrasound signals along a plurality of ultrasound propagation lines 15i.
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Ultrasound probe 11 is configured to work as a source and as a receiver of ultrasound signals. Ultrasound probe 11 has
an array of n sonographic crystals, in particular of piezoelectric crystals, for emitting and for receiving ultrasound signals
13 in a predetermined frequency band v, about at a nominal frequency v*. Ultrasound probe 11 is configured to emit
ultrasound signals 13 according to respective ultrasound propagation lines 15i arranged in a same plane 17 which is,
for instance, the plane of the sheet of Fig. 1. Hereinafter, "i" indicates an integer number that may range between 1 and
a number of sonographic crystals n. Hereinafter, whenever subscript "i" appears, it is meant that the corresponding value
can range between 1 and n, with the above indicated meaning. Ultrasound probe 11 can be a conventional probe. For
instance, ultrasound probe 11 can be an abdominal CONVEX probe type, which is easily available in the market.
[0069] In a particular exemplary embodiment, probe 11 may comprise a means, not shown, for adjusting and/or for
selecting the nominal frequency v*, for instance, between 3.5, 5 and 7.5 MHz, as well as for selecting the amplitude of
the frequency band, and/or for selecting the acoustic pressure.
[0070] In a particular exemplary embodiment, probe 11 may comprise a means, not shown, for adjusting and/or for
selecting the amplitude and/or the acoustic pressure of the emitted signal, within a predetermined set of values.
[0071] Apparatus 100 comprises a mutual positioning means of probe 11 and of a bone region 21 of the patient, such
that bone region 21 returns a reflected ultrasound signal that can be received by probe 11 when this operates as a
receiver, in response to the ultrasound signal emitted by probe 11 when operating as a source. As diagrammatically
shown in Fig. 1, the bone region, for example a lumbar vertebra 21 or a portion thereof, comprises an external cortical
part 40’ and an internal trabecular part 41’. Therefore, the latter is located at a distance from probe 11 higher than cortical
part 40’.
[0072] Ultrasound probe 11 has an own power supply or a connection to an external power supply, not shown. Moreover,
ultrasound probe 11 has a connection 23 for a computer 24, which comprises a program means for driving an acquisition
process of reflected signals, and for analysing the reflected signals. In particular, a program means is provided for
defining an operation mode of probe 11 as a source of ultrasound pulses, in which the probe is configured to generate
an ultrasound signal during a predetermined emission time 25. A program means is also provided for defining an operation
mode of probe 11 as a receiver of ultrasound signals that are reflected by regions located at different depths within the
bone tissue of region 21, in response to emitted signal 13. The reflected ultrasound signals, coming from a respective
region depth, are received by probe 11 after a delay time that depends on this respective depth, with respect to a border
surface 27 of bone region 21.
[0073] In an exemplary embodiment of apparatus 100, computer 24 comprises a program means for adjusting the
time during which the reflected signals is received or listened, in order to decide whether signals will be detected coming
from regions of cortical part 40’ of bone region 21 and/or coming from regions of trabecular part 41’ of bone region 21.
[0074] Computer 24 has a sonographic software that is configured to acquire electric signals from probe 11 which
have an intensity A that is proportional to the intensity of the raw reflected signals coming from points 33 of bone region
21 and received by probe 11. The sonographic software is configured to transform these electric signals, by a conventional
method, into image parameters, typically into gray levels of a gray scale, in order to generate a sonographic image 29
of bone region 21. Sonographic image 29 comprises a matrix 31 of pixels that are associated with respective points 33
of the observed region. Such image can be seen by an operator by a conventional display means, as a monitor 35, the
image of which is shown enlarged in Fig. 1A.
[0075] Apparatus 100 may comprise a space selection means for defining a region of interest or ROI 37 according to
sonographic image 29, for assessing the patient’s bone structure condition. This space selection means may comprise
a touch-screen interface portion of monitor 35, or a means for selecting an image portion 37 on sonographic image 29,
which corresponds to the region of interest, by introducing coordinate domains or by using a conventional pointing device.
[0076] In a particular exemplary embodiment of apparatus 100, computer 24 comprises a program means for auton-
omously defining or recognizing a ROI 37 in bone region 21, possibly starting from determined anatomical reference
points, defined in bone region 21, where the position of ROI 37 is defined with respect to the reference point. In particular,
the program means is configured to recognize the anatomical reference points, or directly the ROI 37, as a particular
pattern of gray levels about one point, according to a pattern model predefined as a typical pattern of an anatomical
reference point either of a ROI, or of a distribution defined as an anatomical reference point, or directly as a ROI in a
previous acquisition of the same bone region 21.
[0077] Computer 24 may also comprise a means for automatically determining a border line 39 between portion 40
and portion 41 of sonographic image 29, corresponding to cortical part 40’ and to trabecular part 41’, respectively, of
bone 21. As shown more in detail in Fig. 2, cortical part 40’ provides reflected signals 36 that are received by probe 11
after a delay time set between a time t1 and a time t2, which have intensities A normally higher than signals 38 coming
from the trabecular region, which are received by probe 11 after a delay time longer than t2. The means for determining
border line 39 are advantageously configured to recognize time t2, after which reflected signals are received, coming
from points of the trabecular region 41’, of a lower intensity A with respect to the reflected signals received before time
t2, which comes from points of the cortical region 40’, and are advantageously configured to define the corresponding
border line 39 between the two region of sonographic image 37, for each ultrasound propagation line 15i, at such time t2.
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[0078] Computer 24 comprises, according to the invention, a program means for extracting a frequency spectrum 42,
shown more in detail in Fig. 3, of the reflected signal that comes from points or sites of ROI 37 corresponding to groups
of pixels 31 of the portion of sonographic image 39 that corresponds to ROI 37, to be compared with at least one reference
or sample or model frequency spectrum 52 shown in Fig. 1B. More In particular, with reference to Fig. 1C, the program
means allows to extract a plurality of frequency spectra 43i,44i that are associated with respective segments of ultrasound
propagation lines 15i of ROI 37. In particular, in Fig. 1C the spectra 43i are associated with two segments of a portion
of ROI 37 in the cortical region 40’, whereas the spectra 44i pertain to two segments of a portion of ROI 37 in the
trabecular region 41’, as shown in Fig. 1.
[0079] Frequency spectra 43i,44i can be obtained from the data shown on the left hand of the time plot of Fig. 1C, and
shown more in detail in Fig. 2, via a well-known transformation 46 (as indicated by the white arrow in Fig. 1 C) in the
frequency domain, for example via a Fast Fourier Transform (FFT).
[0080] Frequency spectrum 42 of Fig. 3 has a smooth trend similar to that of a spectrum 43i that is obtained from the
raw reflected signals coming from points of cortical region 41’, however, in the following part of the description, reference
is made to this spectrum 42 indifferently relating to spectra 43i or 44i obtained by signals reflected by points 34 respectively
of cortical part 40’ and of trabecular part 41’ of bone region 21. In the following part of the description, as explained,
frequency spectrum 42 of Fig. 3 can also be an average spectrum calculated on the whole ROI 37 of Fig. 1.
[0081] Spectrum 42 of Fig. 3 shows a signal intensity A for each value of the frequency v. In particular, in case of raw
reflected signals coming from a point 34 of ROI 37, for each value of the frequency v the intensity is shown of a portion
of this raw reflected signal that has this frequency v. In other words, frequency spectrum 42 comprises a plurality of
harmonic components in which, to each frequency v of the frequency band, the intensity A of a portion of the reflected
signal that has the same frequency is associated.
[0082] In an exemplary embodiment of apparatus 100, the space selection means of apparatus 100 comprises a
program means for checking and/or for defining the surface or interface 27 of bone region 21. This is helpful for the
investigation of bones that have a shape complicated by the presence of bone protrusions or processes, which are
normally unimportant for the purpose of assessing the patient’s bone structure condition, since they have no mechanical
resistance function, as in the case of the spinous processes of the vertebrae. Such bone processes affect the acquisition
of reflected signals in the case of a dorsal approach to the vertebrae, which is specially required in the case of particularly
fat patients who have a thick layer of soft tissues, abdominally with respect to the vertebrae, in particular to the lumbar
vertebrae.
[0083] As shown in Fig. 1, in an exemplary embodiment of apparatus 100, computer 24 comprises a program means
for extracting a frequency spectrum 47,48 associated with ROI 37, starting from a plurality of spectra 43i,44i associated
with segments of ultrasound propagation lines 15i of region of interest 37. For example, the spectrum processing means
may calculate the mean frequency spectrum 47, 48 (Fig. 1D) as an arithmetic average 49 of spectra 43i,44i of Fig. 1C
associated with the segments of ultrasound propagation lines 15i of Fig. 1. The program means of computer 24 may be
configured to calculate an average spectrum 47 on the portion of ROI 37 that corresponds to a domain of cortical part
40’ of bone region 21, starting from frequency spectra 43i associated with segments of ultrasound propagation lines that
comprise points of cortical part 40’, and/or it may be configured to calculate an average spectrum 48 on the portion of
ROI 37 corresponding to a domain of trabecular part 41’ of bone region 21, starting from the frequency spectra 44i
associated with segments of ultrasound propagation lines corresponding to points of trabecular part 41’. The frequency
spectra 47, 48 can be interpreted the same way as the frequency spectra associated with portions of the ultrasound
propagation lines 15i, i.e. they provide the amplitude value a of a mean signal coming from the cortical and trabecular
portions of ROI 37, respectively, for a given value of the frequency v (Fig. 3).
[0084] In an exemplary embodiment of apparatus 100, computer 24 comprises a program means for carrying out a
compensation of the mean frequency spectrum 47,48 on a segment of an ultrasound propagation line 15i or on ROI 37.
In particular, the compensation is carried out by multiplying the reflected signal intensity of each of the harmonics, that
correspond to respective frequencies v, for a respective compensation coefficient, the compensation coefficient increas-
ing responsive to the frequency v from 1, which corresponds to the nominal frequency v*, up to a maximum value, which
corresponds to a frequency different from the nominal value. The compensation coefficient can be obtained from the
transfer function of ultrasound probe 11, i.e. from the sensitivity characteristics of probe 11.
[0085] In an exemplary embodiment of apparatus 100, computer 24 comprises a program means for calculating the
mean frequency spectrum pertaining to a volume of bone region 21, not shown, starting from average spectra 47,48 of
regions of interest of a plurality of sonographic planes, in particular calculating an average spectrum of average spectra
47,48 of plane regions of interest of sonographic planes, such as plane 17.
[0086] In an exemplary embodiment of apparatus 100, computer 24 comprises a program means for executing a
normalization of spectra 43i,44i associated with segments of an ultrasound propagation line 15i, and/or a normalization
of mean frequency spectrum 47,48 of a ROI 37 by shifting such frequency spectrum/spectra 43i,44i,47,48 in such a way
that the maximum value of the intensity of the spectrum/spectra becomes 0, therefore the intensity values lower than
the maximum value become negative values, typically expressed in dB.
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[0087] Computer 24 of apparatus 100, according to the invention, comprises a means for comparing a calculated
frequency spectrum, for example each of the spectra 43i,44i associated with segments of ultrasound propagation lines
15i, and/or for comparing an average spectrum 47,48, with at least one reference spectrum of a healthy subject and/or
of a pathological subject. To this purpose, in an exemplary embodiment, computer 24 has an access to a database 51
of reference spectra or models 52 and/or of reference parameters values of such spectra pertaining to healthy subjects
and/or to pathological subjects according to a predetermined seriousness of a bone disease, in particular of an oste-
oporotic disease. Preferably, the computer is configured to select in this database at least one spectrum and/or at least
one reference parameter pertaining to a category of the same sex, or of the same age range, or of the same ethnic
origin, or of a same particular comorbid condition, or that has another same significant relevance for the patient. This
access may comprise a connection to a local or to a remote server, as well as a conventional connection means, in
particular a telecommunication network.
[0088] According to an aspect of the invention, a calculation means is associated to the comparison means for cal-
culating at least one diagnostic parameter that describes the patient’s bone structure condition with respect to healthy
subjects and/or with respect to pathological subjects and/or with respect to pathological subjects who suffer from a bone
disease of a determined seriousness.
[0089] In particular, the diagnostic parameter can be correlated to the bone mineral density, on the basis of reference
tests performed by devices that are considered the "gold standard", for example X-ray devices.
[0090] In an exemplary embodiment of apparatus 100, computer 24 comprises a program means for calculating the
reference parameter for comparing a patient’s spectrum 43i,44i,47,48 with a spectrum taken from database 51, such as
a shape parameter of spectrum 43i,44i,47,48 or a combination of shape parameters. As shown in Fig. 3, the shape
parameters may be:

- an area 53 defined by the frequency spectrum in a predetermined range 54 of frequencies v or in a predetermined
range 55 of amplitudes A;

- a width 54 of the frequency spectrum at a prefixed level 56 of the amplitude A, in particular at a level that is defined
by an amplitude value 56 that is lower than a maximum value 57 of frequency spectrum 42 by a predetermined
amount 55;

- a frequency 58 corresponding to a maximum value 57 of frequency spectrum 42;
- a slope 59, i.e. the inclination, of a line 60 that interpolates a plurality of points 61 of frequency spectrum 42 in a

predetermined range 62 of frequencies v;
- the coefficient of a polynomial function corresponding to a curve 64 that interpolates a plurality of points 66 of a

frequency spectrum 42 in a frequency range 65 that contains the frequency 57 corresponding to a maximum value
of frequency spectrum 42;

- a combination, in particular a ratio of physical quantities that can be deduced from the frequency spectrum, for
example the above indicated physical quantities 53,54,58,59;
considered each alone and/or in combination with one another.

[0091] The means for calculating at least one diagnostic parameter can be configured to calculate another desired
parameter that is adapted to describe the shape of spectrum 42 or of a mathematical representation thereof, for instance
a representation of the spectrum by means of such a method as IC, Wavelet, and the like.
[0092] In an exemplary embodiment of apparatus 100, computer 24 comprises a comparison and calculation means
configured to:

- calculate at least one correlation coefficient with a frequency spectrum 43i,44i, pertaining to a segment of an ultra-
sound propagation line 15i and/or an average spectrum 47,48 calculated on ROI 37, or on a portion thereof, and a
reference spectrum, or a corresponding portion, of a healthy subject and/or of a pathological subject, and/or of at
least one pathological subject who suffers from a bone disease of a predetermined seriousness, and to

- calculate the diagnostic parameter starting from this correlation coefficient.

[0093] In particular, the comparison and calculation means is configured to calculate a Pearson’s correlation coefficient.

Example 1 - Construction of the model

[0094] In order to identify the osteoporotic model of a determined category, which is defined as a combination of race,
sex, age and body mass index, the data of the most osteoporotic patient are initially considered, which is defined by a
T-score minimum value calculated by DXA, typically a value <-3.5, among the patients of the database who belong to
a determined category. The data of this patient are computed by the algorithm given hereinafter, by which a final average
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spectrum M* is obtained that can be averaged out together with the corresponding final spectra M* of further patients
that are to be included in the model, in particular these further patients can be two further patients that have T-score
values set between -3.5 and -3.0, and between -3.0 and -2.5, respectively.
[0095] In order to create the healthy models a similar procedure is followed, with a "healthiest" patient who typically
has a DXA T-score >0 and possibly with two further patients who have T-score values set between -0.5 and 0 and
between -0.5 and -1.0, respectively.
[0096] Once a subject has been selected to be included in a predetermined osteoporotic or healthy model of a specific
category, the following procedure is followed:

a) selecting a sonographic frame that contains the image of a vertebra (typically, of a lumbar vertebra);
b) performing the above described analysis procedure until single compensated and normalized trabecular spectra
Si are obtained:

- defining the interface of the vertebra to be investigated and a bundle of ultrasound propagation lines (typically
some dozens) that meet the defined interface;

- on each radiofrequency signal that is associated with one ultrasound propagation line of the above bundle,
selecting a portion corresponding to the reflection provided by a trabecular region of the bone;

- computing the spectrum (FFT) for each of the above signal portions;
- "compensating" each spectrum in order to take into account the characteristics of the receiving range of the probe;
- normalizing each spectrum with respect to the maximum value of the spectrum itself (so that the maximum

value becomes 0 dB; each of these spectra is indicated here by the reference Si);

c) computing the average spectrum M0 of all the single spectra Si that have been calculated;
d) for each spectrum Si that was obtained at the end of step b), computing the Pearson’s correlation coefficient (r)
between spectrum Si and the average spectrum M0;
e) among all the spectra Si that were obtained at the end of step b), selecting the spectra S1i that have r>0.900,
with respect to average spectrum M0;
f) computing the average spectrum M1 of the spectra S1i selected in step e);
g) for each spectrum Si obtained at the end of step b), computing the Pearson’s correlation coefficient between this
spectrum Si and the average spectrum M1;
h) Among all the spectra Si that were obtained at the end of step b), selecting the spectra S2i that have r>0.900
with respect to the average spectrum M1 (N.B.: the number of spectra S2i can be higher than, lower than or the
same as the number of spectra S1i that were obtained in step e);
i) computing the average spectrum M2 of to the spectra S2¡ selected in step h);
j) repeating the cycle comprising the steps g),h),i) until an average spectrum Mn is obtained that satisfies both the
following conditions: a) each spectra Sni that is included in the average spectrum Mn has r>0.900 with respect to
Mn; b) each further spectra that is not included in the average Mn has r≤0.900 with respect to Mn (in other words,
the procedure stops when a further repetition of the procedure would give a spectrum Mn+1 that is coincident with
the last calculated Mn);
k) repeating the points a)-i) for other three vertebrae (typically lumbar vertebrae), thus obtaining 4 Mn-type spectra,
one for each observed vertebra;
l) computing the average spectrum M* of these 4 spectra Mn.

[0097] Spectrum M* represents the contribution of the single subject to the above model M*TOT, obtained from the
average of all the M* of the subjects that are included in the model of the corresponding category.
[0098] The operation of apparatus 100 according to the invention is now described with reference to the block diagram
of Fig. 4, which shows a first procedure 400 for assessing the bone condition of a patient, in particular the bone structure
condition and/or a bone mineral density with reference to a specific bone region 21 (Fig. 1).
[0099] Procedure 400 comprises a preliminary step 101 of prearranging a sonographic device i.e. a probe 11 (Fig. 1),
close to the patient’s bone region 21, so that probe 11 can receive raw ultrasound signals 36,38 that are reflected by
bone region 21 in response to ultrasound pulses coming from probe 11. The operation of apparatus 100 comprises the
subsequent steps of:

- generating and transmitting 110 an ultrasound signal 13 through ultrasound probe 11 towards bone region 21 during
a predetermined emission time 25, such that bone region 21 returns raw reflected ultrasound signals 36, 38, in
response to emitted ultrasound signal 13;

- creating 120 a sonographic image 29 of bone region 21 by associating the intensity of each raw reflected ultrasound
signal 36,38 coming from a respective point 33 of a portion of bone region 21, with an image parameter, for instance



EP 2 709 533 B1

14

5

10

15

20

25

30

35

40

45

50

55

with a gray scale level;
- possibly defining 130 a region of interest 37 of bone region 21 on sonographic image 29, for example by selecting

an area 37 of image 29 as this is shown by a display apparatus 35 of a computer 24, using a conventional image
selection means, or an automatic process of defining /recognizing ROI 37 by computer 24;

- calculating 140 frequency spectra 42 on the basis of raw reflected signals coming from bone region 21 or, possibly,
from region of interest 37. Frequency spectrum 42 (Fig. 3) comprises a plurality of harmonics in which the intensity
A of a portion of the reflected signal that has a frequency v of the frequency range is associated to this frequency
v, by transforming the reflected signal into the frequency domain. The transformation 46 can be carried out by well-
known techniques, for instance, by Fast Fourier Transform. In particular, the frequency spectra extraction means
is configured to carry out this transformation on reflected ultrasound signals that come from points 34 of respective
segments of ultrasound propagation lines 15i within bone region 21 or ROI 37, in order to obtain overall frequency
spectra that are responsive to respective segments of ultrasound propagation lines;

- comparing 150 a frequency spectrum 42 with at least one reference spectrum that is associated with at least one
healthy subject-model and/or one pathological subject-model, and calculating a diagnostic parameter on the basis
of the comparison. The reference spectrum or reference spectra may be the result of a database search step 149,
possibly using reference search parameters that identify a category including at least one feature of the patient,
selected among the sex, the age range, the ethnic origin, a particular comorbid condition, as well as any other
significant category.

[0100] If bone portions have to be investigated which cannot be easily observed due to bone protrusions or processes
of no mechanical importance and/or of no importance for the investigation, a means is also provided for performing a
step 105 of defining an interface 27 of bone region 21 on a first sonographic image (Fig. 1). For example, in the case of
a posterior approach to lumbar vertebrae, a first sonographic acquisition 110-120 can be used to identify the bone
processes and to set a correction procedure such that the subsequent acquisition/s puts/put aside these bone portions,
i.e. put/s aside the reflected signals received after a time shorter than a prefixed time threshold corresponding to the
surface or to the interface of bone region 21 to be investigated.
[0101] In a particular operation mode of apparatus 100, a means may be provided for performing a step, not shown
in Fig. 4, of filtering the range of frequencies such that bone region 21 receives signals that have only frequencies of a
range of predetermined amplitude, narrower than the amplitude range of probe 11.
[0102] Procedure 400 may also comprise a step 141 of compensating the frequency spectra 43i,44i that are associated
with segments of ultrasound propagation line 15i, or of compensating the frequency spectra 47,48 associated or obtained
as average spectra on bone region 21 or on ROI 37. In particular, this is useful for taking into account the features of
the receiving range of probe 11, for example as described above.
[0103] Procedure 400 may also comprise a step 142 of normalizing frequency spectra 43i,44i that are associated with
segments of ultrasound propagation line 15i or normalizing the frequency spectra 47,48 associated or obtained as
average spectra on bone region 21 or on ROI 37 with respect to the respective maximal values, so that the maximum
amplitude value of such spectra becomes 0 dB. This simplifies the subsequent calculation of the shape parameters of
the frequency spectra.
[0104] Block diagram of Fig. 5 shows a procedure 500 that is a first particular operation mode of apparatus 100. Also
operation mode 500 comprises steps 101-130 shown in the diagram of Fig. 4. In operation mode 500, the calculation
step 140 of the spectrum comprises a step 145 of calculating spectra 43i and/or 44i associated with segments of ultrasound
propagation lines 15i, which are defined by the sonographic crystals of probe 11, and a step 146 of computing an average
spectrum 47 and/or 48 on ROI 37, starting from spectra 43i and/or 44i. For each frequency v, the average value of
intensities A is measured at this frequency v on the single spectra 43i and/or 44i. The calculation step 145 of the spectra
associated with segments of ultrasound propagation lines may provide spectra 43i that are associated with segments
of ultrasound propagation lines 15i in cortical part 40’ of bone region 21. In alternative, or in addition, the calculation step
145 may provide spectra 44i that are associated with portions of respective ultrasound propagation lines 15i in trabecular
part 41’ of bone region 21. Therefore, an average spectrum 47 on the cortical part and/or an average spectrum 48 on
the trabecular part of ROI 37 are provided. Even if in Fig. 5 the steps of compensation 141 and of normalization 142 are
not shown, both or either the steps can advantageously be carried out after the step of computing each partial spectrum
43i and/or 44i.
[0105] Always in operation mode 500, the step 150 of comparing and computing a diagnostic parameter comprises
step 153 of computing at least one shape parameter, for example at least one of the above shape parameters 53,54,58,59,
or of computing other significant parameters. The comparison and calculation step 150 may comprise a step 154 of
computing a complex shape parameter as a combination of these diagnostic parameters, and a step 155 of comparing
the diagnostic parameters obtained from the shape parameters, and/or possibly from a combination thereof, with cor-
responding diagnostic parameters of cortical and/or trabecular spectra of a healthy subject. The parameters of the
healthy subject may be retrieved by a search step 149 like step 149 of Fig. 4, which is not shown in the diagram of Fig.



EP 2 709 533 B1

15

5

10

15

20

25

30

35

40

45

50

55

5 for the sake of simplicity. An example of complex shape parameter is obtained by adding -1 dB to the width of the
cortical spectrum and by adding -3 dB to the width of the trabecular spectrum.
[0106] Briefly, according to the operation mode or algorithm 500 of Fig. 5, the diagnostic parameter, which is an index
of the quality of the bone tissue of bone region 21 that has been investigated, is calculated as a shape parameter that
characterises the mean frequency spectrum 47,48 of the reflected ultrasound signals as reflected by ROI 37, i.e. by a
determined portion of bone region 21.
[0107] Block diagram of Fig. 6 shows a process 600 that is a second particular operation mode of apparatus 100. Also
this operation mode comprises steps 101-130 shown in the diagram of Fig. 4, which is present also in the process or
algorithm shown in Fig. 5.
[0108] In this case, spectra computation step 140 is limited to a step of computing spectra 43i and 44i that are associated
with segments of ultrasound propagation lines 15i. The spectra computation step 145 may provide spectra 43i associated
with segments of ultrasound propagation lines 15i that are included in cortical part 40’. In alternative, or in addition, the
spectra computation step 145 may provide spectra 44i associated with portions of respective ultrasound propagation
lines 15i in trabecular part 41’ of bone region 21. Even if in Fig. 6 the compensation step 141 and normalization step
142 are not shown, both or either the steps can advantageously be carried out after the step of computing each partial
spectrum 43i and/or 44i.
[0109] Also in the case of process 600, step 150 of comparing and computing a diagnostic parameter provides pre-
liminarily a step 149 of searching reference spectra or models of a healthy and/or pathological subject shown in Fig. 4.
This step is not shown in the diagram of Fig. 6 for the sake of simplicity. Step 150 of comparison and calculation comprises
a step 156 of computing a correlation coefficient r with at least one spectrum model 52 selected among a "healthy"
spectrum model, a "pathological" spectrum model and preferably also an "intermediate" spectrum model. In this calcu-
lation step 156, the correlation coefficient that is calculated may be, for instance, the Pearson’s correlation coefficient.
[0110] A step 157 follows of validating/rejecting sonographic spectra, wherein each spectrum is considered valid if at
least one of the correlation coefficients r, that are calculated with respect to the healthy model, or to the pathological
model or to the intermediate model, is higher than or the same as a predetermined minimum threshold value. For
example, it may happen that at least one of the calculated Pearson’s coefficients is higher than 0.75. Otherwise, this
spectrum is considered invalid and is rejected, i.e. it is not taken into account in the prosecution of the analysis.
[0111] A following evaluation or classification step 158, may comprise computing the ratio of frequency spectra 43i,
44i that have a correlation coefficient with the healthy models, with the intermediate models and with the pathological
models, higher than the predetermined minimum threshold value. In the classification step 158, each spectrum that has
been evaluated as valid is classified as "healthy" or as "osteoporotic" depending upon whether the respective correlation
coefficient with the healthy model is higher than the respective correlation coefficient with the "osteoporotic model", or
vice-versa. If these two values of r are substantially the same value, for example to the third digit after the point, the
spectrum is considered invalid.
[0112] In a following step 159 of defining and computing a diagnostic parameter, the percentage of healthy spectra
over the number of valid spectra may be selected as a diagnostic parameter. Actually, in an investigation in which 90%
of the spectra have a correlation coefficient higher than the threshold value, the complement to 1 of this ratio, i.e. 0.1,
can be selected as a diagnostic parameter. The lower this diagnostic parameter, the healthier is the subject.
[0113] In the step 159 of defining and computing the diagnostic parameter, it is also possible to define a more specific
diagnostic parameter, i.e. a diagnostic parameter that takes into account the values of the correlation coefficient that
are considered valid. For instance, the arithmetic mean value of the correlation parameter of the healthy spectra can be
defined as a diagnostic parameter, or a combination of statistic parameters that describe the distribution of such correlation
coefficients.
[0114] In the analysis, the frequency spectra 43i pertaining to cortical portions of bone region 21, and/or the frequency
spectra pertaining to trabecular portions 44i, may be taken into account and the spectra pertaining to cortical portions
and to trabecular portions can be considered together, or separate.
[0115] In another operation mode of the apparatus, once a region has been classified as a healthy region, or as a
pathological region, or as an intermediate region, according to the percentage of spectra that is classified as healthy,
positive or intermediate, step 156 may comprise computing the correlation coefficient between each spectrum and the
reference spectra that pertain to specific pathology values or levels, i.e. to healthy or pathological or intermediate spectra,
to which specific diagnostic parameters are associated. In this case, the subsequent step 159 of defining and computing
a diagnostic parameter comprises selecting the value of the diagnostic parameter of the reference spectrum that indicates
the best correlation with the valid spectra as a diagnostic parameter that describes the bone region of the investigation.
[0116] In the case of a vertebral investigation, the result can be made more reliable if a plurality of vertebrae is
considered, according to how higher is the percentage of spectra that correlate with a healthy, or with a pathological or
with an intermediate model. The result might be rejected if the total percentage is too low, in which case a new acquisition
is required.
[0117] Algorithms 500 and 600, which are shown in Figs. 5 and in Fig. 6, respectively, provide a value of a diagnostic
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parameter for each vertebra that has been taken into account, as an output. In an operation mode, the procedure is
carried out for a plurality of vertebrae, typically a plurality of lumbar vertebrae, for instance four adjacent vertebrae, and
the average value of the results pertaining to this plurality of vertebrae can be selected as the patient’s diagnostic
parameter.
[0118] The diagnostic parameter, or a further diagnostic parameter, may be calculated as a parameter selected between
T-score and Z-score, where:

- T-score is calculated by computing the difference between the value of the diagnostic parameter (BMD) and the
average value (BMD)’ of the same parameter measured for subjects of the same sex, but of an age at which the
peak bone mass value occurs (typically 30 years), and dividing the result of this difference by the standard deviation
σ’ of the values of the parameter measured for the subjects at their peak bone mass value, i.e. T-score is calculated
by the formula: 

- Z-score is calculated by computing the difference between the value of the diagnostic parameter (BMD) and the
average value (BMD)" of the same parameter measured for subjects of the same sex and of the same age of the
patient, and dividing the result of this difference by the standard deviation σ" of the values of the parameter measured
for the subjects of the same age, i.e. Z-score is calculated by the formula: 

[0119] In this case, the disease condition may be classified according to the definition of the World Health Organization
(WHO), based on the T-score value:

- T-score > -1: normal bone mineral density, i.e. absence of signs of disease;
- -2.5 < T-score <-1: osteopenia, i.e. the skeleton has a reduced mineral bone density with respect to the peak bone

mass value, but an overt osteoporosis is not yet present;
- T-score < -2.5: osteoporosis.

Example 2 -

[0120] An example of a way to carry out process 600 of Fig. 6 is given hereinafter. 275 white women were selected
whose age was between 45 and 75 years, and who had different body mass index or BMI. The 275 women were grouped
into 11 categories according to the age and to the BMI, as shown in table 1:

-TABLE 1-

Category N. Age range years old BMI range kg/m2 Numerosity

1 46-50 <25 30

2 51-55 <25 44

3 56-60 <25 47

4 56-60 25-30 36

5 56-60 >30 8

6 61-65 <25 30

7 61-65 25-30 31

8 61-65 >30 12

9 66-70 <25 13

10 71-75 25-30 15

11 71-75 >30 9
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[0121] The 275 subjects included in the study were subjected to DXA, and were classified as "osteoporotic", "osteo-
penic", "healthy" according to whether T-score≤-2.5; -2.5<T-score<-1; T-score≥-1, respectively. For each of the 11
categories a maximum of 3 subjects was taken to be used in the osteoporotic model, and a maximum of 3 subjects was
taken to be used in the healthy model, operating as described in the Example 1.
[0122] Once the models had been calculated for all the categories, four sonographic images were selected for each
of the 275 subject included in the study, one image for each vertebra of the segment L1-L4. Each image was analysed,
along with the corresponding "raw" radiofrequency, by algorithm 600 of Fig. 6, described above, following these restric-
tions:

- only trabecular spectra were considered;
- in step 157 of validating/rejecting the spectra, only the spectra which had a Pearson’s correlation coefficient r > 0.75

with at least one of the two models for the same patient category were classed as "valid" spectra;
- in the step 158 of classifying the valid spectra:

- the spectra for which the correlation coefficient r with the relative osteoporotic model was higher than the
correlation coefficient with the healthy model were classified as osteoporotic;

- the spectra for which the correlation value with the healthy model was higher than the correlation value with the
osteoporotic model were classified as healthy;
whereas the spectra for which the values of the correlation coefficients with both models were the same value
up to the third digit after the point were classified as "invalid" and were rejected;

- for each vertebra, a diagnostic parameter (step 159) was then defined and calculated as the percentage of valid
spectra that had been classified as osteoporotic, over the total of the valid spectra of that vertebra;

- for each subject included in the study, the average value of the diagnostic parameters of the four vertebrae was
selected as the diagnostic parameter which then is also expressed as the percentage of osteoporotic spectra.

[0123] For each of the 11 categories of table 1, the diagnostic parameter was plotted against the BMD (bone mineral
density) evaluated by the DXA system. For the sake of conciseness, Fig. 7 shows only the diagram of category n. 7
(age 61-65 years, BMI 25-30 kg/m2). The diagnostic parameter was also plotted against the other parameters provided
by the DXA system, i.e. the T-score and the Z-score, by comparing the value of the BMD, as measured, with the reference
population database. Still with reference to category n. 7, the diagrams are shown in Fig. 8 and in Fig. 9, respectively.
In the diagrams of Figs. 7-9, the symbols surrounded by a circle identify the subjects whose data were used to calculate
the model spectra of the same category, in particular three subjects were used for the osteoporotic model and two
subjects were used for the healthy model.
[0124] From the diagrams of Figs. 7-9, it can be noticed that the calculated diagnostic parameter, i.e. the percentage
of valid spectra classified as osteoporotic over the total of the valid spectra, shows a quite good linear correlation with
a Pearson’s coefficient r of 0.93, with all three parameters provided by the DXA system.
[0125] Furthermore, the diagnostic parameter is particularly suitable for discriminating between healthy, osteopenic
and osteoporotic subjects. In fact, with reference to Fig. 8, it can be observed that:

- the osteoporotic subjects (T-score ≤-2.5) are characterized by a percentage of osteoporotic spectra ≥60% and,
similarly,

- the osteopenic subjects (-2.5<T-score< -1) are characterized by percentage of osteoporotic spectra set between
45% and 60%, and

- the healthy subjects (T-score ≥-1) have a percentage of osteoporotic spectra lower than 45%.

[0126] Similar results were obtained for all the other categories that were taken into account.
[0127] The equations of the approximation lines, which are depicted on each diagram of Fig. 7-9, can be used, after
inversion with respect to the abscissa axis, to evaluate the BMD values, the T-score and the Z-score, starting from the
value of the diagnostic parameter. For instance, still with reference to category n.7, for a subject for which a percentage
of osteoporotic spectra of the 64.0%, was obtained, we have:
-

-
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-

[0128] By repeating the calculus for all the subjects that were investigated, and for all the categories, the results of
Figs. 10, 11 and 12 were obtained, which resume the evaluations that were performed by the apparatus according to
the invention. These evaluations were correlated with the respective DXA parameters. The diagrams of Figs. 10, 11 and
12 show a good correlation between the data, as described hereinafter. Fig. 13 contains a summarizing diagram of those
of Figs. 10-12, which simplifies their interpretation. The results are also resumed in table 2.

[0129] From table 2 and from Figs. 10 and 11, it can be observed that the few diagnostic cases that appear to be
unaligned between the two methods always pertain to "osteopenic" cases who are classified as healthy, or vice-versa,
or as osteoporotic or vice-versa, while in no case a healthy subject was classified as osteoporotic, or vice-versa.
[0130] Accuracy values of the three parameters BMD, T-score and Z-score were also calculated as the mean error
6 standard deviation, which confirm the good reliability of process 600.

- BMD = -0.34% 6 7.42%;
- T-score = -0.03 6 0.56;
- Z-score = +0.02 6 0.52.

[0131] Similar conclusions can be drawn by evaluating the same population by procedure 500.
[0132] The foregoing description of exemplary embodiments of the apparatus according to the invention, and of the
way of using the apparatus, integrally to the examples, will so fully reveal the invention according to the conceptual point
of view, so that others, by applying current knowledge, will be able to modify and/or adapt in various applications the
specific exemplary embodiments without further research and without parting from the invention, and, then it is meant
that such adaptations and modifications will have to be considered as equivalent to the specific embodiments. The
means and the materials to realise the different functions described herein could have a different nature without, for this
reason, departing from the field of the invention. It is to be understood that the phraseology or terminology that is employed
herein is for the purpose of description and not of limitation.

Claims

1. An apparatus (100) for assessing the condition of the bone tissue in a patient’s bone region (21), said apparatus
(100) comprising:

an ultrasound device (11) provided with an ultrasound transceiving means that is configured to emit ultrasound
pulses along a plurality of ultrasound propagation lines (15i) that can reach said bone region (21), and to receive
raw ultrasound signals (36, 38) from said bone region (21), in response to said emitted ultrasound pulses;
said ultrasound transceiving means comprising an ultrasound signal generation means, which is arranged in
said ultrasound transceiving means and configured to generate an ultrasound signal that has frequencies of a
frequency range comprising a nominal frequency, said ultrasound transceiving means being configured to emit
said generated ultrasound signals during a prefixed emission time (25), said ultrasound transceiving means
being arranged to transmit said ultrasound pulses and to receive said raw ultrasound signals from a same side
of said bone region, such that said received raw ultrasound signals are return raw ultrasound signals reflected

-TABLE 2-

Tested cases wrong diagnosis vs DXA

BMI < 25 164 9 (5.5%)

25 < BMI < 30 82 0 (0.0%)

BMI > 30 29 0 (0.0%)

TOTAL 275 9 (3.3%)

Age range: 45-75 years
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by said bone region;
a sonographic image formation means for forming a sonographic image (29) of said bone region (21), starting
from said received raw ultrasound signals (36, 38), said sonographic image formation means displaying said
image, to allow an operator to identify a zone of said region to be investigated and to direct said ultrasound
device towards said zone,
characterised
in that said sonographic image formation means are adapted to determine the reflected signals (36) coming
from the cortical part (40’) of said bone region (21) received by said ultrasound device (11) after a delay time
set between a first time threshold (t1) and a second time threshold (t2), and the reflected signals coming from
the trabecular part (41’) of said bone region (21) received by said ultrasound device (11) after a delay time
longer than said second time threshold (t2), and
in that said apparatus (100) further comprises
spectrum extraction means, configured for extracting a plurality of frequency spectra (43i, 44i, 47, 48) starting
from said return raw ultrasound signals (36, 38) reflected from corresponding points (34) of said bone region
(21), said frequency spectra (43i, 44i, 47, 48) having a plurality of harmonic components in which, to each
frequency (v) of said frequency range, an intensity is associated (A) of a portion of one of said raw reflected
ultrasound signals that have said frequency, said spectrum extraction means being adapted to determine spectra
(43i, 44i, 47, 48) associated with the cortical part (40’) of said bone region (21), corresponding to the raw
ultrasound signals (36, 38) received by said ultrasound device (11) within time interval from said first threshold
(t1) and said second threshold (t2), and spectra associated with the trabecular part (41’) of said bone region
(21), corresponding to the raw reflected ultrasound signals received by said ultrasound device (11) after said
second time threshold (t2),
a memory means configured for memorizing at least one reference spectrum (52) associated with at least one
healthy and/or pathological subject, and
frequency spectra comparison and diagnostic parameter calculation means (24), for comparing said frequency
spectra (43i, 44i, 47, 48) associated with the cortical (40’) and/or trabecular (41’) parts of said bone region (21),
which are extracted by said extraction means, with said at least one reference spectrum (52) recorded in said
memory means, and for calculating a diagnostic parameter according to said comparison.

2. An apparatus (100) according to claim 1, wherein said frequency spectra comparison means is configured to calculate
a correlation coefficient between each frequency spectrum of a plurality of frequency spectra (43i, 44i, 47, 48) and
a reference spectrum (52) of a healthy subject and/or of a pathological subject, i.e. of a healthy model and/or of a
pathological model, and to calculate said diagnostic parameter according to said correlation coefficient.

3. An apparatus (100) according to claim 1, wherein said calculation means for comparing said frequency spectrum
(43i,44i) with at least one reference spectrum (52) is configured to:

- calculate respective correlation coefficients with said at least one reference spectrum (52) of a plurality of
frequency spectra (43i,44i) that are associated with respective segments of ultrasound propagation lines (15i)
included in said bone region (21),
- select a set of valid frequency spectra, wherein at least one of said correlation coefficients exceeds a prede-
termined threshold value;
- calculate a percentage of healthy valid spectra or of pathological valid spectra or of intermediate valid spectra,
wherein one of said valid spectra (43i,44i) is a healthy spectrum or a pathological spectrum or an intermediate
spectrum if said correlation coefficient with said healthy model (52) or with said pathological model (52) or with
said intermediate model (52), respectively, is substantially higher than the correlation coefficient with the other
models (52);
- define a diagnostic parameter selected from the group consisting of:
- said percentage of healthy or pathological or intermediate valid spectra, respectively;
- a parameter according to the average value of said correlation coefficient of said valid frequency spectra;
- a statistic parameter or a combination of statistic parameters that describe a distribution of values of said
correlation coefficients of said valid spectra;
- a diagnostic parameter associated to a reference spectrum (52) selected among a plurality of reference spectra
that represent specific pathology seriousness levels.

4. An apparatus (100) according to claim 3, wherein said correlation coefficient is a Pearson’s correlation coefficient,
and said threshold value is selected between 0.7 and 0.8, more in particular, said threshold value is about 0.75.
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5. An apparatus (100) according to claim 1, wherein said frequency spectrum extraction means is configured to perform
a transformation (46) in the frequency domain of raw reflected ultrasound signals coming from points (34) of a
segment of an ultrasound propagation line (15i) included in said bone region (21),
such that a frequency spectrum (43i,44i) is obtained that is associated with said segment of an ultrasound propagation
line (15i).

6. An apparatus (100) according to claim 5, wherein said segment of an ultrasound propagation line (15i) is selected
from the group consisting of:

- a segment of an ultrasound propagation line (15i) included in a cortical part (40) of said bone region (21);
- a segment of an ultrasound propagation line (15i) included in a trabecular part (41) of said bone region (21);
- a segment of an ultrasound propagation line (15i) included in a cortical part and in a trabecular part (40, 41)
of said bone region (21).

7. An apparatus (100) according to claim 5, wherein said frequency spectrum extraction means is configured to extract
a frequency spectrum (47,48) associated with a region of interest (37), starting from a plurality of spectra (43i, 44i)
associated with segments of ultrasound propagation lines (15i) included in said bone region (21).

8. An apparatus (100) according to claim 7, wherein said frequency spectrum extraction means is configured to extract
a frequency spectrum by calculating an average (49) of spectra (43i,44i) that are associated with respective segments
of ultrasound propagation lines (15i).

9. An apparatus (100) according to claim 7, wherein said frequency spectrum extraction means is configured to cal-
culate, for each frequency, an arithmetic mean value of intensity values (A) of each of said reflected ultrasound signals.

10. An apparatus (100) according to claim 1 or 8, wherein said frequency spectra comparison means is configured to
calculate said diagnostic parameter as a shape parameter of said at least one frequency spectrum (43i,44i,47,48),
or as a combination of a plurality of shape parameters of said at least one frequency spectrum (43i,44i,47,48).

11. An apparatus (100) according to claim 10, wherein said shape parameter or said shape parameters is/are selected
from the group consisting of:

- an area (53) defined by the frequency spectrum (42) in a predetermined range of frequencies (54) and/or in
a predetermined range of amplitudes (55);
- a width (54) of said frequency spectrum (42) at a predetermined amplitude level (56), in particular at a level
defined by an amplitude value (56) lower than a maximum value (57) of said frequency spectrum (42) by a
predetermined amount, in particular by 3 dB or by 1 db;
- a frequency (58) corresponding to a maximum value (57) of said frequency spectrum (42);
- a slope (59) of a line (60) that interpolates a plurality of points (61) of said frequency spectrum (42) in a
predetermined range of frequencies (62);
- the coefficient of a polynomial that interpolates points (66) of said frequency spectrum (42) in a frequency
range (54) that contains a frequency (58) corresponding to a maximum value (57) of said frequency spectrum
(42);
- a ratio of physical quantities that can be deducted from the frequency spectrum (42);
- any parameter that is adapted to describe the shape of said frequency spectrum.

12. An apparatus (100) according to claim 1, wherein said frequency spectra comparison means (24) for comparing
said at least one frequency spectrum (43i,44i,47,48) with a reference spectrum is configured to calculate a parameter
selected from the group consisting of:

- T score;
- Z score,
as a further diagnostic parameter

13. An apparatus (100) according to claim 1, comprising a surface recognizing and/or defining means for recognizing
and/or defining a limiting surface (27) of said bone region (21), such that a non-significant bone portion or other
tissue portion can be left out of said bone region (21) to be assessed in quality.
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14. An apparatus (100) according to claim 1, comprising a space selection means configured to define a region of
interest (37) of said bone region (21) on said sonographic image (29).

15. An apparatus (100) according to claim 14, wherein said space selection means for defining a region of interest (37)
is configured to define and to recognize at least one anatomical reference point in said bone region (21), and to
identify in a measurement session a region of interest that coincides with a previously defined region of interest,
said previously defined region of interest defined in a previous sonographic session, on the basis of said at least
one anatomical reference point.

16. An apparatus (100) according to claim 1, wherein said apparatus comprises a ultrasound probe (11) that is equipped
with a plurality of piezoelectric crystals arranged to transceive respective ultrasound signals that travel along re-
spective said ultrasound propagation lines (15i) of a same sonographic plane (17) or of a 3D volume, and said
sonographic image (29) is an image of a plane cross section of said bone region (21) taken along said sonographic
plane (17) or in a 3D sonographic volume.

17. An apparatus (100) according to claim 1, wherein said memory means configured for memorizing at least one
reference spectrum comprises a computation means for computing said reference spectra, which is configured to:

- select a sonographic frame containing a bone region to be used as a model;
- obtain an overall trabecular spectrum of said region and a trabecular spectrum of sub-regions of said region;
- for each sub-region, identify an interface of the bone region to be investigated;
- generating a bundle of ultrasound propagation lines that meet said interface;
- on each radiofrequency signal that corresponds to an ultrasound propagation line of said bundle, select a
portion corresponding to the reflection coming from a trabecular region of said bone region;
- calculate a spectrum, for example by FFT, for each portion of said signal;
- calculate an average spectrum of all the single spectra defined by the portions of said signal;
- use this average spectrum as a reference spectrum.

18. An apparatus (100) according to claim 17, wherein said computation means for computing said reference spectra
is also configured to:

- for each spectrum defined by a respective signal portion, calculate a correlation coefficient, for example the
Pearson’s correlation coefficient, between this spectrum of a respective signal portion and the mean spectrum;
- among all the spectra defined by the portions of said signal, select the spectra for which the correlation
coefficient with the average spectrum is larger than a minimum reference value, in particular the spectra for
which the Pearson’s correlation coefficient is higher than 0.900;
- calculate a further average spectrum of the spectra that have a correlation coefficient higher than said minimum
value;
- for each spectrum defined by a respective signal portion, calculate a further correlation coefficient, for example
the Pearson’s coefficient, between this spectrum defined by a respective signal portion and the average spectrum
of the spectra that have correlation coefficients higher than a minimum value;
- among all the spectra defined by respective portions of signal, select the spectra that have in turn a correlation
coefficient with the average spectrum of the spectra that have a correlation coefficient higher than the minimum
that is in turn higher than this minimum value, in particular select the spectra that have the Pearson’s coefficient
r>0.900;
- calculate a further average spectrum of the selected further average spectra;
- repeat computing said new correlation coefficient, selecting said further spectra and computing the further
correlation coefficient until a final average spectrum is obtained such that:
- each residual spectrum that is included in the final average spectrum has a correlation coefficient with the final
average spectrum larger than the minimum value, in particular it has a Pearson’s correlation coefficient r>0.900;
- each other spectra that is not included in the final average spectrum has the correlation coefficient with the
final average spectrum lower than or the same value as the minimum value ≤0.900.

19. An apparatus (100) according to claim 17 or 18, wherein said computation means for computing said reference
spectra is configured to generate a reference model for a vertebra, in particular a lumbar vertebra, and is also
configured to :

- carry out said calculation steps for said vertebra and for other three vertebrae, in particular three lumbar
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vertebrae, finally obtaining four final spectra, one for each of such vertebrae;
- calculate a final vertebral average spectrum of the four final spectra.

20. An apparatus (100) according to anyone of the preceding claims, characterised in that said nominal frequency of
the emitted ultrasound pulses is set between 2 and 9 MHz, in particular it is selected among 3.5, 5 and 7.5 MHz.

Patentansprüche

1. Vorrichtung (100) zur Beurteilung des Zustands des Knochengewebes im Knochenbereich (21) eines Patienten,
wobei die Vorrichtung (100) aufweist:

ein Ultraschallgerät (11), das mit einer Ultraschallsende/empfangseinrichtung versehen ist, die dafür konfiguriert
ist, Ultraschallimpulse entlang einer Vielzahl von Ultraschallausbreitungslinien (15i), die den Knochenbereich
(21) erreichen können, zu emittieren und als Antwort auf die emittierten Ultraschallimpulse Ultraschallrohsignale
(36, 38) von dem Knochenbereich (21) zu empfangen;
wobei die Ultraschallsende/empfangseinrichtung eine Ultraschallsignalerzeugungseinrichtung aufweist, die in
der Ultraschallsende/empfangseinrichtung angeordnet und dafür konfiguriert ist, ein Ultraschallsignal zu erzeu-
gen, das Frequenzen eines Frequenzbereichs hat, die eine Nennfrequenz aufweisen, wobei die Ultraschall-
sende/empfangseinrichtung dafür konfiguriert ist, die erzeugten Ultraschallsignale während einer vorher fest-
gelegten Emissionszeit (25) zu emittieren, wobei die Ultraschallsende/empfangseinrichtung dafür eingerichtet
ist, die Ultraschallimpulse zu senden und die Ultraschallrohsignale von einer gleichen Seite des Knochenbe-
reichs zu empfangen, sodass die empfangenen Ultraschallrohsignale durch den Knochenbereich reflektierte
Ultraschallechorohsignale sind;
eine Sonografiebilderzeugungseinrichtung zum Erzeugen eines Sonografiebildes (29) des Knochenbereichs
(21), ausgehend von den empfangenen Ultraschallrohsignalen (36, 38), wobei die Sonografiebilderzeugungs-
einrichtung das Bild anzeigt, damit ein Bediener eine zu untersuchende Zone des Bereichs identifizieren und
das Ultraschallgerät in Richtung der Zone dirigieren kann,
dadurch gekennzeichnet,
dass die Sonografiebilderzeugungseinrichtung geeignet ist, die reflektierten Signale (36), die vom Rindenteil
(40’) des Knochenbereichs (21) kommen und durch das Ultraschallgerät (11) nach einer Verzögerungszeit
empfangen werden, die zwischen einer ersten Zeitschwelle (t1) und einer zweiten Zeitschwelle (t2) eingestellt
ist, und die reflektierten Signale, die vom Bälkchenteil (41’) des Knochenbereichs (21) kommen und durch das
Ultraschallgerät (11) nach einer Verzögerungszeit empfangen werden, die länger ist als die zweite Zeitschwelle
(t2), zu bestimmen, und
dass die Vorrichtung (100) ferner aufweist:

eine Spektrumextraktionseinrichtung, die zum Extrahieren einer Vielzahl von Frequenzspektren (43i, 44i,
47, 48) konfiguriert ist, ausgehend von den Ultraschallechorohsignalen (36, 38), die von entsprechenden
Punkten (34) des Knochenbereichs (21) reflektiert werden, wobei die Frequenzspektren (43i, 44i, 47, 48)
eine Vielzahl von harmonischen Komponenten haben, in denen jeder Frequenz (v) des Frequenzbereichs
eine Intensität (A) eines Abschnitts eines der reflektierten Ultraschallrohsignale zugeordnet ist, die diese
Frequenz haben, wobei die Spektrumextraktionseinrichtung geeignet ist, dem Rindenteil (40’) des Kno-
chenbereichs (21) zugeordnete Spektren (43i, 44i, 47, 48), die den Ultraschallrohsignalen (36, 38) entspre-
chen, die durch das Ultraschallgerät (11) innerhalb eines Zeitintervalls von der ersten Schwelle (t1) bis zur
zweiten Schwelle (t2) empfangen werden, und dem Bälkchenteil (41’) des Knochenbereichs (21) zugeord-
nete Spektren, die den reflektierten Ultraschallrohsignalen entsprechen, die durch das Ultraschallgerät (11)
nach der zweite Zeitschwelle (t2) empfangen werden, zu bestimmen,
eine Speichereinrichtung, die zum Speichern mindestens eines Referenzspektrums (52) konfiguriert ist,
das mindestens einem gesunden und/oder pathologischen Probanden zugeordnet ist, und
Frequenzspektrenvergleichs- und Diagnoseparameterberechnungseinrichtung (24) zum Vergleichen der
dem Rindenteil (40’) und/oder dem Bälkchenteil (41’) des Knochenbereichs (21) zugeordneten Frequenz-
spektren (43i, 44i, 47, 48), die durch die Extraktionseinrichtung extrahiert werden, wobei das mindestens
eine Referenzspektrum (52) in der Speichereinrichtung aufgezeichnet ist, und zur Berechnung eines Dia-
gnoseparameters gemäß dem Vergleich.

2. Vorrichtung (100) nach Anspruch 1, wobei die Frequenzspektrenvergleichseinrichtung dafür konfiguriert ist, einen
Korrelationskoeffizienten zwischen jedem Frequenzspektrum aus einer Vielzahl von Frequenzspektren (43i, 44i,
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47, 48) und einem Referenzspektrum (52) eines gesunden Probanden und/oder eines pathologischen Probanden,
d. h. eines gesunden Modells und/oder eines pathologischen Modells, zu berechnen und den Diagnoseparameter
entsprechend dem Korrelationskoeffizienten zu berechnen.

3. Vorrichtung (100) nach Anspruch 1, wobei die Berechnungseinrichtung zum Vergleichen des Frequenzspektrums
(43i, 44i) mit mindestens einem Referenzspektrum (52) dafür konfiguriert ist:

- jeweilige Korrelationskoeffizienten mit dem mindestens einen Referenzspektrum (52) einer Vielzahl von Fre-
quenzspektren (43i, 44i) zu berechnen, die jeweiligen Segmenten der Ultraschallausbreitungslinien (15i) zuge-
ordnet sind, die im Knochenbereich (21) vorhanden sind,
- einen Satz gültiger Frequenzspektren auszuwählen, wobei zumindest einer der Korrelationskoeffizienten einen
vorbestimmten Schwellwert überschreitet;
- einen prozentualen Anteil gültiger gesunder Spektren oder gültiger pathologischer Spektren oder gültiger
Zwischenspektren zu berechnen, wobei eines der gültigen Spektren (43i, 44i) ein gesundes Spektrum oder ein
pathologisches Spektrum oder ein Zwischenspektrum ist, wenn der Korrelationskoeffizient bei dem gesunden
Modell (52) bzw. dem pathologischen Modell (52) bzw. dem Zwischenmodell (52) wesentlich höher ist als der
Korrelationskoeffizient bei den anderen Modellen (52);
- einen Diagnoseparameter zu definieren, der aus der Gruppe ausgewählt ist, bestehend aus:
- dem prozentualen Anteil von gültigen gesunden bzw. pathologischen bzw. Zwischenspektren;
- einem Parameter gemäß dem Mittelwert des Korrelationskoeffizienten der gültigen Frequenzspektren;
- einem statistischen Parameter oder einer Kombination statistischer Parameter, die eine Verteilung von Werten
des Korrelationskoeffizienten der gültigen Spektren beschreiben;
- einem Diagnoseparameter, der einem Referenzspektrum (52) zugeordnet ist, das unter einer Vielzahl von
Referenzspektren ausgewählt ist, die bestimmte pathologische Schweregrade darstellen.

4. Vorrichtung (100) nach Anspruch 3, wobei der Korrelationskoeffizient ein Pearson-Korrelationskoeffizient ist und
der Schwellwert zwischen 0,7 und 0,8 ausgewählt wird und insbesondere der Schwellwert etwa 0,75 beträgt.

5. Vorrichtung (100) nach Anspruch 1, wobei die Frequenzspektrumextraktionseinrichtung dafür konfiguriert ist, eine
im Frequenzbereich erfolgende Transformation (46) der reflektierten Ultraschallrohsignale durchzuführen, die von
Punkten (34) eines Segments einer Ultraschallausbreitungslinie (15i) kommen, das in dem Knochenbereich (21)
vorhanden ist, sodass ein Frequenzspektrum (43i, 44i) gewonnen wird, das dem Segment einer Ultraschallausbrei-
tungslinie (15i) zugeordnet ist.

6. Vorrichtung (100) nach Anspruch 5, wobei das Segment einer Ultraschallausbreitungslinie (15i) aus der Gruppe
ausgewählt ist, bestehend aus:

- einem Segment einer Ultraschallausbreitungslinie (15i), das in einem Rindenteil (40) des Knochenbereichs
(21) vorhanden ist;
- einem Segment einer Ultraschallausbreitungslinie (15i), das in einem Bälkchenteil (41) des Knochenbereichs
(21) vorhanden ist;
- einem Segment einer Ultraschallausbreitungslinie (15i), das in einem Rindenteil und in einem Bälkchenteil
(40, 41) des Knochenbereichs (21) vorhanden ist.

7. Vorrichtung (100) nach Anspruch 5, wobei die Frequenzspektrumextraktionseinrichtung dafür konfiguriert ist, ein
einem interessierenden Bereich (37) zugeordnetes Frequenzspektrum (47, 48) zu extrahieren, ausgehend von einer
Vielzahl von Spektren (43i, 44i), die Segmenten von Ultraschallausbreitungslinien (15i) zugeordnet sind, die in dem
Knochenbereich (21) vorhanden sind.

8. Vorrichtung (100) nach Anspruch 7, wobei die Frequenzspektrumextraktionseinrichtung dafür konfiguriert ist, ein
Frequenzspektrum durch Berechnen eines Mittelwerts (49) der Spektren (43i, 44i) zu extrahieren, die jeweiligen
Segmenten von Ultraschallausbreitungslinien (15i) zugeordnet sind.

9. Vorrichtung (100) nach Anspruch 7, wobei die Frequenzspektrumextraktionseinrichtung dafür konfiguriert ist, für
jede Frequenz einen arithmetischen Mittelwert von Intensitätswerten (A) jedes der reflektierten Ultraschallsignale
zu berechnen.

10. Vorrichtung (100) nach Anspruch 1 oder 8, wobei die Frequenzspektrenvergleichseinrichtung dafür konfiguriert ist,
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den Diagnoseparameter als Formparameter des zumindest einen Frequenzspektrums (43i, 44i, 47, 48) oder als
Kombination aus einer Vielzahl von Formparametern des mindestens einen Frequenzspektrums (43i, 44i, 47, 48)
zu berechnen.

11. Vorrichtung (100) nach Anspruch 10, wobei der Formparameter oder die Formparameter aus der Gruppe ausgewählt
ist/sind, bestehend aus:

- einer Fläche (53), die durch das Frequenzspektrum (42) in einem vorbestimmten Bereich von Frequenzen
(54) definierten und/oder in einem vorbestimmten Bereich von Amplituden (55) definiert ist;
- einer Breite (54) des Frequenzspektrums (42) bei einer vorbestimmten Amplitudenstufe (56), insbesondere
bei einer Stufe, die durch einen Amplitudenwert (56) definiert ist, der um einen vorbestimmten Betrag kleiner
ist als ein Maximalwert (57) des Frequenzspektrums (42), insbesondere um 3 dB oder um 1 dB;
- einer Frequenz (58), die einem Maximalwert (57) des Frequenzspektrums (42) entspricht;
- einer Neigung (59) einer Linie (60), die eine Vielzahl von Punkten (61) des Frequenzspektrums (42) in einem
vorbestimmten Bereich von Frequenzen (62) interpoliert;
- dem Koeffizienten eines Polynoms, das Punkte (66) des Frequenzspektrums (42) in einem Frequenzbereich
(54) interpoliert, der eine Frequenz (58) enthält, die einem Maximalwert (57) des Frequenzspektrums (42)
entspricht;
- einem Verhältnis physikalischer Größen, die vom Frequenzspektrum (42) abgeleitet werden können;
- irgendeinem Parameter, der geeignet ist, die Form des Frequenzspektrums zu beschreiben.

12. Vorrichtung (100) nach Anspruch 1, wobei die Frequenzspektrenvergleichseinrichtung (24) zum Vergleichen des
mindestens einen Frequenzspektrums (43i, 44i, 47, 48) mit einem Referenzspektrum dafür konfiguriert ist, als wei-
teren Diagnoseparameter einen Parameter zu berechnen, der aus der Gruppe ausgewählt ist, bestehend aus:

- T-Wert;
- Z-Wert.

13. Vorrichtung (100) nach Anspruch 1, die eine Einrichtung zum Erkennen und/oder Definieren einer Oberfläche auf-
weist, die eine begrenzte Oberfläche (27) des Knochenbereichs (21) erkennt und/oder definiert, sodass ein nicht-
signifikanter Knochenabschnitt oder anderer Gewebeabschnitt aus dem qualitätsmäßig zu beurteilenden Knochen-
bereich (21) weggelassen werden kann.

14. Vorrichtung (100) nach Anspruch 1, die Raumauswahleinrichtung aufweist, die dafür konfiguriert ist, einen interes-
sierenden Bereich (37) des Knochenbereichs (21) auf dem Sonografiebild (29) zu definieren.

15. Vorrichtung (100) nach Anspruch 14, wobei die Raumauswahleinrichtung zum Definieren eines interessierenden
Bereichs (37) dafür konfiguriert ist, mindestens einen anatomischen Referenzpunkt in dem Knochenbereich (21)
zu definieren und zu erkennen und in einer Messsitzung einen interessierenden Bereich zu identifizieren, der mit
einem vorher definierten interessierenden Bereich übereinstimmt, wobei der vorher definierte interessierende Be-
reich in einer vorherigen Sonografiesitzung auf der Grundlage des zumindest einen anatomischen Referenzspunktes
definiert wird.

16. Vorrichtung (100) nach Anspruch 1, wobei die Vorrichtung eine Ultraschallsonde (11) aufweist, die mit einer Vielzahl
von Piezokristallen ausgestattet ist, die entsprechend angeordnet sind, um jeweilige Ultraschallsignale zu sen-
den/empfangen, die sich entlang jeweiliger Ultraschallausbreitungslinien (15i) einer gleichen Sonografieebene (17)
oder eines 3D-Volumens ausbreiten, und das Sonografiebild (29) ein Bild eines Ebenenquerschnitts des Knochen-
bereichs (21) entlang der Sonografieebene (17) oder in einem 3D-Sonografievolumen ist.

17. Vorrichtung (100) nach Anspruch 1, wobei die Speichereinrichtung, die zum Speichern mindestens eines Referenz-
spektrums konfiguriert ist, eine Recheneinrichtung zum Berechnen der Referenzspektren aufweist, die dafür kon-
figuriert ist:

- einen Sonografierahmen auszuwählen, der einen als Modell zu verwendenden Knochenbereich enthält;
- ein Gesamtbälkchenspektrum des Bereichs und ein Bälkchenspektrum von Teilbereichen des Bereichs zu
gewinnen;
- für jeden Teilbereich eine Grenzfläche des zu untersuchenden Knochenbereichs zu identifizieren;
- ein Bündel von Ultraschallausbreitungslinien zu erzeugen, die auf diese Grenzfläche treffen;
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- bei jedem Funkfrequenzsignal, das einer Ultraschallausbreitungslinie des Bündels entspricht, einen Abschnitt
auszuwählen, der der Reflexion entspricht, die von einem Bälkchenbereich des Knochenbereichs kommt;
- ein Spektrum, beispielsweise durch FFT, für jeden Abschnitt des Signals zu berechnen;
- ein gemitteltes Spektrum aller Einzelspektren zu berechnen, die durch die Abschnitte des Signals definiert sind;
- dieses gemittelte Spektrum als Referenzspektrum zu verwenden.

18. Vorrichtung (100) nach Anspruch 17, wobei die Berechnungseinrichtung zum Berechnen der Referenzspektren
außerdem dafür konfiguriert ist:

- für jedes durch einen jeweiligen Signalabschnitt definierte Spektrum einen Korrelationskoeffizienten, beispiels-
weise den Pearson-Korrelationskoeffizienenten, zwischen diesem Spektrum eines jeweiligen Signalabschnitts
und dem mittleren Spektrum zu berechnen;
- unter allen durch die Abschnitte des Signals definierten Spektren die Spektren auszuwählen, für die der
Korrelationskoeffizient bei dem gemittelten Spektrum größer ist als ein minimaler Referenzwert, insbesondere
die Spektren, für die der Pearson-Korrelationskoeffizient größer ist als 0,900;
- ein weiteres gemitteltes Spektrum der Spektren zu berechnen, die einen Korrelationskoeffizienten haben, der
größer ist als der Minimalwert;
- für jedes durch einen jeweiligen Signalabschnitt definierte Spektrum einen weiteren Korrelationskoeffizienten,
beispielsweise den Pearson-Koeffizienten, zwischen diesem durch einen jeweiligen Signalabschnitt definierten
Spektrum und dem gemittelten Spektrum der Spektren, die Korrelationskoeffizienten haben, die größer sind
als ein Minimalwert, zu berechnen;
- unter allen durch jeweilige Signalabschnitte definierten Spektren die Spektren auszuwählen, die wiederum
einen Korrelationskoeffizienten mit dem gemittelten Spektrum der Spektren haben, die einen Korrelationsko-
effizienten haben, der größer ist als das Minimum, das wiederum größer ist als dieser Minimalwert, und insbe-
sondere die Spektren auszuwählen, die den Pearson-Koeffizienten r > 0,900 haben;
- ein weiteres gemitteltes Spektrum der ausgewählten weiteren gemittelten Spektren zu berechnen;
- das Berechnen des neuen Korrelationskoeffizienten, die Auswahl der weiteren Spektren und das Berechnen
des weiteren Korrelationskoeffizienten zu wiederholen, bis ein endgültiges gemitteltes Spektrum gewonnen ist,
sodass:
- jedes Restspektrum, das in dem endgültigen gemittelten Spektrum vorhanden ist, einen Korrelationskoeffizi-
enten mit dem endgültigen gemittelten Spektrum hat, der größer ist als der Minimalwert, und dieses insbesondere
einen Pearson-Korrelationskoeffizienten r > 0,900 hat;
- alle andere Spektren, die in den endgültigen gemittelten Spektrum nicht vorhanden sind, den Korrelationsko-
effizienten mit dem endgültigen gemittelten Spektrum haben, der kleiner oder der gleiche Wert ist wie der
Minimalwert ≤ 0,900.

19. Vorrichtung (100) nach Anspruch 17 oder 18, wobei die Berechnungseinrichtung zum Berechnen der Referenz-
spektren dafür konfiguriert ist, ein Referenzmodell für einen Wirbel, insbesondere einen Lendenwirbel, zu erzeugen,
und außerdem dafür konfiguriert ist:

- die Berechnungsschritte für den Wirbel und für weitere drei Wirbel, insbesondere drei Lendenwirbel, durch-
zuführen, wobei schließlich vier endgültige Spektren, eines für jeden dieser Wirbel, gewonnen werden;
- ein endgültiges gemitteltes Wirbelspektrum der vier endgültigen Spektren zu berechnen.

20. Vorrichtung (100) nach einem der vorhergehenden Ansprüche, dadurch gekennzeichnet, dass die Nennfrequenz
der emittierten Ultraschallimpulse zwischen 2 und 9 MHz eingestellt ist und diese insbesondere unter 3,5, 5 und
7,5 MHz ausgewählt ist.

Revendications

1. Appareil (100) pour évaluer l’état du tissu osseux dans une région osseuse (21) d’un patient, ledit appareil (100)
comprenant :

un dispositif à ultrasons (11) pourvu d’un moyen d’émission-réception d’ultrasons qui est configuré pour émettre
des impulsions d’ultrasons le long d’une pluralité de lignes de propagation d’ultrasons (15i) qui peuvent atteindre
ladite région osseuse (21), et pour recevoir des signaux d’ultrasons bruts (36, 38) en provenance de ladite
région osseuse (21), en réponse auxdites impulsions d’ultrasons émises ;
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ledit moyen d’émission-réception d’ultrasons comprenant un moyen de génération de signal d’ultrasons, qui
est disposé dans ledit moyen d’émission-réception d’ultrasons et configuré pour générer un signal d’ultrasons
qui a des fréquences d’une plage de fréquences comprenant une fréquence nominale, ledit moyen d’émission-
réception d’ultrasons étant configuré pour émettre lesdits signaux d’ultrasons générés pendant un temps d’émis-
sion prédéfini (25), ledit moyen d’émission-réception d’ultrasons étant conçu pour émettre lesdites impulsions
d’ultrasons et pour recevoir lesdits signaux d’ultrasons bruts en provenance d’un même côté de ladite région
osseuse, de telle sorte que lesdits signaux d’ultrasons bruts reçus soient des signaux d’ultrasons bruts de retour
réfléchis par ladite région osseuse ;
un moyen de formation d’image échographique pour former une image échographique (29) de ladite région
osseuse (21), en partant desdits signaux d’ultrasons bruts reçus (36, 38), ledit moyen de formation d’image
échographique affichant ladite image, pour permettre à un opérateur d’identifier une zone de ladite région à
investiguer et de diriger ledit dispositif à ultrasons vers ladite zone,
caractérisé
en ce que ledit moyen de formation d’image échographique est adapté pour déterminer les signaux réfléchis
(36) provenant de la partie corticale (40’) de ladite région osseuse (21) reçue par ledit dispositif à ultrasons (11)
après un délai défini entre un premier seuil temporel (t1) et un deuxième seuil temporel (t2), et les signaux
réfléchis provenant de partie trabéculaire (41’) de ladite région osseuse (21) reçue par ledit dispositif à ultrasons
(11) après un délai supérieur audit deuxième seuil temporel (t2), et
en ce que ledit appareil (100) comprend en outre
un moyen d’extraction de spectre, configuré pour extraire une pluralité de spectres de fréquences (43i, 44i, 47,
48) en partant desdits signaux d’ultrasons bruts de retour (36, 38) réfléchis par des points correspondants (34)
de ladite région osseuse (21), lesdits spectres de fréquences (43i, 44i, 47, 48) ayant une pluralité de composantes
harmoniques dans lesquelles, pour chaque fréquence (v) de ladite plage de fréquences, une intensité est
associée (A) à une portion de l’un desdits signaux d’ultrasons réfléchis bruts qui ont ladite fréquence, ledit
moyen d’extraction de spectre étant adapté pour déterminer les spectres (43i, 44i, 47, 48) associés à la partie
corticale (40’) de ladite région osseuse (21), correspondant aux signaux d’ultrasons bruts (36, 38) reçus par
ledit dispositif à ultrasons (11) dans un intervalle de temps allant dudit premier seuil (t1) audit deuxième seuil
(t2), et les spectres associés à la partie trabéculaire (41’) de ladite région osseuse (21), correspondant aux
signaux d’ultrasons réfléchis bruts reçus par ledit dispositif à ultrasons (11) après ledit deuxième seuil temporel
(t2),
un moyen de mémoire configuré pour mémoriser au moins un spectre de référence (52) associé à au moins
un sujet en bonne santé et/ou pathologique, et
un moyen de comparaison de spectres de fréquences et de calcul de paramètre diagnostique (24), pour comparer
lesdits spectres de fréquences (43i, 44i, 47, 48) associés aux parties corticale (40’) et/ou trabéculaire (41’) de
ladite région osseuse (21), qui sont extraits par ledit moyen d’extraction, ledit au moins un spectre de référence
(52) étant enregistré dans ledit moyen de mémoire, et pour calculer un paramètre diagnostique en fonction de
ladite comparaison.

2. Appareil (100) selon la revendication 1, dans lequel ledit moyen de comparaison de spectres de fréquences est
configuré pour calculer un coefficient de corrélation entre chaque spectre de fréquence d’une pluralité de spectres
de fréquences (43i, 44i, 47, 48) et un spectre de référence (52) d’un sujet en bonne santé et/ou d’un sujet pathologique,
à savoir un modèle de bonne santé et/ou un modèle pathologique, et pour calculer ledit paramètre diagnostique en
fonction dudit coefficient de corrélation.

3. Appareil (100) selon la revendication 1, dans lequel ledit moyen de calcul pour comparer ledit spectre de fréquence
(43i, 44i) à au moins un spectre de référence (52) est configuré pour :

- calculer des coefficients de corrélation respectifs avec ledit au moins un spectre de référence (52) d’une
pluralité de spectres de fréquences (43i, 44i) qui sont associés à des segments respectifs de lignes de propa-
gation d’ultrasons (15i) inclus dans ladite région osseuse (21),
- sélectionner un ensemble de spectres de fréquences valides, dans lequel au moins l’un desdits coefficients
de corrélation excède une valeur seuil prédéterminée ;
- calculer un pourcentage de spectres valides de bonne santé ou de spectres valides pathologiques ou de
spectres valides intermédiaires, dans lequel l’un desdits spectres valides (43i, 44i) est un spectre de bonne
santé ou un spectre pathologique ou un spectre intermédiaire si ledit coefficient de corrélation avec ledit modèle
de bonne santé (52) ou avec ledit modèle pathologique (52) ou avec ledit modèle intermédiaire (52), respecti-
vement, est essentiellement supérieur au coefficient de corrélation avec les autres modèles (52) ;
- définir un paramètre diagnostique sélectionné parmi le groupe consistant en :
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- ledit pourcentage de spectres valides de bonne santé ou pathologique ou intermédiaire, respectivement ;
- un paramètre en fonction de la valeur moyenne dudit coefficient de corrélation desdits spectres de fréquence
valides ;
- un paramètre statistique ou une combinaison de paramètres statistiques qui décrit une distribution de valeurs
desdits coefficients de corrélation desdits spectres valides ;
- un paramètre diagnostique associé à un spectre de référence (52) sélectionné parmi une pluralité de spectres
de référence qui représentent des niveaux de gravité d’une pathologie spécifique.

4. Appareil (100) selon la revendication 3, dans lequel ledit coefficient de corrélation est un coefficient de corrélation
de Pearson, et ladite valeur seuil est sélectionnée entre 0,7 et 0,8, plus particulièrement, ladite valeur seuil est
d’environ 0,75.

5. Appareil (100) selon la revendication 1, dans lequel ledit moyen d’extraction de spectre de fréquence est configuré
pour exécuter une transformation (46) dans le domaine fréquentiel de signaux d’ultrasons réfléchis bruts provenant
de points (34) d’un segment d’une ligne de propagation d’ultrasons (15i) inclus dans ladite région osseuse (21), de
façon à obtenir un spectre de fréquence (43i, 44i) qui est associé audit segment d’une ligne de propagation d’ultrasons
(15i).

6. Appareil (100) selon la revendication 5, dans lequel ledit segment d’une ligne de propagation d’ultrasons (15i) est
sélectionné parmi le groupe consistant en :

- un segment d’une ligne de propagation d’ultrasons (15i) inclus dans une partie corticale (40) de ladite région
osseuse (21) ;
- un segment d’une ligne de propagation d’ultrasons (15i) inclus dans une partie trabéculaire (41) de ladite
région osseuse (21) ;
- un segment d’une ligne de propagation d’ultrasons (15i) inclus dans une partie corticale et dans une partie
trabéculaire (40, 41) de ladite région osseuse (21).

7. Appareil (100) selon la revendication 5, dans lequel ledit moyen d’extraction de spectre de fréquence est configuré
pour extraire un spectre de fréquence (47, 48) associé à une région d’intérêt (37), en partant d’une pluralité de
spectres (43i, 44i) associés à des segments de lignes de propagation d’ultrasons (15i) inclus dans ladite région
osseuse (21).

8. Appareil (100) selon la revendication 7, dans lequel ledit moyen d’extraction de spectre de fréquence est configuré
pour extraire un spectre de fréquence en calculant une moyenne (49) de spectres (43i, 44i) qui sont associés à des
segments respectifs de lignes de propagation d’ultrasons (15i).

9. Appareil (100) selon la revendication 7, dans lequel ledit moyen d’extraction de spectre de fréquence est configuré
pour calculer, pour chaque fréquence, une valeur moyenne arithmétique de valeurs d’intensité (A) de chacun desdits
signaux d’ultrasons réfléchis.

10. Appareil (100) selon la revendication 1 ou 8, dans lequel ledit moyen de comparaison de spectre de fréquence est
configuré pour calculer ledit paramètre diagnostique sous la forme d’un paramètre de forme dudit au moins un
spectre de fréquence (43i, 44i, 47, 48), ou sous la forme d’une combinaison d’une pluralité de paramètres de forme
dudit au moins un spectre de fréquence (43i, 44i, 47, 48).

11. Appareil (100) selon la revendication 10, dans lequel ledit paramètre de forme ou lesdits paramètres de forme
est/sont sélectionné(s) parmi le groupe consistant en :

- une aire (53) définie par le spectre de fréquence (42) dans une plage de fréquences prédéterminée (54) et/ou
une plage d’amplitudes prédéterminée (55) ;
- une largeur (54) dudit spectre de fréquence (42) à un niveau d’amplitude prédéterminé (56), en particulier à
un niveau défini par une valeur d’amplitude (56) inférieure à une valeur maximale (57) dudit spectre de fréquence
(42) d’une quantité prédéterminée, en particulier de 3 dB ou de 1 dB ;
- une fréquence (58) correspondant à une valeur maximale (57) dudit spectre de fréquence (42) ;
- une pente (59) d’une ligne (60) qui interpole une pluralité de points (61) dudit spectre de fréquence (42) dans
une plage de fréquences prédéterminée (62) ;
- le coefficient d’un polynôme qui interpole des points (66) dudit spectre de fréquence (42) dans une plage de
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fréquences (54) qui contient une fréquence (58) correspondant à une valeur maximale (57) dudit spectre de
fréquence (42) ;
- un rapport de quantités physiques qui peut être déduit du spectre de fréquence (42) ;
- un quelconque paramètre qui est adapté pour décrire la forme dudit spectre de fréquence.

12. Appareil (100) selon la revendication 1, dans lequel ledit moyen de comparaison de spectre de fréquences (24)
pour comparer ledit au moins un spectre de fréquence (43i, 44i, 47, 48) à un spectre de référence est configuré
pour calculer un paramètre sélectionné parmi le groupe consistant en :

- le score T ;
- le score Z ;
en tant que paramètre diagnostique supplémentaire.

13. Appareil (100) selon la revendication 1, comprenant un moyen de reconnaissance et/ou de définition de surface
pour reconnaître et/ou définir une surface limite (27) de ladite région osseuse (21), de telle sorte qu’une partie
osseuse non importante ou une autre partie de tissu puisse être laissée en dehors de ladite région osseuse (21)
dont la qualité doit être évaluée.

14. Appareil (100) selon la revendication 1, comprenant un moyen de sélection d’espace configuré pour définir une
région d’intérêt (37) de ladite région osseuse (21) sur ladite image échographique (29).

15. Appareil (100) selon la revendication 14, dans lequel ledit moyen de sélection d’espace pour définir une région
d’intérêt (37) est configuré pour définir et reconnaître au moins un point de référence anatomique dans ladite région
osseuse (21), et pour identifier dans une session de mesure une région d’intérêt qui coïncide avec une région
d’intérêt préalablement définie, ladite région d’intérêt préalablement définie ayant été définie dans une session
échographique précédente, en fonction dudit au moins un point de référence anatomique.

16. Appareil (100) selon la revendication 1, dans lequel ledit appareil comprend une sonde à ultrasons (11) qui est
équipée d’une pluralité de cristaux piézoélectriques conçus pour émettre et recevoir des signaux d’ultrasons res-
pectifs qui se déplacent le long desdites lignes de propagation d’ultrasons (15i) respectives d’un même plan écho-
graphique (17) ou d’un volume 3D, et ladite image échographique (29) est une image d’une section transversale
plane de ladite région osseuse (21), prise le long dudit plan échographique (17) ou dans un volume échographique 3D.

17. Appareil (100) selon la revendication 1, dans lequel ledit moyen de mémoire configuré pour mémoriser au moins
un spectre de référence comprend un moyen de calcul pour calculer lesdits spectres de référence, qui est configuré
pour :

- sélectionner une image échographique contenant une région osseuse à utiliser en tant que modèle ;
- obtenir un spectre trabéculaire global de ladite région et un spectre trabéculaire de sous-régions de ladite
région ;
- pour chaque sous-région, identifier une interface de la région osseuse à investiguer ;
- générer un faisceau de lignes de propagation d’ultrasons qui rencontre ladite interface ;
- sur chaque signal radiofréquence qui correspond à une ligne de propagation d’ultrasons dudit faisceau, sé-
lectionner une partie correspondant à la réflexion provenant d’une région trabéculaire de ladite région osseuse ;
- calculer un spectre, par exemple par FFT, pour chaque partie dudit signal ;
- calculer un spectre moyen de tous les spectres individuels définis par les parties dudit signal ;
- utiliser ce spectre moyen en tant que spectre de référence.

18. Appareil (100) selon la revendication 17, dans lequel ledit moyen de calcul pour calculer lesdits spectres de référence
est également configuré pour :

- pour chaque spectre défini par une partie de signal respective, calculer un coefficient de corrélation, par
exemple le coefficient de corrélation de Pearson, entre ce spectre d’une partie de signal respective et le spectre
moyen ;
- parmi tous les spectres définis par les parties dudit signal, sélectionner les spectres pour lesquels le coefficient
de corrélation avec le spectre moyen est supérieur à une valeur de référence minimale, en particulier les spectres
pour lesquels le coefficient de corrélation de Pearson est supérieur à 0,900 ;
- calculer un spectre moyen additionnel des spectres qui ont un coefficient de corrélation supérieur à ladite
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valeur minimale ;
- pour chaque spectre défini par une partie de signal respective, calculer un coefficient de corrélation additionnel,
par exemple le coefficient de Pearson, entre ce spectre défini par une partie de signal respective et le spectre
moyen des spectres qui ont des coefficients de corrélation supérieurs à une valeur minimale ;
- parmi tous les spectres définis par des parties respectives du signal, sélectionner les spectres qui ont à leur
tour un coefficient de corrélation avec le spectre moyen des spectres qui ont un coefficient de corrélation
supérieur au minimum qui est, quant à lui, supérieur à cette valeur minimale, en particulier sélectionner les
spectres qui ont le coefficient de Pearson r > 0,900 ;
- calculer un spectre moyen additionnel des spectres moyens additionnels sélectionnés ;
- répéter le calcul dudit nouveau coefficient de corrélation, en sélectionnant lesdits spectres additionnels et en
calculant le coefficient de corrélation additionnel jusqu’à ce qu’un spectre moyen final soit obtenu, de telle sorte
que :
- chaque spectre résiduel qui est inclus dans le spectre moyen final ait un coefficient de corrélation avec le
spectre moyen final supérieur à la valeur minimale, en particulier il a un coefficient de corrélation de Pearson
r > 0,900 ;
- chaque autre spectre qui n’est pas inclus dans le spectre moyen final a le coefficient de corrélation avec le
spectre moyen final inférieur ou égal à la valeur minimale ≤ 0,900.

19. Appareil (100) selon la revendication 17 ou 18, dans lequel ledit moyen de calcul pour calculer lesdits spectres de
référence est configuré pour générer un modèle de référence pour une vertèbre, en particulier une vertèbre lombaire,
et est également configuré pour :

- exécuter lesdites étapes de calcul pour ladite vertèbre et pour trois autres vertèbres, en particulier trois vertèbres
lombaires, en obtenant finalement quatre spectres finaux, un pour chacune de ces vertèbres ;
- calculer un spectre de vertèbre moyen final des quatre spectres finaux.

20. Appareil (100) selon l’une quelconque des revendications précédentes, caractérisé en ce que ladite fréquence
nominale des impulsions d’ultrasons émises est définie entre 2 et 9 MHz, en particulier il est sélectionné parmi 3,5
et 5 et 7,5 MHz.
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一种用于评估患者骨骼区域（21）中骨组织状况的装置（100），包括超
声装置（11），所述超声装置（11）具有用于沿多个超声传播线（15 
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置，超声图像形成装置，用于从原始反射超声信号（36,38）开始形成骨
区域（21）的超声图像（29）;用于从来自骨区域的对应点（34）的所述
多个原始反射超声信号（36,38）的至少一部分开始提取至少一个频谱
（43,44,47,48）的装置（21） ），每个都具有多个谐波分量其中，对于
频率范围的每个频率（v），强度与原始反射超声信号之一的一部分相关
联（A）;用于比较（24）至少一个频谱（43,44,47,48）与至少一个与至
少一个健康和/或病理对象相关的参考光谱（52）以及用于计算诊断参数
的装置根据这个比较。因此，该装置允许由超声图像引导的方法，不同
于现有技术的超声骨密度测定装置中发生的方法，其使用超声波束来测
量它们的衰减，而不参考骨区域的细节。超声波束可以根据依赖于网络
结构的模式在骨网上运行，因此可以获得该结构的信息，以及骨密度测量数据。
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