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Abstract
Background: Osteoporosis is characterized by low bone mineral density, which causes fractures and
compromises people's quality of life. Diagnostic devices for assessing this health condition, such as Dual
Energy X-ray Absorptiometry (DXA), are very costly. Therefore, it is impracticable to meet the demand for
tests in Brazil's 5,568 municipalities. Given that, we proposed a pre-clinical validation of a prototype
developed to aid bone mineral density classi�cation. Thus, Osseus integrates a microcontroller with other
peripheral devices to measure the electromagnetic permittivity at the middle phalanx of the middle �nger,
with two antennas operating in the 2.45 GHz frequency range. Using Arti�cial Intelligence to identify risk
factors alongside signal attenuation measurement indicates the need for DXA.

Results: We conducted tests with plaster, Galliformes, and porcine bones. Comparison of the
measurements of the original and mechanically altered samples have demonstrated that the device can
handle the complexity of the tissues within the bone structure and characterize its microarchitecture.

Conclusions: Osseus is a prototype and has been preliminarily validated. There is a lack of validation
studies with the reference/gold standard that are currently under development. Osseus enables early
detection of osteoporosis, reduces costs, and optimizes high-complexity testing referrals.

Introduction
Brazil is endowed with one of the largest and most complex public health systems worldwide. Thus, it
provides for the Brazilian population comprehensive, universal, and free-of-charge access to healthcare.
Primary health care (PHC) is the gateway to Brazil's Uni�ed Health System (SUS, for its acronym in
Portuguese). Since its implementation, SUS has been consolidating advances toward universal health
coverage, therefore reaching 58.2% of the population [1]. A vast literature attributes improved outcomes,
lower unnecessary hospitalization rates, and lower costs to health systems to a well-structured primary
health care setting [2-4]. A 2020 study, conducted with a panel of Brazilian experts, presented as one of its
recommendations for increasing the resoluteness and for the sustainability of the Brazilian health
system, the need to promote prevention-oriented technology incorporation at the PHC level, using
information technologies and diagnostic and therapeutic devices [5].

Osteoporosis is often referred to as a silent disease. The affected individuals are exposed to the risk of
having fractures and consequent deterioration in their quality of life, impairing their mobility and
autonomy. Every three seconds, someone has a fracture related to the disease [6]. By 2050, the incidence
of hip fractures is projected to increase by 310% in men and 240% in women [7]. What is more, this
proportion signi�cantly increases with age. A study across four Latin American countries [8] estimated
the number of fractures in 2018 and 2022 among adults aged 50 to 89 years and the annual cost of
osteoporosis in such nations.

By 2022, for instance, the number of osteoporotic fractures in Brazil is predicted to increase by 14%
compared to 2018 [8]. On top of that, the country's yearly cost of the disease is $309,507,247,
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medications, tests, hospitalizations, surgeries, and productivity loss included. Therefore, it is essential to
diagnose and treat the disease early to implement preventive measures for mitigating the occurrence of
osteoporotic fractures. The disease diagnosis is made using the Dual Energy X-ray Absorptiometry (DXA)
assessment method. It can be applied to the femur, lumbar spine, and forearm [9]. In Brazil, the number of
DXA devices in use is 2,394 [10], with uneven distribution across the country (Figure 1). Yet, such devices
are mostly available in large urban centers, and at higher-level health care facilities, so it is insu�cient for
the entire population to have access. Besides, the waiting time for getting a bone density test is up to six
months in the public health system, SUS [11].

In addition to DXA, other techniques can also aid in determining BMD in clinical research, such as
Quantitative Computed Tomography (QCT) and Quantitative Ultrasound (QUS). The �rst method, QCT,
obtains volumetric bone measurements. However, the radiation dose is substantially higher per scan, and
the cost is higher than DXA[12]. On the other hand, QUS uses the attenuation and speed of sound to
assess bone mineral density at the phalanges of the hand and calcaneus [13]. Although QUS is radiation-
free, there is variability among devices, with different measurements for the same skeletal site analyzed
without applying standard diagnostic criteria [14].

Given that scenario, incorporating effective technologies that can promote health and disease prevention
is imperative to provide health systems with scienti�cally sound resoluteness. Incorporating technologies
at the PHC level, from population screening, aims at increasing access to the timely diagnosis of
osteoporosis while also allowing, more effectively and swiftly, the adoption of guidelines and
interventions at early-onset of the disease.

This study aims to validate a hybrid device, Osseus, composed of antennas and developed to perform
osteoporosis screening from BMD assessments at the middle phalanx of the middle �nger. The analysis
is done by determining the electrical permittivity in the bone tissue. The development of the Osseus
prototype involved �ve stages: (1) choice of material, (2) the de�nition of measures according to the
components, (3) creation of embedded software, (4) integration of components, and (5) testing for
validation, which we will discuss next.

Alternative methods involving other body regions have been researched, such as the phalanges, to reduce
manufacturing costs and increase population access. As con�rmed in a study, the dielectric constants for
healthy and diseased bones in this region are signi�cantly different. This allows diagnosing osteoporosis
by developing a measurement procedure based on electromagnetic waves (EM) propagation in the
phalanx [15]. This bone region is particularly favorable because it has little muscle tissue, characterized
by high attenuation of EM waves that propagate through it. In this manner, an electromagnetic signal
passing through the phalanx will mostly suffer attenuation due to the bone tissue, which can be higher or
lower depending on the bone porosity. To validate this method, we initially conducted tests on animal
bones. At this time, validation studies involved only attenuation and its relationship with bone density.
Currently, the use of Arti�cial Intelligence (AI) is being investigated in order to introduce other risk factors
into the classi�cation system in order to allow prognosis (early detection).
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Results
The attenuation readings with individual and pooled samples (Table 1) show that the porcine skin
(sample A) exerts a higher attenuation compared to a separate plaster cylinder sample (sample B). This
result is positive since it indicates Osseus's capability to scan the human �nger and handle the difference
in attenuation caused by human skin. All the other animal bone samples also revealed higher attenuation
in the altered samples.

Table 1: Values of attenuation measurements of intact and altered samples
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Type of sample Name Weight (g) Reading (mV/GB) Difference

Original Altered Original Altered

Bovine bone A1 204.2 198.6 38.8783 38.6707 0.2076

A2 142.9 137.2 39.7907 39.5220 0.2687

A3 145.3 141.0 40.3946 40.3184 0.0762

B1 148.3 144.2 43.7795 42.8605 0.9190

B2 139.3 133.1 40.5919 39.9600 0.6319

B3 120.6 117.1 38.9521 38.8154 0.1367

C1 123.0 120.2 39.9055 39.8818 0.0237

C2 145.7 143.4 41.5019 40.8901 0.6118

C3 132.6 123.4 40.4362 38.9570 1.4792

Porcine bone 01 25.1 24.9 118.9343 113.3658 5.5685

02 24.7 23.6 78.0485 68.1080 9.9405

03 25.1 24.8 56.9531 50.6250 6.3281

04 25.6 24.6 82.2656 64.4778 17.7878

Galliformes bone 01 - - 31.6406 25.3125 6.3281

02 - - 25.3125 15.8203 9.4922

03 - - 15.8203 9.4922 6.3281

04 - - 60.1172 28.4700 31.6472

05 - - 31.6406 28.4765 3.1641

Porcine Skin A - - 155.0390 144.1530 10.8860

Plaster B - - 50.1294 45.7611 4.3683

Plaster and porcine skin C - - 208.8281 183.5156 25.3125

The device Osseus demonstrated effectiveness in the attenuation measurements, as the attenuation of
the signal was recorded in the analyses of the altered samples in all tests (Table 1).

Discussion
The �rst trials of Osseus have demonstrated effectiveness in measuring bone mineral density in animal
models and have proven that it can handle the complexity of the tissues inside bones. A device similar to
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Osseus was developed by [16]. However, it was applied to the forearm, speci�cally, in the distal region of
the radius and the ulna. Its two antennas operate in the 0-2 GHz band and have a radiofrequency
con�guration that radiates 0.1 W of power. As for the results, the researchers observed healthy and
osteopenic/osteoporotic states across sixty participants (23-94 years old, 48 women, 12 men).
Nonetheless, that study employs a licensed frequency band (except for the range between 902–928 MHz,
the lowest ISM band). That is to say, typical commercial applications, such as analog and digital TV or
even the signal from a simple cell phone, represent interfering signals and can cause measurement
errors. Hence, one aspect to consider is the necessity of electromagnetic shielding surrounding the
antenna pair's emitting and receiving space, which was not referred to in the article.

Also, regarding [16], it should be pointed out that, after positioning the antenna pressed into the forearm
region, it was not mentioned whether the signal would be received in the far-�eld region. In cases where
the antennas are positioned too close together, such as for slim forearms, the signal might be received in
the near-�eld region, where its characteristics will be unpredictable and measurements inaccurate.

Further, despite the designated region being mainly constituted of bone tissue, in patients with a high
percentage of fat, the other tissues may be relevant, to the point of altering the measurements. Last, to
de�nitively validate the device's measurements, it is essential to compare them with an existing test
(preferably DXA because it is the gold standard) under the same conditions. That will probably result in
the need to process the measured signals to introduce other variables for the expression proposed in the
study. The intent is to obtain a �nal result for each diagnosis that is reliable and more accurate.

Another research work developed using EM wave techniques for osteoporosis diagnosis was proposed
[15] to qualify the relative electrical permittivity of bone tissue. In this vein, it sought to identify values
compatible with healthy subjects and those with low BMD. The method is based on measuring the middle
phalanx of the middle �nger with an antenna positioned on one side and a re�ective surface on the other.
The reported results use a previous test of patients' bone densitometry (DXA) as a reference. In addition,
considering that a very porous bone tissue characterizes a lower permittivity than a healthy one, the
researchers proposed scores for frequency deviation values (concerning the resonance frequency of the
antenna used in the diagnosis) to classify the patients as healthy, having low BMD, or having
osteoporosis.

However, as mentioned in [15], some signi�cant parameters, such as �nger dimensions, are not yet
considered. Moreover, no differences regarding patients' age, gender, fat percentage, or any other
potentially relevant aspects were mentioned in the study. Also, no reference was made to electromagnetic
protection to con�ne the signals used in the diagnosis, which would arguably prevent external
interferences from modifying the values obtained.

Osseus is currently undergoing validation for use in human subjects, with ethics committee approval
(CAEE 39675020.0.0000.5292, HUOL/UFRN), through tests that assure the device's accuracy regarding
the gold standard, DXA, in supporting the diagnosis of osteoporosis. The results might be in�uenced by a
survey conducted with patients, including risk factors variables and anthropometric measurements of the
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middle phalanx of the middle �nger, where the scanning is performed. A tablet will be used to perform a
survey on risk factors, and the data will be pre-processed and stored in the cloud for further analysis. The
device has an LCD that, in the future, may also be used to conduct the survey.

The intelligent analysis local system will be to run the models using as inputs only the individual's data
(models to be periodically trained in the cloud and updated in Osseus) and the global intelligent data
analysis system (cloud) will be more focused on training prognostic models using data from many
individuals in order to identify risk factors, their progression and therefore early detection. Arti�cial
intelligence application proves to be suitable for the prognosis of the disease or fracture since there is no
need to provide a diagnostic criterion to identify osteoporosis, but a set of examples that represent the
variations of the disease. Additionally, a number of classi�cation algorithms and methods have been
applied to machine learning problems [17-19]. However, it has been observed that it takes more than
merely choosing an algorithm and running it over the data for such learning to be successful. That is,
many learning patterns can have a diversity of parameters. Such patterns must therefore be appropriately
selected for better classi�cation results to be obtained.

Thus, there is a lack of a uni�ed system with different databases and the grouping of the various
attributes and clinical factors for achieving a broader coverage of different populations when identifying
risk groups. For instance, these factors should include male participants, broader age groups, and race.
Risk factors are of valuable help when it comes to identifying groups with a potential for osteoporosis.
However, when individually analyzed, such factors are insu�cient to track the groups. So, it is necessary
to cross-reference information from previously performed tests and then use an arti�cial intelligence tool
for treating data.

AI and in particular neuronal networks has been demonstrated potential to diagnostic/classi�cation
problems in the clinical area and in particular in osteoporosis [20-23]. In addition, it is expected to be able
to identify the risk factors that most in�uence the progression of the disease and, thus, to be able to
develop models for early detection.

Conclusions
Predicting the risk groups for osteoporosis may mitigate the substantial �nancial burden on health care
systems due to osteoporotic fractures. Considering that the pattern of change of BMD with age is
reasonably well understood, and the inexistence of independent contribution of BMD to fracture risk,
being necessary to associate it with somatic factors, several methods make use of the integration of
arti�cial intelligence with risk factors to screen groups at high risk for osteoporosis or fractures. Given
that screening is intended to direct interventions for those necessitating the diagnosis of osteoporosis,
the tests must be of high speci�city. In this context, the most signi�cant variables were chosen for a
survey to be performed with humans for testing in future work.

Finally, another �eld of activity of our project is the development of progressively smaller Osseus devices
with greater portability and lower manufacturing costs. Of note, it will be necessary to carry out tests
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using different arti�cial intelligence approaches, owing to the complexity of the data that this tool will
have to deal with throughout clinical trials. Therefore, it will be possible to have a predictive tool that can
be applied to populations with more individuals—including males, since most studies focus on females,
regardless of their age or ethnicity.

Methods

Antennas 
An antenna is a device that beams EM waves into free space. Typically, the antenna is powered by a
transmission line, such as a microstrip line or a coaxial cable, which transmits signals from the
transmission source to the antenna [24]. Over the past few years, several types of medical applications
that use antennas have been thoroughly investigated and reported, including diagnosis and treatment of
different chronic diseases [25]. Among the existing types, the Yagi-Uda antenna, or simply Yagi antenna,
features high directivity and, consequently, high gain in the direction of maximum energy radiation. This
antenna consists of multiple director elements, which conduct the electromagnetic signal to the half-
wavelength dipole, the element through which the signal is injected, called the radiator element, and a
re�ector element placed behind the half-wave dipole. Hence, the half-wave dipole is powered by the
transmitter signal, which generates a current distribution along its length, resulting in the radiation of
electromagnetic waves. Next, given their mutual coupling with the closest element, the director elements
guide the electromagnetic radiation due to the current induction generated by the previous elements [24].

In this way, the pair of antennas used on Osseus corresponds to the model WA5VJB (Figure 2), marketed
by Kent Electronics. This pair was designed to operate in a 2.4-2.48 GHz frequency range, and it has a
radiation diagram, as indicated in Figure 3.

Additionally, it is typical for electronic circuits near the antennas to be sensitive to electromagnetic
interference (EMI), and it is necessary to protect them from this effect. The technique used for such a
process is called shielding, and it can be accomplished by several means. One of the simplest shielding
methods for external interference is to surround the circuit with a metal box, usually made out of
aluminum, responsible for re�ecting these EM waves and thus preventing them from reaching the
circuits.

Electromagnetic Shielding
Shielding can attenuate an electromagnetic wave. Such attenuation occurs through the re�ection of the
incident wave due to the use of conductive material in the shielding, like iron, steel, copper, or aluminum,
the latter being more versatile and low cost. Then, its e�ciency is calculated as a ratio of the power inside
and that outside the shielding [26].
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With the need to protect measurement equipment, applying EM shielding has become relevant, especially
in electronic devices used in the medical �eld. Those are composed of sensitive analog ampli�ers,
microprocessors that can be affected by EM interference, among others.

Internally, there is a need to prevent the signal radiated by the transmitting antenna from re�ecting off on
the metallic walls of the box and returning to the electronic circuitry. Therefore, it makes it necessary to
coat the metal box internally with an absorbing material. Electromagnetic absorbers are composed of
materials that absorb the incident EM radiation in speci�c frequency ranges and release it as heat. These
materials are obtained from the appropriate processing of polymeric matrices that act as absorbing
centers for the incident radiation. This study used Eccosorb AN microwave absorbers designed to
strongly attenuate a speci�c frequency range, con�ning the signal within the box and avoiding
successive re�ections on the metallic walls. Such absorbers are made of polyurethane foam treated with
carbon and mounted on a laminated surface to generate a controlled conductivity gradient [27].

Electronic Devices
When it comes to Osseus, the processor is another signi�cant device. Processors are devices of a few
square centimeters in size and with high processing power. They can operate analog-to-digital
conversions, with the ability to deliver results in a graphical environment over a computer network,
perform data analysis, and compute them in a neural network by receiving programming instructions.

Osseus integrates a microcontroller with other peripheral devices to perform the tasks necessary to
measure EM permittivity. Figure 4 depicts the �ow of the device's operation. Thus, an operator �lls in the
patient's characteristics on an electronic form, performs the signal attenuation measurement, with no
barrier between the antennas, selecting the point (frequency of the injected signal) of highest received
power so that it can serve for reference or calibration. Then, the permittivity test is performed on the
patient's �nger. After that, the equipment (�gure 5) displays the values obtained and sends the data for
cloud storage and post-processing.

The device, through one of its antennas, emits an EM wave in a prede�ned frequency range. Then, on the
opposite side, a similar antenna receives that wave, attenuated by the obstacle corresponding to the
patient's �nger—speci�cally, the middle phalanx of the middle �nger. A circuit coupled to the antenna
identi�es the analog signal strength and converts it into a digital signal. Then, based on the patient's
characteristics and the signal attenuation, the microcontroller can process the information to indicate
whether or not the individual needs to get a DXA scan.

For generating the targeted frequency, we used a Voltage-controlled Oscillator (VCO). This component
can generate a sinusoidal signal at a frequency that depends on the voltage applied to its input, and it is
located at the transmitter side of the signal. On the opposite side, an RF Power Detector is connected to
the receiving antenna. The sensor converts the received RF intensity into voltage so that it can be
processed.
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To obtain the desired directivity, we used a pair of Yagi Uda antennas printed on a �berglass substrate,
with dimensions of 6.6 cm × 7.0 cm, one being a transmitter and the other a receiver, operating in the
frequency range of 2.45 GHz [28], fed by a microstrip line. After the prototype's three-dimensional
modeling, we proceeded with the fabrication of the components. Part of it was manufactured with a 1.6
mm thick aluminum, ensuring a high standard of EM shielding, another in translucent acrylic, and the
remaining components in a 3D printer. On the inside, the equipment has been coated with absorbing
material designed for a 2.44 GHz frequency.

Proof of Concept
We have performed simulations to prove the operation of the device using samples of orthodontic plaster
cylinders simulating human bone and encased in porcine skin. This kind of skin has been recommended
for studies since it has physiological, histological, biochemical similarities and density akin to human
skin[29]. Each plaster cylinder was built with only water and plaster, 2 cm in diameter and 7.5 cm in
height.

Next, we used the femur bones of Galliformes since, besides representing the �rst bird order associated
with humans, such birds have relatively long femur bones[30]. Moreover, we also used bones from the
porcine proximal phalanx, given their remarkable similarity to human bone tissue[31] and bones from
cattle femurs since they satisfactorily reproduce aspects of human anatomy[32]. First, the samples were
classi�ed and analyzed while still intact (original sample) and after undergoing mechanical perforations
to increase porosity (altered samples - Figure 6) arti�cially. According to the perforations, the samples
have undergone modi�cations in their attenuation measurements.
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Figure 1

Availability of bone densitometry devices per Brazilian region

Figure 2

Antenna used on Osseus
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Figure 3

Radiation diagram of the Osseus antennas
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Figure 4

Operation �ow of the Osseus device
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Figure 5

Osseus prototype
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Figure 6

Intact and altered samples of galliformes and porcine bones used for proof of concept


