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Abstract—Pneumothorax may cause serious health problems
and often death if medical and surgical treatment is delayed.
The absence of reliable, safe, portable and easy-to-use
equipment in the ambulance is the primary clinical motivation
of this work. We investigate pneumothorax diagnostic
performance and sensitivity of a dual patch antenna system
(sensor). The operation frequency range is set to 1-4 GHz.
Parametric study is conducted using simplified rectangular
tissue numerical models. Variation of S;, parameter, related to
frequency, is compared in order to distinguish healthy and
pneumothorax cases, reaching a difference of 20.1 dB, at 1.87
GHz. MRI-based anatomic models are also modified in order to
simulate pneumothorax incident, in realistic clinical case. The
best performance configuration scenario is applied onto the
modified anatomic models, revealing satisfactory sensor
performance (7.1 dB, at 2.3 GHz). Sensor diagnostic ability
reaches 1 cm of air thickness. The paper concludes with
proposed design specifications for thorax experimental
phantom.

[. INTRODUCTION

Pneumothorax refers to an abnormal collection of air in
the pleural cavity between the lung and the chest wall. It is a
life threatening condition since it can result in collapse of the
lung. Pneumothorax may occur in healthy persons (primary
spontaneous) or following a known lung disease (secondary).
The incidence of primary spontaneous pneumothorax is
0.24%o a year in men and 0.1%o a year in women in England
[1]. In order to calculate the size of pneumothorax, the
technique recommended by the British Thoracic Society is to
measure the distance between the pleural surface and the
lung edge (at the level of the hilum). If this is 2 ¢cm or more,
it represents a pneumothorax of at least 50% of the
hemithorax [2]. Pneumothorax may cause serious health
problems and often death if medical and surgical treatment is
delayed. It is conventionally primarily diagnosed with
radiography methods (x-rays and CT) or ultrasound imaging.
Although these methods are generally reliable, they are not
always available on-site in order to help diagnosis of the
patient, during an emergency. Concerning pneumothorax, the
mortality rates could have been lower if the diagnosis
methods included smart portable devices. During recent
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years, wireless technologies for body-worn applications are
developed and applied in the field of healthcare monitoring,
facilitating the disease prediction and diagnosis (e.g. [3]).

In this paper, a compact dual patch antenna system
(sensor) for pneumothorax diagnosis is proposed. In order to
fully assess the sensor performance, parametrical air
detection scenarios are investigated, revealing the best
configuration for the application during a realistic clinical
scenario, simulated by modified MRI-based whole-body
numerical models.

II. MATERIALS AND METHOD

A. Theoretical Background

Assuming a homogeneous electromagnetic plane wave
propagating in free space, which is incident vertically onto a
structure of N successive layers of biological tissue,
described as:
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where kj = w4/, 1s the free space wave number, o is the

angular frequency, g, and p, are the free space permittivity
and magnetic permeability, respectively. The amplitude of
the electromagnetic wave reflected by or transmitted through
the body depends strongly on the dielectric properties of the
tissues, and can be altered significantly by the existence of
air cavities inside the body, placed close to the skin surface.
It is known that the complex relative permittivity of a
biological tissue is expressed by the Cole-Cole equation [4].
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where ¢, is the relative permittivity and o is the conductivity.
Let assume a system of low-power radiating antennas
(sensor), used as diagnostic device, which is placed onto the
thorax surface. The reflected wave monitored by the sensor
can be altered significantly, due to presence of air close to
lung. The penetration depth & and sensor sensitivity depend
on frequency and intermediate tissue layer thickness. The
dominant biological tissues which are present into the
layered section of thorax, from the surface of the skin to the
pleural cavity, are: skin, fat, muscle and bone, in case of the
intercostal space. The existence of air would result to
alternation of the reflected wave that the sensor detects.
Considering the above, the corresponding values for the
penetration depth for the dominant tissues, as well as that the
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Numerical models: (a) relative configuration of the dual patch antenna system (sensor), (b) rectangular tissue models (PLANAR and

THORAX) and xy illustration of lung size in Duke (blue) and Ella (pink) models, compared to the THORAX lung contour (red box), (c) pneumothorax
modeling by scaling down (85%) the lung (top) and inserting air bubbles in two regions of interest [9] (bottom), (d) typical clinical scenario: dual patch
antenna system (sensor) onto Duke model. The lungs are voxelized for best illustration.

mm [5], the frequency range of the sensor under design is 1 —
4 GHz, as described in detail in [6].

A. Patch Antenna Numerical Model

A microwave sensor composed of two patch antennas is
designed for the detection of air layer into the body. Each
patch is 1.44 x 1.44 cm’. A rectangular (2.9 x 2.9 cm’)
dielectric layer made of Rogers RO3210 (¢, = 10.2 and tand
= 0.003, thickness = 0.32 c¢cm on z-axis) interposes. Patches
are fed 0.5 cm off-center on x-axis by coaxial cable through
their substrate. The geometrical details of the model are
summarized in [7]. Fig. 1(a) illustrates all relative
configurations for two patch antenna models: corresponding
to x-, y-, and crossed positioning of the coaxial feeding
probe. Only one feed is active in each pair, denoted with
dark blue colour. Their intermediate separation distance is
kept 2 cm. Therefore, the maximum surface of the antennas
configuration is 7.8 x 2.9 cm’ which can be considered
affordable for pneumothorax diagnosis.

B. Tissue Numerical Models

In this paper, three kinds of tissue numerical models are
utilized. In all models, the healthy case corresponds to
absence of air. The models are summarized as following:

PLANAR: A coarse planar multilayered tissue numerical
model (top Fig. 1(b)). It consists of dry skin, fat, air and
inflated lung, in order to model a semi-infinite section of the
thorax in the intercostal space. The thickness (z axis) for
each tissue is set: 5 mm (dry skin), 50 mm (fat), 0-50 mm,
with 10 mm step (air) and 100 mm (inflated lung). XY
dimensions of the planar model are set 300 x 300 mm” (i.e.
Ao X Ao, A9 denotes the free space wavelength at f= 1 GHz).

THORAX: A closed rectangular multilayered thorax
numerical model. It consists of dry skin, fat, air and inflated
lung, in order to model a typical closed section of the thorax
in the intercostal space. The dimensions of the model are
based on the average values of two anatomical MRI-based
Virtual Family whole-body models, Duke and Ella [8] (Fig.
1(b)). Duke and Ella correspond to 34-year-old male and 26-
year-old female, respectively. Therefore, THORAX model
has width (x axis): 324.90 mm, depth (z axis): 200.20 mm
while height (y axis) is selected equal to X, free space
wavelength at f = 1 GHz (i.e. 300 mm). The surrounding
skin layer thickness is set stable to 5 mm at both x and z axes
and 0 mm at y axis, representing the thorax cut. The lungs
are modeled as box, based again on the averaged dimension
values of Duke and Ella lungs (bottom Fig. 1(b)). Therefore,
the lungs have width (x axis): 238.10 mm, depth (z axis):
159.62 mm and height (y axis): 220.42 mm. The lungs are
centered into the THORAX, resulting to fat layer thickness
of 38.40 (x axis), 15.29 mm (z axis) and 39.79 mm (y axis).
Depending on the air layer thickness, which varies between 0
and 50 mm, with 10 mm step (degree of pneumothorax), the
lungs thickness is reduced accordingly.

DUKE and ELLA: A section of the thorax (including
lungs) of two anatomical Virtual Family whole-body
numerical models, Duke and Ella [8]. The thorax sections
DUKE and ELLA have been modified in order to model a
typical pneumothorax case. Two approaches have been
applied: a) lungs scaled down to 85% only in width (air gap
in x axis: 1.5-2.0 cm) and depth (air gap in y axis: 1.5-2.0
cm) (top Fig. 1(c)), and b) insertion of air bubbles in the
anterior second intercostal space (ICS) at the midclavicular
line (MCL) and in the lateral forth intercostal space of the
affected hemithorax (bottom Fig. 1(c)), which are considered
the most common regions [9] where the air is trapped during
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Parametric S;, variation with frequency, by usign rectangular models: (a) antennas relative configuration onto PLANAR for air thickness

=1 cm, (b) antennas separation distance of crossed configuration onto THORAX for air thickness = 1 c¢m, (c) air thickness of crossed configuration
onto THORAX, (d) application of water coat into the skin-sensor distance 3 mm, for crossed configuration onto THORAX, for air thickness = 1 cm.

pneumothorax, given the lying position of the patient. The
air gap extent is selected according to [2].

C. Simulation Details for Air Detection Scenarios

The antenna sensor is placed onto the skin surface of the
tissue models and the S;, coefficient is calculated, assessing
its potential differentiation, due to the presence of air close
to the lung. The parameters that are applied in order to assess
sensor sensitivity and performance are: i) antennas relative
configuration, ii) air layer thickness, and iii) skin-sensor
separation distance. The electromagnetic exposure problem
is solved by applying Finite Difference Time Domain
(FDTD) method, using software platform SEMCAD-X
14.8.4 [10]. Broadband simulations are carried out for
frequency range of 1 — 4 GHz. Multipole Debye materials
are selected to characterize electrically the biological tissues.

III. RESULTS

Selected air detection scenarios calculate the variation of
S|, antenna parameter in relation to frequency, in order to
distinguish healthy cases from the presence of air layer into
the tissue model.

A. Parametric Investigation in Rectangular Models

Firstly, sensor sensitivity and performance are
preliminarily assessed, by applying the sensor onto the
simplified rectangular models: PLANAR and THORAX. In
order to investigate relative antennas configuration, the

scenarios which correspond to x-, y- and crossed positioning
of the antennas centred onto PLANAR model are applied.
The air layer has thickness of 1 cm (pneumothorax) or 0 cm
(healthy case), alternating respectively the thickness of
inflated lung. S;, variation is illustrated in Fig. 2(a). It is
obvious that the crossed configuration results to the largest
differentiation, reaching 20.1 dB in S, at 1.87 GHz. This
dB level of difference is considered safe for measurements in
order to provide true-positive in pneumothorax detection.
Additionally, in order to investigate the minimization of the
sensor active surface, the intermediate separation distance
between the two antennas is varied between 0-20 mm, with
step of 5 mm. This alternation is done for the crossed
configuration onto the THORAX model, which considered
more realistic, for the detection of air thickness = 1 cm. Fig.
2(b) illustrates indicative results for 0, 10 and 20 mm
separation distance. It is observed that the largest
differentiation is calculated for 20 mm separation distance,
reaching 19.3 dB, at 1.7 GHz.

Next, in order to assess sensor diagnostic sensitivity, the
air layer thickness is varied. The best performance
configuration (i.e. crossed) is applied onto realistic
THORAX model. The air layer thickness ranges from 0 to 5
cm, with 1 cm step, covering a large range of pneumothorax
extent [2]. Fig. 2(c) illustrates comparatively the S;,
variation, revealing that the significant differentiation (19.3
dB, at 1.7 GHz) between healthy (0 cm) and pneumothorax
(1 cm) case is not further increased significantly, as the
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trapped air increases. This outcome is verified by using
PLANAR model, as well, concluding to unaffected sensor
sensitivity by pneumothorax size.

Last but not least, a crucial parameter for the sensor
performance is investigated. In real application, it is
inevitable that air gaps will be present in between skin
surface and sensor radiating patches, due to the application
mismatch and skin curvature. Therefore, the skin-sensor
distance is varied from 0 to 5 mm, with 1 mm step, during
detection of 1 cm of air, applying the crossed configuration
onto THORAX model. Results reveal that the intermediate
air layer plays significant role in the sensor diagnostic
ability, since above 2 mm of air gap, healthy and
pathological case cannot be distinguished. The effective
operation of the sensor is enhanced by using a layer of
distilled water (e.g. water coat) as coupling medium. Fig.
2(d) compares the S, differentiation with and without water,
for the critical skin-sensor distance of 3 mm. Results reveal
that the application of water coat improves the sensor
differentiation ability from 2.2 to 10.3 dB, at 1.9 GHz.

B. Realistic Application: Typical Clinical Scenario

The antenna configuration with the best performance (i.e.
crossed with intermediate separation distance of 20 mm) is
applied onto modified DUKE and ELLA models. In order to
reassure the effective operation of the sensor, distilled water
is used as coupling medium. In realistic application, patient
skin surface can be pressed by the sensor which, in this
study, is modelled by reducing only skin thickness up to 10%
in selected regions of high curvature. The dual patch antenna
system is applied onto the right frontal hemithorax, centred
on the lung of DUKE, for healthy and pathological case
(85% scaled lungs, simulating a typical pneumothorax) (Fig.
1(d)). Fig. 3(a) illustrates S;, variation where the maximum
differentiation (7.1 dB) is calculated at 2.3 GHz. At this
frequency, the electric field distribution is assessed on xy
plane, at the height of active feed, for both cases. Fig. 3(b)
depicts the relative volume of the lungs, while in
pneumothorax case, the non uniformity of E-field
distribution is clear, due to the existence of trapped air into
the chest cavity. Last but not least, in order to conform to
IEEE C95.1-2005 [11] (peak spatial SAR o, <2 W/kg) basic
restrictions for general public exposure, the actual input
power of the active antenna should not exceed 42 mW.

IV. CONCLUSION

This paper proposed a dual patch antenna (sensor) for
pneumothorax diagnosis. First, sensor performance is
parametrically investigated, using simplified tissue models.
The crossed antenna configuration is improved and applied
onto modified, according to literature, anatomical numerical
models, assessing a typical clinical pneumothorax case. Two
modifications are proposed in order to simulate realistic
pneumothorax case: lungs scaling and air bubbles insertion
into selected structural regions. As matching material, water
coat has been selected, reassuring the sensor performance.
Sensor sensitivity reaches 1 cm of air. Next steps are planned
towards measurements verification, by applying the sensor
onto a modified thorax experimental phantom. The phantom
is currently under design, including broadband lung-tissue
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Figure 3. (a) Sj» variation with frequency for a typical clinical
scenario (healthy and 85% scaled lung), (b) E-field distribution on xy
plane, at height of active feed, at 2.3 GHz. The values are normalized to
1 W input power, resulting to maximum value of 4.69E+03 V/m.

simulated structures and varied air gaps in selected regions
of interest. According to the research project workflow, the
study is planned to conclude with in-vivo tests on supervised
pigs, with selected degrees of pneumothorax.
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