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Abstract—Endoleak is one of the major complications after
surgery to treat abdominal aneurysms. It is characterized by
blood flow outside the stent graft within the aneurysm sac, leading
to increased pressure with a concomitant risk of rupture of
the sac itself. As standard screenings are operator-dependent
and intrusive, this paper proposes a battery-less method to
wirelessly monitor the presence of endoleak-related blood flow.
The unobtrusive sensing element is an antenna, equipped with
an auto-tuning RFID IC and a portion of bioresorbable coating,
placed proximally to the stent and inside the aneurysm sac.
The presence of liquid blood induces the hydrolysis of the
bioresorbable coating, leading to the exposure of part of the
antenna to the biological environment. The variation of the
antenna boundary condition is detected by the aforementioned
IC giving threshold levels following over time the phenomenon
evolution. Numerical simulations and a preliminary experiment
demonstrate the robust communication link and the feasibility
of the sensing mechanism.

Index Terms—Radio Frequency Identification, Bioresorbable
Coating, Endoleak Detection, Wireless Monitoring

I. INTRODUCTION

Aortic abdominal aneurysms are generally treated surgically
by endovascular aortic repair (EVAR) [1], when the diameter
of the aneurysm is > 5.5 cm, as there is a high risk of
rupture [2]. EVAR is a minimally invasive surgical procedure
that requires a catheter to insert a stent graft to stabilize the
aneurysm by its exclusion from the circulatory system. A
common complication following EVAR is the endoleak with
an incidence up to 45% [3] with significant morbidity and
mortality. The endoleak involves the flow of blood outside the
stent graft within the aneurysm sac, leading to an increase in
pressure. Consequently, endotension leads to an enlargement
of the sac with a concomitant risk of rupture. Furthermore,
blood flow interferes with the formation of an organized
thrombus that facilitates aneurysm shrinkage. The causes of
endoleak can be numerous, including detachment of the distal
portion of the graft, a defect in the graft itself such as fabric
tear/porosity, or a retrograde flow into the sac from aortic side
branches [4].

Currently, long-term follow-up after EVAR includes
contrast-enhanced ultrasound and computed tomography an-
giography [5]. Unfortunately, these tests cannot be performed
frequently enough to promptly detect endoleaks, due to the
high doses of radiation and chemical agents.
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Fig. 1. Concept of RFID-based endoleak monitoring.

An alternative diagnostic strategy based on in-sifu sensors
and wireless connectivity could offer a clearer picture of
the sequence of events that occur inside the aneurysm, after
surgical treatment, for the early detection of endoleaks, thus
improving life expectancy.

In [6] the helicoidal steel wires of the stent are exploited as
an antenna to establish a communication link for biotelemetry
purposes. Wireless communication and detection capabilities
are demonstrated with a blood flow voltage-based sensor [7]
and a PCB with multiple pressure sensors [8] mounted on the
graft. However, there are several additional elements wrapped
around the stent with non-negligible design complexity. In this
scenario, Radio Frequency Identification (RFID) technology in
the UHF band (860 — 960 MHz) enables the miniaturization
of the sensor and reduces the amount of required electronics.
For example, several implanted medical devices such as aortic
valve prostheses [9], [10], stent [11], hip prostheses [12],
and dental implants [13] were augmented with sensing and
communication capabilities.

This paper, exploring a different approach, exploits a new
generation of RFID integrated circuits (ICs) [14] provided
with auto-tuning capability, i.e. it automatically modifies its
susceptance to match with the hosting antenna in case of dif-
ferent local boundary conditions, and a bioresorbable coating
over a portion of the implanted antenna to detect endoleak.
The leading idea (Fig. 1) is to insert an unobtrusive sensing
element, i.e. the antenna itself, placed proximally to the stent
and inside the aneurysm sac. This device can be anchored
to the stent since it is located inside the aneurysm sac and
therefore does not obstruct the dynamic flow of blood within



the aortic vessel. The occurrence of endoleak-related blood
flow is identified by a threshold sensing mechanism, where
over time the bioresorbable coating is degraded by hydrolysis
upon contact with liquid blood. Such blood, hence, replaces
the dry tissue of the thrombus and indicates the presence of
endoleak. This implies that the antenna has portions exposed
to the biological environment; thus a variation in its boundary
conditions can be detected by using the aforementioned RFID
ICs.

II. RATIONALE OF SENSING BY AUTO-TUNING IC

The selected IC is the Magnus-S3 by Axzon [14] equipped
with auto-tuning technology, having nominal input admittance
Yic = 0.6 + ¢15.7 mS at 900 MHz and power sensitivity
Prc¢ = —13.6 dBm. The core of the auto-tuning RFID
IC can be modeled by resistance in parallel to an adaptive
internal network of parallel capacitors, whose total capacitance
depends on the number of activated capacitors [15]:

CIC = szn + SCstep (D

ranging from a minimum value C,,;, to a maximum value
with incremental step Csyp in the linear range. Following an
RFID query, the IC returns the integer number s, hereafter
referred to as sensor code. The variable susceptance of the IC
is derived by imposing the auto-tuning condition

|Bre(s) + Ba(¥)] =0 2

where Bro(s) = 2nfCrc(s) and Ba(v) are the suscep-
tances of the IC and antenna, respectively, ¢ is the amount
of liquid in direct contact with the antenna. In the case
of endoleak, blood flow will promote degradation of the
bioresorbable coating, through hydrolysis, and thus alter the
boundary condition of the antenna. Consequently, by combin-
ing equation (1) with (3) in the linear range Sy, < 5 < Spazs
the sensor code returned by the IC will be:

{Cfc (Smin) + B;‘ﬂ(}l’)} } NG)

Potential baselines caused by the device manufacturing
process can be eliminated using a differential sensor code (As)
[15]:

s(w):nint{—cl
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where s (0) is the calibration value obtained from the initial
condition of the antenna, i.e. it is fully covered and the
degradation process has not yet started.

III. ANTENNA DESIGN AND SIMULATIONS

The human abdomen is emulated by a layered rectangular
cylinder model (skin, fat, muscle). The abdominal aorta vessel
is represented by a cylinder with a sphere (diameter 5.5 cm) to
emulate the aneurysm at the implantation depth of 7 cm [16],
as shown in Fig. 2. The electrical parameters of the tissues
are derived from [17], while coagulated blood from [18]. The
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Fig. 2. Stratified electromagnetic model of the human abdomen with an
aneurysm of the abdominal aorta.
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Fig. 3. (a) Geometry of the implanted antenna. (b) Isolines of the power
transfer coefficient 7 at 900 MHz v.s. geometrical parameters of the I'-match
transformer {a, b}.

stent is emulated by a metallic cylinder with a typical diameter
of 2 cm. The antenna selected to be inserted in the aneurysm
sac as an RFID sensor to monitor the presence of an endoleak
is a dipole (trace width 0.2 mm) equipped with a I'-match
transformer over an FR4 PCB (thickness 0.8 mm, Fig. 3 (a))
and insulation by PolyTetraFluoroEthylene (PTFE). The dipole
is placed at a distance of 2 mm from the stent. By fixing the
length to 3 cm, the geometrical parameters of the I'-match
are optimized to maximize the power transfer coefficient (1),
i.e. the power collected by the IC at 900 MHz. Fig. 3 (b)
shows the isolines of 7 at 900 MHz by varying the geometrical
parameters 5.5 < ¢ < 7.0 mm and 1.5 < b < 3 mm.
The optimal regions (in white and light gray) are those with
7 > 0.7. Multiple options are possible; however, the selected
configuration is {a = 6.6 mm; b = 2.0 mm} to minimize the
footprint.

A. Mid-field Through-The-Body Link

The complete link between the reader antenna and the
implanted one is represented as a lossy two-port network [19]



which is characterized by the Admittance Matrix [Y; ;| where
port 1 (input) and port 2 (output) refer to the terminals of
the reader interrogator and the implanted device, respectively.
The reader antenna is a linearly polarized microstrip slot as in
[9]. The Transducer Power Gain G is the main performance
metric of the communication link, as it is the ratio between the
power supplied by the reader to the IC (Pr_ 1) and the power
available from the generator (P, r). By exploiting the auto-
tuning feature of the IC, G'r is defined in terms of admittance
as [10]
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where Yo = Gg + jBg is the internal admittance of the
reader and Y;o = Gj¢ + jBjc the admittance of the IC. A
reliable communication link can be established by providing
a communication margin Myp

P,
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where P,, r = 0 dB is the power emitted by the reader,
and My—3 dB is a conservative safe value. In the considered
arrangement, the minimum value of G to establish the
communication is G > —40.6 dB.

The numerical evaluation includes the interaction in the
mid-field of the reader antenna with the implanted dipole that
when in contact with liquid blood, exposes part of itself to the
biological fluid. Fig. 4 (a) reports the considered stages, where
starting from stage O the antenna is completely coated and
electrically insulated and then reaches, in the case of endoleak,
stage 3 characterized by a 3.3 mm length of uncovered portion
of I'-match. This is a simulative simplification, however in
reality each stage can be identified by areas with different
coating thicknesses, and thus controlling its degradation over
time when in contact with liquid blood. The corresponding
simulated G profiles are shown in Fig. 4 (b). Due to the
auto-tuning property of the IC, there is a typical nearly flat
profile over broadband, comprising the worldwide RFID UHF
band. Moreover, the power margin is M/ > 0 dB for each stage
at 900 MHz, thus the communication link is always verified.

IV. PROTOTYPE AND MEASUREMENTS

The dipole is made with a copper trace (width 0.2 mm)
etched with a milling machine over a 0.8 mm thick FR4
substrate, while the IC was mounted using a solder paste
(conductive epoxy CW2400 by Chemtronics). The different
stages of coating resorption are emulated by varying the
coverage made with PTFE, as shown in Fig. 5 (a). The
abdomen is emulated by a PET box filled with equivalent
liquid of muscle tissue (¢ = 54; ¢ = 1.05 S/m [20]). Each
prototype is immersed at a depth of 6 cm from the external
reader antenna (Fig. 5 (b)). Electromagnetic characterization
is performed by means of the Voyantic Tagformance station
in the 800 — 1000 MHz frequency band. Fig. 5 (c) shows
the measured vs. simulated transducer power gain profile
over frequency. It is higher than the threshold in the whole
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Fig. 4. (a) Sketch of the stages that identify the dissolution of the coating

over time, assuming the presence of a bioresorbable material on the I'-match
portion. (b) Simulated Transducer Power Gain G for the different stages
when the reader antenna interacts in the mid-field.

RFID UHF band, as expected, and compares well with the
simulation, with a difference of less than 3 dB.

To quantify the sensing performance, the different pro-
totypes (one for each stage) are then interrogated by the
reader antenna connected to the ThingMagic M6E reader. The
measured differential sensor codes, averaged on ten samples
[15], are compared with the simulated outcomes in Fig. 6.
As expected by the simulations, the differential sensor code
increases as the exposed portion of the antenna augments.
Nevertheless, the digital contrasts, i.e. the difference of dif-
ferential sensor codes between different stages, are sharper in
the measured cases. Therefore, this device turns out to be a
threshold sensor capable of identifying the presence of blood
flow around the antenna, since hydrolysis of a hypothetical
bioresorbable coating, like a water-soluble polymer hydrox-
ypropylcellulose (HPC), results in the exposure of part of the
antenna that increases over time.

V. CONCLUSION

Numerical analysis and early experiments with a mock-
up demonstrated the feasibility of transforming an antenna
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Fig. 5. (a) Realized prototypes for each stage. (b) Measurement setup
involving a liquid equivalent of the abdomen. (c) Frequency profile of the
simulated and measured Transducer Power Gain G1 of the two-port network
that models the mid-field interaction of the implanted antenna (stage 0) and the
reader. The £3 dB shadow region accounts for manufacturing imperfections.

950 1000

(b)

120 w .
[ Simulated
100 |EIMeasured =l
80 ]
2 60
4 L ,
40 + ]
20+ 1
o | |
1 2 3

Stage

Fig. 6. Comparison between the simulated and measured differential sensor
code. The black segments indicate the uncertainties.

into a threshold sensor for the early detection of an endoleak
inside the aneurysmatic sac. It is a wireless and batteryless
device capable of monitoring the presence of endoleak-related
blood flow since it exploits changes in boundary conditions as
a result of the hydrolysis of its bioresorbable coating. The
digital metric for this application is the differential sensor
code returned by a standard RFID query. This feature will
be beneficial for the early detection of abnormalities; how-
ever, it can be further augmented with a pressure sensor for
multi-parametric sensing. Further experiments, including the
bioresorbable coating, will be shown during the Conference.
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