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This paper describes the characterization of the light hole, also known as the lumen, in implanted stents affected by restenosis
processes using bioimpedance (BI) as a biomarker. The presented approach will enable real-time monitoring of lumens in
implanted stents. The basis of the work hereby reported is the fact that neointimal tissues involved in restenosis can be detected
and measured through their impedance properties, namely, conductivity and permittivity. To exploit these properties, a 4-
electrode setup for BI measurement is proposed. This setup allows study of the influence of the various tissues involved in
restenosis fat, muscle, fibre, and endothelium, together with the blood, on the BI value at several frequencies. In addition, BI
simulation tests were performed using the electric physics module available in COMSOL Multiphysics®. Interestingly, fat
constitutes the most influential layer on the value of impedance (measured in kQ/ym—magnitude change per micrometre of
lumen occlusion). A case study using a standard stent is also presented. In this study, where the involved tissues and blood were
simultaneously considered, we conducted an analysis for stable and vulnerable plaques in restenosis test situations. In this regard,
the proposed method is useful to test the stent obstruction and detect potential dangerous cases due to nonstable fat accumulation.

1. Introduction

Ischemic heart disease is the main cause of morbidity and
mortality in the world [1, 2]. The interior of the elastic and
muscular arteries shrinks (stenosis), mostly because of the
growth of a lipid layer caused by an illness called atheroscle-
rosis. This gives rise to angina chest pain and acute myocar-
dial infarction. A 50% occlusion is already considered
worrisome [3]. There are certain regions prone to exceeding
that threshold, such as the Left Anterior Descending (LAD)
coronary artery [3]. Among the existing treatments, the most
popular one employs a flexible metal mesh (stent) to
mechanically support the opening of stenotic segments [4,
5]. However, despite improvements on surgery techniques
and stent design [6], there is a tendency for medium-term

restenosis to eventually occur [7], as shown in Figure 1,
which displays the cross-sectional view of an implanted stent
covered by a neointima layer. For this reason, it is necessary
to carry out a follow-up plan, which costs between $10,000
and $17,000 per patient for only the first year [8] —provided
that patients do not require more revascularization proce-
dures. Remarkably, only in the United States, approximately
600,000 patients are stented every year [8]. In addition to the
high expenses, the techniques applied to follow-up restenosis
are either invasive or ionising [3].

Real-time characterization of neointima tissue through a
smart stent would ease the integration of readout circuits to
measure and compensate the sensitivity loss of pressure
sensors suggested in previous works [9-11]. In this regard,
different studies have recently proposed BI techniques to
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FIGURE 1: Restenosis in an implanted stent after (a, b) 7 years and (c, d) 4 years, from [7]. Note that (b) and (d) are zoomed images from (a)
and (c), respectively. The asterisks inside the holes in (b) and (d) represent the stent metal struts. The yellow arrows indicate the thinnest part

of a fibre layer. NC: necrotic cores.

follow-up restenosis by analysing the growth of the neoin-
tima layer. Some of these techniques consider the use of
medical invasive instruments such as a catheter with a matrix
of microelectrodes placed near the tip to measure the
damaged area [12]. Another approach estimates the influ-
ence of fat tissue with electrical simulations oriented to
measure the Bl inside a stent [13]. The use of the stent itself
as a large electrode has also been proposed [14]. In addition
to monitoring the restenosis in coronary arteries, the afore-
mentioned technologies can be useful for other body parts
or illnesses such as the femoropopliteal disease [15] or even
for other purposes, e.g., neural recording [16]. The results
obtained in these previous works that explored BI techniques
were notable and promising. However, they still need cathe-
terization to connect to external measurement equipment.
This is a fundamental difference with respect to the work
presented in this paper.

There exist methods to monitor cell cultures in vivo
based on their BI [17-20]. In [17], a cell-culture was
transformed into a “biological oscillator” whose character-
istic parameters (i.e., frequency, amplitude, phase, etc.) are
related with the cell-culture evolution and can be easily
determined. This approach, known as oscillation-based test
(OBT), can also be valid to monitor the growth of neointimal
tissue. A feedback-loop closed-system topology injects a
quasisinusoidal signal to stimulate the tissue. An input resis-
tor keeps the current injected to the blood vessel within safety
margins. Relevant parameters are extracted from the
frequency and amplitude of the oscillations. In [20], primary
cells were also cultured and characterized while conforming
to the endothelium tissue.

Overall, this study is primarily focused on the develop-
ment of a setup for neointimal tissue characterization
using finite element analysis (FEA) simulations to measure
its BI. We also address the application of this setup to the

tissues composing a neointima layer to check their influ-
ence on the restenosis process. The FEA includes a case
study with a stent to characterize its lumen with stable
and vulnerable plaques in restenosis situations. The paper
is organized as follows. Materials and Methods describes
how the finite element simulations that consider the electrical
properties of different tissues were performed with COMSOL
Multiphysics®. We also describe the electrode setup selected
for optimum BI test. Results and Discussion presents simula-
tions for various cases of the involved tissues and reports the
performance obtained for a particular stent case. Finally,
Conclusions highlights the most relevant points of our work.

2. Materials and Methods

2.1. Simulation Tool. COMSOL Multiphysics® is a standard
tool for FEA and simulation of structures, useful to evaluate
physical phenomena about them. In our case, for a particular
tissue under test, an AC electric current at a given frequency
is applied between two input electrodes, and the voltage
response is measured by two output electrodes, which are
considered as high-impedance nodes [21, 22]. The voltage-
to-current ratio (i.e., the BI) is measured at the output
electrodes for each frequency, obtaining its magnitude and
phase. (Real and imaginary impedance components can also
be obtained, but this study focuses on magnitude and phase
as the parameters for describing the BI.) This electrical test
is reproduced through FEA by defining the full structure,
i.e., electrodes plus tissues and blood, and applying the
physical conditions derived from the test itself.

2.2. Tissue and Blood Model. Neointimal tissue grows over
the interior of stents. It is structured in several stacked layers
of tissues, namely, the fat, muscle, fibre, and endothelium,
filled by the blood. These layers appear progressively over
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time, defining a restenosis process. Each one has its own
electrical properties, derived from its electrical parameters,
that is, conductivity (o) and permittivity (e¢) [23], which
depend on frequency. The geometry of each layer as well as
the assignment of the corresponding conductivity and
permittivity at each operation frequency must be incorpo-
rated into the FEA [18, 19, 24]. Thus, the analysis is carried
out for several types and sizes of tissues, reproducing the
restenosis phenomenon for a given setup test. Tissue
thickness can range over several tens of micrometres (ym),
except for the endothelium, which only comprises a 10 yum
thick cell monolayer. The corresponding electrical parame-
ters, extracted from [23], are listed in Tables 1 and 2 for
frequencies ranging from 1 Hz to 1 MHz.

2.3. Electrode Setup. BI is commonly measured through
either a 2-electrode or a 4-electrode setup. The main advan-
tage of the 4-electrode setup is that the voltage response is
not dependent on the electrode impedance, provided that it
is measured by a high-input-impedance amplifier. In this
case, a 4-wire system is selected for measuring the tissue
or biological layers such that 2 wires are used for input cur-
rent excitation and 2 wires are employed for measurement
of the output voltage response. Several configurations have
been analysed for this 4-wire setup, considering that the
electrodes can be aligned or not. As a result of such analy-
ses, the configuration shown in Figure 2 was selected, as it
reduces the leakage associated to the field lines that are not
sensed by the output electrodes. A better impedance test is
thus achieved because the electrodes for measurement of
the output voltage sense parallel field current lines. The
setup dimensions, described in Figure 2, were established
according to the average LAD diameter [24].

The dimensions of the gold electrodes were set to 7 yum
x7pum x 2.5um. The electrodes were deposited over an
electrically insulated material employed for setup support
and insulation. The frequency values set for FEA ranged from
1Hz to 1 MHz, with a current excitation amplitude of 3 yA.

3. Results and Discussion

As previously mentioned, FEA was performed with the
COMSOL Multiphysics® computer program [19]. For each
simulation, and therefore, for each frequency, a geometric
(size) and electrical (conductivity and permittivity) descrip-
tion of the tissue layer under test was introduced. The AC
current amplitude was set to 3 A, and the voltage response
at the output electrodes was measured to calculate the magni-
tude and phase of the sample under test. We considered four
types of simulations—single tissue, restenosis tissues,
symmetrical restenosis, and nonsymmetrical restenosis—for
characterization of neointimal tissue according to the
selected features of the tissue layer.

3.1. Single Tissue. We simulated changes in layer thickness (h
in Figure 2) for the tissues and operation frequencies listed in
Tables 1 and 2. A parametric sweep was performed for every
single tissue in each simulation. To this end, the layer thick-
ness was assumed to vary according to a prism made by the

TaBLE 1: Electric conductivity, o (S/m), for tissues involved in the
neointimal layer and blood, employed for FEA in the frequency
range (1, 10°) Hz.

Frequency (Hz) Fat  Muscle Fibre Endothelium Blood
10° 0.035 0.202 0.25 0.0500 0.700
10! 0.038 0.202 0.25 0.0500 0.700
10° 0.041 0.267 0.25 0.0500 0.700
10° 0.042 0.321 0.25 0.0500 0.700
10* 0.043  0.341 0.25 0.0500 0.700
10° 0.043  0.362 0.30 0.0502 0.702
10° 0.044 0.503 0.35 0.1460 0.840

respective tissues. Thus, the thickness value ranged from 25
to 200 um, with a step of 25um, while keeping the prism
depth and width constant, 20mm and 2 mm, respectively.
The electrode setup location is shown in Figure 2. Once data
were collected and ordered, the magnitude and phase imped-
ances were depicted to show their respective variations as a
function of tissue thickness and frequency.

Figures 3-7 represent the magnitude and phase for the BI
measured through FEA at the output electrodes. The magni-
tude is represented in 3D plots as a function of thickness (/)
and frequency. The phase is plotted only as a function of fre-
quency because the influence derived from thickness changes
is not substantial. This is the reason why thickness has not
been considered for phase plots. In general, large BI magni-
tude values are observed for small values of h. This implies
lower cross-section surfaces in the normal direction of
current line paths. Besides, the values of BI are larger for
lower frequencies. Phase shifts are small, below 12° for all
cases, being more sensitive for muscle (Figure 4(b)) and fat
(Figure 3(b)) tissues, in this order.

From these BI spectroscopy curves, we evaluated the
sensitivity or influence of each tissue in relation to thickness
increments for every frequency. In this way, we can infer
which one provides better information or has a greater influ-
ence over the restenosis process. This evaluation was focused
on the magnitude, which seems to be the most influenced
component of the BI by changes in tissue thickness and
frequency. The maximum (and minimum) changes in mag-
nitude for the involved tissues are depicted in Figure 8
(expressed in kQ per yum of thickness increment in every fre-
quency decade) for the proposed 4-electrode setup. Note
from these curves that the greatest sensitivity is obtained
for fat tissue (Figure 8(a)), while the magnitude changes for
fibre and endothelium layers are lower and constant in
frequency. In general, the sensitivity is greater for low
frequencies. Changes associated to the endothelium have a
low influence because this 10 ym thick cell monolayer never
varies. However, its influence is present from the beginning
of the restenosis process.

3.2. Restenosis Tissues. Impedance variation as a function of
tissue thickness and frequency is presented in Table 3 and
Figures 9 and 10, respectively. The difference between these
results and those of the previous section is that now all the
tissues were simultaneously taken into account. Thus, the
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TaBLE 2: Electric relative permittivity, ¢,, for tissues involved in the neointimal layer and blood, employed for FEA in the frequency range (1,
10°) Hz.

Frequency (Hz) Fat Muscle Fibre Endothelium Blood
10° 9.91 x 10° 2.62x 107 2x10* 3.61 x 10° 5.26 x 10°
10 5.03 x 10° 2.57 % 107 2% 10* 3.61 x 10° 5.26 x 10°
10° 1.52x10° 9.33x 10° 1x10* 3.61 x 10° 5.26 x 10°
10° 1.93 x 10* 4.35%10° 1x10° 3.61x10° 5.26 x 10°
10* 9.12 x 10? 2.59 x 10* 1x10? 3.61x10° 5.26 x 10°
10° 1.01 x 10? 8.09 x 10° 2% 10" 3.58 x 10° 5.22 x 10°
10° 5.08 x 10" 1.84 x 10° 1x 10! 1.85 % 10° 3.12x10°

h Tissue Cross-section view

|

& -

B
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B 1000 ym
o : Top view ... Electrode

(a) (b)

FIGURE 2: (a) Top- and cross sections for a 4-electrode setup placed on top of an insulating layer. Two electrodes are used for current
excitation (blue) and two electrodes for BI measurement (red); h: tissue thickness. (b) Gold electrode (7 ym x 7 ym x 2.5 ym).
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FI1GURE 3: Magnitude and phase of the impedance in the fat layer.
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FIGURE 5: Magnitude and phase of the impedance in the fibre layer.

thickness changed differently, as shown in Table 3. Here, the
representation of a supposed coronary lumen (the average
LAD size was taken as a model) becoming narrower was
emulated, choosing a specific stent for this case [25, 26] with
a vessel radius of 1150 ym. Cases 1 to 9 in Table 3 represent
an example of normal evolution of a restenosis process

according to the criteria in [28]. In a primary phase, the
neointimal layer comprises the endothelium and smooth
muscle. This corresponds to initial cases 1 and 2. Then, the
fat layer starts to grow (case 3) around the electrodes,
together with the fibre and muscle, which are moved to the
medium layer (cases 3-4 to case 9). The muscle and fat
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FIGURE 7: Magnitude and phase of the impedance in the blood.

growth ratios are similar and correspond to the data evolu-
tion described in [28].

These nine different cases were simulated taking into
account the increase in occlusion percentage. Thus, the
reported plots (magnitude and phase) illustrate how imped-
ance varied as a function of frequency for increasing values
of vessel occlusion (Figures 9(a) and 9(b), respectively).

Figure 9(a) shows that, concerning magnitude changes, there
exists a remarkable sensitivity to occlusion increments. In
addition, the maximum impedance magnitude sensitivity
was evaluated for the cases proposed in Table 3. The results
are presented in Figure 10. In particular, Figure 10(a) repre-
sents the maximum and minimum changes of the impedance
magnitude per micrometre increment for the cases listed in
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FI1GURE 8: Maximum sensitivity of the impedance magnitudes for the tissues involved in restenosis using FEA: (a) maximum change ratio; (b)

minimum change ratio.

TaBLE 3: Case definitions for FEA of restenosis inside stents
considering several tissues involved in the neointimal layer and
the resulting occlusion percentage calculated for a stent of
1150 ym of the internal radius.

Thickness (in ym) Occlusion

Case Fat Muscle Fibre Endothelium Blood (%)
1 0 25 0 10 1115 3

2 0 50 0 10 1090 5

3 25 50 5 10 1060 8

4 50 100 10 10 980 15
5 100 100 20 10 920 20
6 200 100 40 10 800 30
7 250 175 75 10 640 44
8 300 200 100 10 540 53
9 400 300 100 10 340 70

Table 3. Note that the expected maximum change in magni-
tude is in the range (0.89, 1.05) kQ/um for all cases and
frequency values, whereas the expected minimum change is
between 28 and 33.30Q/um. The same information is
provided in Figure 10(b) as a function of the lumen occluded
percentage. These results are characterized by the following
direct proportional relationships:

(i) We can expect a 1 ym thickness increment per 1kQ
increment

(ii) We can expect a 1% occlusion increment per 10kQ
increment for the stent under study

3.3. Symmetrical Restenosis. Impedance changes were also
analysed when both tissue thickness and frequency were
modified on real stents. In this situation, the geometry is
different from that of the previous sections. A stent is now
placed around the tissues, which are concentric to it. Eight
sets of four electrodes were considered. Each pair of elec-
trodes (one for current excitation and the other for voltage

measurement) was placed on an octagon vertex, as shown
in Figure 11(b). These electrodes were separated by approxi-
mately the same distance as described in the above sections
(see Figure 2). The tissue growth rate employed for FEA in
this case follows the same patterns described in Table 3. For
this reason, the impedance values obtained for the conditions
described in this section are similar to those of the previous
section. This is why we do not report them in this paper.
Furthermore, the eight setups measured the same impedance
because of the symmetrical geometry. All in all, Figure 9
shows a magnitude and phase similar to the values obtained
for symmetrical restenosis.

3.4. Nonsymmetrical Restenosis. Given that symmetrical
restenosis represents an ideal situation, we also tried to
reproduce the impedance evolution when restenosis is not
symmetrical with respect to the tissues, which is actually
the case of real restenosis. The considered electrode setup is
shown in Figure 12(a) along with the corresponding asym-
metrical lumen, which was considered as a possible restenosis
situation. The tissue profiles shown in Figures 12(b) and
12(c) correspond to significant increments of muscle and
fat tissue, respectively. This means that in Figure 12(b), the
muscle tissue has the highest influence on restenosis, while
in Figure 12(c), restenosis is mainly caused by the fat layer.
Five and six electrode sets were taken as a reference, corre-
sponding to case 6 in Table 3. This case was selected to prove
that this technology can measure and identify whether the
plaque is stable or vulnerable, even before a significant occlu-
sion percentage is reached (50% or more). Consequently, a
smart stent could anticipate a real dangerous case, as fat
plaques could be detached inside the blood vessels, leading
to thrombosis. Any other real cases could also be described
and solved using the same procedure.

Case 6 in Table 3 was simulated for the irregular
lumens shown in Figures 12(b) and 12(c), in the same
frequency range, considering an excess of muscle and fat,
respectively. Figure 13 shows the magnitude and phase
of the neointimal tissue BI obtained for an 8-electrode
set at 1kHz and considering irregular and regular lumens.
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The results are similar for other frequencies. The regular
or symmetrical lumen taken as a reference is represented
in red. The stable (muscle layer takes precedence) and
vulnerable [28] (fat layer prevails) plaque cases are repre-
sented in blue and black, respectively. Note that the
impedance magnitude measured at the test points (1-8)
decreases for lower dimensions of fat, while it increases
for similar changes in muscle. In addition, the variation
ranges for the absolute values of fat impedance magnitude
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are larger than those for the muscle. This impedance
magnitude, which increases due to increments of fat tissue,
represents a potential biomarker to detect vulnerable
plaques in restenosis cases.

From the results shown in Figure 13, the increasing thick-
ness of fat tissue can be predicted by observing the largest
changes in BI magnitude, that is, from its maximum-to-
minimum values. However, smaller changes in BI magnitude
could be caused by increments in thickness of muscle tissue
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FIGURE 11: (a) Regular geometry stent, with an internal radius considered for the stent of 1150 ym, and (b) the 8 sets of two electrodes placed

around and inside the stent contour.
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FIGURE 12: General irregular lumen inside a stent (a), generated by increments of muscle tissue (b) or increments of fat tissue (c).
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FI1GURE 13: Magnitude measurements using FEA in regular and irregular lumens inside a stent at 1 kHz. The regular lumen (red) corresponds
to case 6 in Table 3. The irregular lumen is caused by (blue) muscle increment (stable plaque) and (black) fat tissue increment (vulnerable

plaque).

(below the reference values). For the analysed case, the occlu-
sion of the stent is 30% and known a priori, but in a real sit-
uation, this percentage is actually the objective to be defined.
In such cases, the BI magnitude increases more than 1%
(3.41kQ over 341k, which is the approximated value of
magnitude measured in set number 5), and it could be
estimated as potential thickness increments of fat tissue and

evaluated as a vulnerable plaque. This 1% value can be
detected using reported approaches based on BI circuits [17].

4. Conclusions

This work presents a breakthrough in FEA applied to
neointimal tissue characterization in implanted stents. It
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opens the door for real-time monitoring of lumens in
implanted stents, thereby avoiding catheterism. A 4-
electrode setup has been proposed to minimize bioimpe-
dance measurement leakage of the involved tissue layers
and blood. The dependence of the different tissue layers
involved in the neointimal composition is individually
derived from the bioimpedance magnitude and phase for
each tissue and for several representative restenosis situa-
tions. The results show that the increments of thickness in
all tissues can be characterized through their corresponding
changes in the magnitude of the impedance. The fat layer
has the highest relevance on these impedance changes. For
several FEA-based simulations of tissues, examples of both
symmetrical and asymmetrical lumens have been considered.
Our preliminary results demonstrate that it is possible to dis-
tinguish the growth of the different layers by detecting
changes of 28 Q/um or 190 Q/(% occlusion) as the minimum
values for the cases under study. In addition, for the analysed
cases of multilayer and nonsymmetrical lumens, the
proposed test allows distinguishing whether the main tissue
involved in restenosis is fat or muscle, thereby enabling
medical diagnosis assistance. Vulnerable or stable plaques
in restenosis cases can be detected through the increment/de-
crement in magnitude impedance at 1 kHz frequency.
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