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ABSTRACT A novel sensor for in situ monitoring of the body reac-
tion to implants has been developed. A piezoelectric wafer active sensor
was adapted for biomedical applications (bio-PWAS). A number of bio-
PWAS sensors have been implanted in rats and left in place up to 64 days.
The bio-PWAS were able to oscillate in several resonance modes, radial-
wise (in-plane) and thickness-wise (out-of-plane). The electromechanical
impedance was measured over a wide frequency band covering several
radial vibration modes and the first thickness mode. The recorded data
was processed with impedance spectroscopy methods. Preliminary re-
sults indicate a correlation between the electromechanical impedance
spectrum of the bio-PWAS and the state of implantation. Quantitative
studies have shown that the first radial mode amplitude seems to cor-
relate with the short-time inflammatory and immune response, while
the thickness mode amplitude seems to correlate with both the short-
term inflammatory response and long-term encapsulation and fibrosis
response. Since radial vibrations generate shear waves in the surround-
ing tissue, while thickness vibrations generate pressure waves, it seems
that the shear and pressure wave interactions have specificity in detect-
ing the different stages of the body’s reaction response to implants. These
observations were supported by histological examinations of the tissue
surrounding the bio-PWAS. Though these initial results are encourag-
ing, further experiments need to be conducted and more data needs to
be collected in correlation with histological determinations. In-depth
impedance spectroscopy studies should be conducted on this extensive
data and closely correlated with extensive histological studies.
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The cellular response to the placement of a
foreign substance, particularly silicone, into
the soft tissues has been fairly well charac-35

terized histologically [1–12]. The eventual replace-
ment of a cellular phenomenon with fibroblast in-
filtration around the implant, followed by compact
collagen deposition (the capsule), has been clearly
documented. Unfortunately, contracture of the col-40
lagen envelope can lead to firmness, distortion, and
migration of the implant, be it a breast implant, chin
implant, or pacemaker. In the case of a breast im-
plant, this collagen contracture may distort the nor-
mal anatomy and softness of a reconstructed breast or45
interfere with reconstruction using tissue expanders
or other modalities, and is recognized as the leading
cause of implant deformation. This phenomenon has
led manufacturers of prosthetic devices to alter the
implant surface characteristics in an effort to min-50
imize wound contracture [3–10], but with limited
success. While some studies exist that have mea-
sured capsule mechanical properties, they are cur-
rently limited to static measurements of elasticity,
compliance, and capsular pressure [6]. However, the55
measurement of dynamic mechanical properties of
the tissue should lead to an understanding of the var-
ious inter- and intracellular relaxation mechanisms
of biological tissue and improve the understanding
of the biomechanical origin and process of capsu-60
lar contracture. This aspect should be especially ap-
propriate at ultrasonic frequencies. Piezoelectric sen-
sors have been developed elsewhere for a wide range
of biological studies to determine cell growth and

FIGURE 1 Principal modes of vibration of a circular piezoelectric wafer under oscillatory voltage excitation.

spreading on surfaces, to apply mechanical agitation 65

locally to stimulate tissue growth, to detect minute
concentrations of analytes in fluids, and to measure
static mechanical stresses of tissue. In our study, we
set forth to perform such dynamic measurements us-
ing piezoelectric wafer active sensors (PWAS) and 70

the electromechanical impedance spectroscopy [6].
The PWAS was modified for biomedical applications
(bio-PWAS).

STATE-OF-THE-ART IN
PIEZOELECTRIC BIOMEDICAL 75

SENSORS

Piezoelectric crystals subjected to an oscillating
electric field undergo electromechanical vibrations.
At frequencies that generate a standing wave between
the crystal faces, the vibrations become resonant. A 80

given piezoelectric crystal has several modes of vi-
brations, such as in-plane or radial, out-of-plane or
thickness-wise, and shear (Figure 1). For each mode
of vibration, several resonance frequencies can exist
according to the vibration mode shapes. The sim- 85

plest approach of using a piezoelectric crystal as a
sensor is to focus on just one resonance frequency
and track how its value changes with various physical
parameters. The resonance frequency depends on the
effective mass and stiffness of the crystal. If the mass 90

changes due to surface adsorption or deposition,
the resonance frequency also changes. This principle
is used in the quartz crystal microbalance (QCM),

2 V. GIURGIUTIU ET AL.
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which undergoes shear vibrations that are very sensi-
tive to surface mass changes (to ng/cm2). The QCM
device has undergone significant development for95

biological applications. The QCM has proven an
indispensable tool in investigating cell growth and
attachment to surfaces [13–17] and in vitro bioan-
alyte detection (biosensors) [18, 19], and in quanti-
fying the thickness and elasticity of functionalized100

layers such as phospholipid bilayers [20]. In non-
biological studies, the QCM enables quantification
of the mechanical viscoelasticity of polymeric and
tribological thin films [21–24]. The QCM has beenQ1

used to study the growth of humic acid/ferric ion105

complexes [21], and the C3-fragment binding inhi-
bition of bound factor H (a complement regulator)
[26], both of which are being studied as potential
inflammatory response inhibitors. These studies il-
lustrate the use of the QCM technique in measuring110

the elastic properties and mass changes of surface
moieties. However, the QCM method is a single-
parameter technique that tracks the fundamental fre-
quency shifts due to the changes in the effective mass
on the QCM surface. It is likely that the mechanical115

nature of the encapsulant is also governed by struc-
tures further from the surface. An improved QCM
technique that can track two parameters (frequency
and dissipation) has been developed. This method,
which can evaluate the effect of nonrigid overlays120

and of the liquid phase away from the QCM sur-
face, has been used to measure biomolecular adsorb-
tion, cell adhesion, and blood and plasma coagula-
tion [27–29]. The QCM method has also been used
in combination with the electrochemical impedance125

method, as for example to study ligand–receptor

interaction at functionalized surfaces and of cell
monolayers [30].130

OUR APPROACH

Our approach to the development of a sen-
sor for studying the body’s response to implanta-

tion was built on existing experience in the field.
We considered the achievements and limitations of 135

the work performed by previous investigators and
planned our experiments accordingly. First, we no-
ticed that the work cited so far was performed ex-
clusively in vitro using different variants of a QCM
liquid cell [30]. To our knowledge, no reports ex- 140

ist so far of applying piezosensing devices in vivo.
Nor have we found reports of QCM being used
for the study of fibrotic and collagen-forming pro-
cesses. Hence, in this direction, we could only
rely on our group’s experience with implantable 145

devices [12]. In addition, we have not found re-
ports of using the electromechanical impedance
approach and PWAS in this type of work. How-
ever, in our group we had extensive experience us-
ing PWAS and the electromechanical impedance 150

method in structural health monitoring applica-
tions [32]. The electromechanical impedance ap- Q2

proach uses the broadband behavior of the PWAS
resonator and tracks a larger number of parame-
ters than the simple QCM approach. This aspect 155

is possible by examining a broadband complex-
valued multi-resonace electromechanical impedance
spectrum rather than just one resonance frequency.
Giurgiutiu and Zagrai [33] have shown that the
electrical impedance measured at the PWAS ter- 160

minals depends both on the PWAS dynamics and
on the impedance of the external medium. For
circular PWAS resonators embedded in a medium
with a given mechanical impedance, Ze(ω) =
{[ke(ω) − ω2m(ω)] + iωc(ω)}/iω = ZeR(ω)+ iZeI(ω), 165

the electrical impedance measured at the PWAS
terminals for radial mode vibrations is given by
[34]:

Z(ω) =
{

iωC(1 − k2
p) ·

[
1 + k2

p

1 − k2
p

(1 + νa)J1(ϕa)
ϕa J0(ϕa) − (1 − νa) J1(ϕa) − χ (ω)(1 + νa)J1(ϕa)

]}−1

(1)

where J0 and J1 are Bessel functions, kp is the planar
coupling factor, ϕa = ωra/c, and χ (ω) = Ze(ω)/ 170

ZPWAS. Equation (1) can satisfactorily predict the
multiresonance impedance spectrum for multireso-
nance radial vibrations and various impedance func-
tions of the external medium over a wide frequency
range. A similar expression can be derived for the 175

thickness mode vibrations.

IMPEDANCE SENSOR FOR IMPLANT REACTIONS 3
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We believe that using PWAS instead of QCM
has marked advantages, such as the capability of
operating by direct implantation without the liq-
uid cell required by the QCM. In addition, PWAS180

can excite lower frequency in-plane waves that may
have a deeper penetration in the fibroblast cell lay-
ers than the shear waves generated by the QCM. In
addition, with the same PWAS, one can also excite
pressure waves at the thickness resonance frequency.185

Thus, PWAS offers the opportunity to study alter-
native types of waves that would couple with the
tissue over a deeper length scale, one can explore a
wide frequency range and make effective use of the
impedance spectroscopy methods that are not cur-190

rently used in the QCM approach.

MATERIALS AND METHODS

The materials used during these experiments in-
cluded: (a) the sensor; (b) the laboratory animals;
and (c) the measuring equipment.

195

The Sensor

The sensors used during this experiment were
piezoelectric wafer active sensors (PWAS) modi-
fied for biomedical applications (bio-PWAS). They
consisted of 7-mm-diameter, 0.2-mm piezoelectric200

wafers with Nickel surface electrodes and connect-
ing wires from APC International Ltd (http://www.
americanpiezo.com/). The piezoelectric material was
lead zirconium titanate with the manufacturer’s spec-
ification APC-850. The bio-PWAS were fabricated in205

the Laboratory for Active Materials and Smart Struc-
tures (LAMSS) following the procedure described in
ref. 35. Prior to insertion in the laboratory animals,
the bio-PWAS were sterilized in an autoclave using
the established procedure for sterilizing surgical in-210

struments.
The development of bio-PWAS was performed in

stages. First, it was ascertained that the fabricated
bio-PWAS had an acceptable behavior in air. Sec-
ond, we studied how the bio-PWAS readings changed215

when the bio-PWAS was inserted into muscle tis-
sue. The latter was achieved by inserting the bio-
PWAS into a 1-lb slab of muscular meat (steak),

which was subjected to various mechanical pressures.
It was found that bio-PWAS readings changed sig- 220

nificantly when inserted into muscle tissue. It was
also found that the bio-PWAS can survive signifi-
cant mechanical stresses within this muscle tissue.
Following these preliminary tests, the bio-PWAS
were deemed suitable for insertion into laboratory 225

animals.

The Laboratory Animals

Four Sprague-Dawley rats weighing 200–300 g
were used. Following the administration of a gen-
eral anesthesia, the animals were shaved from the 230

nape of the neck to the mid-back and prepped and
draped in a sterile fashion. Betadine was used at the
incision site and allowed to dry. An incision was
made in the dorsal midline, approximately 0.5 cm
caudal to the nape of the neck and extending fur- 235

ther caudally about 3 cm. A pocket was created in
the fascial plane between the posterior aspect of the
pars thoracis of the trapezius muscle above and the
dorsal aspect of the latissimus dorsi muscle below,
large enough to accomodate a bio-PWAS. The bio- 240

PWAS was inserted into the muscular pocket and
the latter was closed with interrupted 4-0 Vicryl su-
ture. A second small opening was created at the nape
of the neck in the midline cephalad to the previ-
ous incision. The ends of the wires that are attached 245

to the bio-PWAS were pulled through this open-
ing and secured in position with a single 4-0 Pro-
lene suture to the skin. The midline incision was
closed with a running 4-0 Prolene suture. The an-
imals were administered 0.3 ml (0.05 mg/ml) bu- 250

penorphine postoperatively. The positioning of the
bio-PWAS in the rat was verified radiographically
(Figure 2).

The animal studies were approved by the Institu-
tional Animal Care and Use Committee of the Uni- 255

versity of South Carolina that endorses the Princi-
ples for the Care and Use of Laboratory Animals of the
National Institutes of Health; has implemented the
recommendations of The Guide for the Care and Use of
Laboratory Animals (1996); and is complying, and will 260

continue to comply, with the Animal Welfare Act and
other applicable statues and regulations concerning
the care and use of laboratory animals.

4 V. GIURGIUTIU ET AL.
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FIGURE 2 X-ray of bio-PWAS implanted in rat #05: (a) side view; (b) top view.

The Measuring Equipment

The measuring equipment consisted of a Hewlett
Packard 4194 impedance analyzer capable of mea-265

suring the real and imaginary parts of the bio-PWAS
electrical impedance over a wide frequency band.
In our experiments, we used three frequency bands:
(1) 100–900 kHz; (2) 100–3,100 kHz; (3) 10.5–
12.5 MHz. The first band covers up to the first and270

second resonance in-plane frequencies of the bio-
PWAS. This frequency band was denoted “narrow
in-plane.” The second band covers several in-plane
resonance frequencies, and was denoted “wide in-
plane.” The third band covers the first thickness res-275

onance frequency, which happens at a much higher
frequency than the in-plane resonances. This band
was denoted “thickness.” During the experiments,
measurements were consistently taken in all three
bands.

280

Experimental Procedure

The experimental procedure consisted of measur-
ing and recording the bio-PWAS impedance over an
extended period of time. The presumption used in
these experiments was that the impedance spectrum285

would change under the influence of the mechani-
cal changes taking place in the body around the im-
planted sensor. This intimate relation between the
mechanical changes in the medium surrounding the
PWAS and the electrical changes in the recorded290

impedance spectrum lies at the foundation of the

electromechanical impedance method used in our
experiments.

The time intervals at which the electromechani-
cal impedance measurements were performed varied 295

according to the processes being observed. At the
beginning, when rapid changes were expected, the
readings were taken relatively often (e.g., two read-
ings at 30-min interval). As the observed processes
became slower, the readings were also taken less of- 300

ten (e.g., only daily, and later at two-three day in-
tervals). In addition, readings were taken for quality
control during bio-PWAS fabrication and prior to
and after implantation. The latter ascertained that
the bio-PWAS implantation was successful and that 305

all conditions were met for in vivo monitoring.
During the readings, the rats were anesthetized

temporarily [0.035 cm3 acepromazine (10 mg/ml),
0.06 cm3 xylazine]. Measurements were taken by
connecting the impedance analyzer probes to the 310

sensor terminals protruding from the rat dorsal skin
(Figure 3).

The experiments lasted up to 64 days. The ani-
mals were terminated when it was no longer possible
to take measurements. (Consistently, the major cause 315

for measurements ceasing to be possible was the de-
struction of the wire terminals by the rat through
scratching.) The bio-PWAS were explanted with the
surrounding tissue and fibroblast capsule. The assem-
bly was fixed en bloc with the bio-PWAS included 320

in the capsule using formalin. The block was stored
in the refrigerator and subsequently subjected to dis-
section and microscopic analysis.

IMPEDANCE SENSOR FOR IMPLANT REACTIONS 5
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FIGURE 3 Impedance measurements being taken on rat #05 at 3 days after implantation.

RESULTS

Composite graphs of the electromechanical325
impedance spectra measured during these experi-
ments on the implanted bio-PWAS number BI05
are given in Figure 4 through Figure 9. These
figures show the evolution of the electromechanical
impedance spectrum with the number of days after330
implantation. Similar spectra were recorded for the
bio-PWAS number BI14, BI15, and BI16, but over
shorter time periods. Three distinct frequency bands
were considered. The first band is a narrow frequency

FIGURE 4 Evolution of the electromechanical impedance
spectrum of bio-PWAS #BI05 immediately after implantation
and a couple of days later.

band associated with the in-plane radial vibrations. It 335

covers the fundamental in-plane radial mode and its
next harmonic. The second band is a wide frequency
band associated with several in-plane radial vibration
modes. It covers the the fundamental in-plane radial
vibration mode and five higher harmonics. The third 340

band is the frequency band associated with the thick-
ness mode. A discussion of the results recorded in
each of these bands follows.

Narrow In-Plane Frequency Band

The evolution of the electromechanical imped- 345

ance spectra in the narrow in-plane frequency band
was noted over a short-term scale (Figure 4) and
long-term scale (Figure 5). In the short-time scale,
the evolution of the electromechanical impedance
spectrum was followed immediately after implan- 350

tation and for an additional couple of days (Figure
4). It was observed that the bio-PWAS impedance
changes dramatically due to implantation (“Free”
vs. “InRat”). The resonance peaks strongly decrease
and the antiresonance valleys strongly increase. 355

Fast changes are also observed in the first hour
after implantation, but the rate of change is not as
strong as immediately after implantation. As time
progressed, the rate of change decreased. By day 2,
the rate of change became much slower. 360

In the long-term scale, the evolution of the elec-
tromechanical impedance spectrum was followed
over a total of 64 days (Figure 5). The impedance
spectrum changed with the number of days elapsed
since implantation, but these changes did not follow 365

6 V. GIURGIUTIU ET AL.
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FIGURE 5 Evolution of the electromechanical impedance spectrum of the implanted bio-PWAS #BI05 in the “narrow in-plane”
frequency band displaying first and second radial mode resonances.

a simple pattern. This fact makes Figure 5 rather dif-
ficult to follow, and its value should be retained as
only qualitative information. A quantitative descrip-
tion of these changes is presented later.

FIGURE 6 Evolution of the electromechanical impedance spectrum of bio-PWAS #BI05 immediately after implantation and a
couple of days later.

Wide In-Plane Frequency Band 370

The evolution of the electromechanical imped-
ance spectra in the wide in-plane frequency band

IMPEDANCE SENSOR FOR IMPLANT REACTIONS 7
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FIGURE 7 Evolution of the electromechanical impedance spectrum of the implanted bio-PWAS #BI05 in the “wide in-plane”
frequency band displaying six radial mode resonances.

was noted over a short-time scale (Figure 6) and
long-term scale (Figure 7). In the short-term scale,
the evolution of the electromechanical impedance
spectrum was followed immediately after implanta-375

FIGURE 8 Evolution of the electromechanical impedance
spectrum of bio-PWAS #BI05 immediately after implantation
and a couple of days later.

tion and for an additional couple of days (Figure 6). It
was observed that the bio-PWAS impedance changes
dramatically due to implantation (“Free” vs. “InRat”).
The resonance peaks strongly decrease and the an-
tiresonance valleys strongly increase. Fast changes are 380

also observed in the first hour after implantation, but
the rate of change is not as strong as immediately after
implantation. As time progressed, the rate of change
decreased. By day 2, the rate of change became much
slower. 385

In the long-term scale, the evolution of the elec-
tromechanical impedance spectrum was followed
over a total of 64 days (Figure 7). The impedance
spectrum changed with the number of days elapsed
since implantation, but these changes did not follow 390

a simple pattern. This fact makes Figure 7 rather dif-
ficult to follow, and its value should be retained as
only qualitative information. A quantitative descrip-
tion of these changes is presented later.

Thickness Frequency Band 395

The evolution of the electromechanical imped-
ance spectra in the wide in-plane frequency band was
noted over a short-term scale (Figure 8) and long-term

8 V. GIURGIUTIU ET AL.
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FIGURE 9 Evolution of the electromechanical impedance spectrum of the implanted bio-PWAS #BI05 in the “thickness”
frequency band displaying the first thickness mode resonance.

scale (Figure 9). In the short-term scale, the evolution
of the electromechanical impedance spectrum was400

followed immediately after implantation and for an
additional couple of days. The measurements were
taken in the “thickness” frequency band displaying
the first thickness mode resonance. The bio-PWAS
impedance changes dramatically due to implantation405

(“Free” vs. “InRat”). The resonance peaks strongly
decrease and the antiresonance valleys strongly in-
crease. Fast changes are also observed in the first hour
after implantation, but the rate of change is not as
strong as immediately after implantation. As time410

progressed, the rate of change decreased. By day 2,
the rate of change became much slower.

In the long-time scale, shows the evolution
of the electromechanical impedance spectrum was
followed over a total of 64 days (Figure 9). The415

impedance spectrum changed with the number of
days elapsed since implantation, but these changes
did not follow a simple pattern. This fact makes
Figure 9 rather difficult to follow, and its value
should be retained as only qualitative information. A420

quantitative description of these changes is presented
in later.

Histological Results

The histological changes are presented in Figure 10
and Figure 11. Twenty-eight days after implantation, 425

there is a tissue response around the sensor surface
(Figure 10). This reaction is common to the implan-
tation of all devices (4×). At higher magnification
of the interface between the sensor and the soft tis-
sues (10×) there is an early infiltration of fibroblasts 430

and deposition of collagen fibers with a single layer
of mononuclear cells directly at the lumen surface
of the previous position of the implant. Numerous
capillaries are also evident.

Figure 11 shows the histology of the bio-PWAS 435

capsule formation. Forty-two days after implantation
the initial cellular response has resolved and there is a
much denser layer of collagen with scattered fibrob-
lasts present at the surface between the soft tissues
and the lumen where the sensor was located (10×). 440

IMPEDANCE SENSOR FOR IMPLANT REACTIONS 9
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FIGURE 10 Histology of the encapsulating tissue after 28 days: 4× overall view and 10× detail.

At higher magnification (20×), the dense connective-
tissue envelope is readily apparent. This response is
characteristically observed around all implanted de-
vices.

Evolution of Resonance445

Frequencies and Amplitudes
with Time

Visual examination of Figure 4 through Figure 9
reveals that there is an obvious connection between
the length of time for which the bio-PWAS has been450

FIGURE 11 Histology of the encapsulating tissue after 42 days: 10× magnification and 20× detail.

in the body and the electromechanical impedance
readings. To achieve a complete description of this
correlation would require an extensive study of these
spectra with spectral classification methods and neu-
ral networks, which is beyond the scope of this article. 455

However, a preliminary analysis can be achieved by
tracking the principal elements of the spectrum, such
as the frequency and amplitude of the first in-plane
(radial mode) and first out-of-plane (thickness mode)
resonances. The values of resonance frequency and 460

amplitude were extracted from the impedance spec-
tra presented in Figure 4 through Figure 9 and then

10 V. GIURGIUTIU ET AL.
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FIGURE 12 Evolution of the resonance frequency and am-
plitude of the first radial-mode (in-plane vibrations) vs. days
from bio-PWAS #BI05 implantation. Reference values are fR1 =
328 kHz, AR1 = 794 �.

plotted against the number of days from bio-PWAS
implantation. The plots are presented in Figure 12
through Figure 14. In these plots, the values are given
in percentages relative to the values immediately af-465

ter implantation.
The evolution of the resonance frequency and am-

plitude of the first radial-mode (in-plane vibrations)
versus days from bio-PWAS implantation is shown
in Figure 12. The chart is plotted in percentage rel-470
ative to the reference values, fR1 = 328 kHz, AR1 =
794 �, which were measured immediately after im-

FIGURE 13 Evolution of the resonance frequency and am-
plitude of the first thickness-mode (out-of-plane vibrations) vs.
days from bio-PWAS #BI05 implantation. Reference values are
fT1 = 11.280 MHz, AT1 = 13.4049 �.

FIGURE 14 Comparison of the evolution of the amplitudes
of the first radial mode and first thickness mode vs. days from
bio-PWAS #BI05 implantation. Reference values are AR1 =
794 �, AT1 = 13.4049 �.

plantation. The chart shows that the resonance fre-
quency changes very little in time, indicating a stable
and persistent resonance. It seems that the physio- 475

logical processes taking place in the body around the
implanted bio-PWAS affect the value of natural fre-
quency very little (<1%). However, the resonance
amplitude of the first radial mode seems to be signif-
icantly affected by the physiological processes taking 480

place in the body around the implanted bio-PWAS.
Following the AR1 curve of Figure 12 we observe
two distinct regions: (a) 1–11 days; (b) more than 11
days. In the first region, the AR1 curve follows rapid
changes. At first, it decreases steeply and almost lin- 485

early until day 7. At this day, the AR1 value reaches
as low as 38% of the initial value measured just af-
ter implantation. After day 7, the AR1 curve recovers
steeply and, again, rather linearly until it reaches 61%
at day 11. After day 11, the AR1 curve displays much 490

less variation, and remains rather stable around the
60% line.

The evolution of the resonance frequency and
amplitude of the first thickness-mode (out-of-plane
vibrations) versus days from bio-PWAS #BI05 im- 495

plantation is shown in Figure 13. The chart is plot-
ted in percentage relative to the reference values
fT1 = 11.280 MHz, AT1 = 13.4049 �, which
were measured immediately after implantation. The
chart shows that the resonance frequency changes 500

very little in time, indicating a stable and persistent

IMPEDANCE SENSOR FOR IMPLANT REACTIONS 11
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resonance. It seems that the physiological processes
taking place in the body around the implanted bio-
PWAS affect the value of natural frequency very little
(<1%). However, the resonance amplitude of the first505

thickness mode seems to be significantly affected by
the physiological processes taking place in the body
around the implanted bio-PWAS. Following the AT1

curve of Figure 13 we observe four distinct regions:
(a) 1–11 days; (b) 12–36 days; (c) 37–44 days; (d) more510

than 44 days. In the beginning, the AT1 curve is char-
acterized by intense activity, which generates swings
of up to 40%. After day 11, the AT1 curve enters
a rather quiet region that last until day 36. During
this time, the value of the AT1 curve slowly oscillates515

around the 80% mark. Starting with day 37 and until
day 44, the AT1 curve again shows a strong activity,
and an increasing trend that takes it to the 112% mark
on day 44. Beyond this day, the AT1 curve starts a
slow and steady descent following an almost linear520

gradient. At the end of the experimental period, on
day 64, the AT1 curve has again reached a low mark
at 84%.

DISCUSSION

Discussion of the results is facilitated by Fig-525

ure 14, which shows comparatively the evolution
of the amplitudes of the first radial mode and first
thickness mode vs. days from bio-PWAS #BI05 im-
plantation. The chart is plotted in percentage rela-
tive to the reference values AR1 = 794 �, AT1 =530

13.4049 �, which were measured immediately af-
ter implantation. Basically, this chart is a super-
position of the AR1 and AT1 curves presented in
Figure 12 and Figure 13. The scope of this chart
is to present in a convenient way both curves on535

the same plot such as to facilitate comparison and
interpretation.

The fact that the two parameters, AR1 and AT1,
behave at times similarly and at other times differ-
ently, might be explained by the fundamentally dif-540

ferent types of interaction that the radial and thick-
ness vibrations have with the surrounding medium,
namely, the body tissues. The radial vibrations in-
teract with the surrounding medium through shear
stresses that generate shear waves in the surrounding545

medium. The thickness vibrations interact with the
surrounding medium through normal stresses that
generate pressure waves in the surrounding medium.
It is conceivable that these different types of stresses
and waves would interact differently with the physio- 550

logical processes taking place in the body in response
to the implantation. Thus, it can be hypothesized
that during the initial body response to implanta-
tion, accompanied by an inflammatory process and
edema, both the shear-wave and the pressure-wave 555

interactions are affected. The shear-wave interaction
would be affected by the presence of fluids and lym-
phocytes trying to attach to the foreign body, that
is, the implanted bio-PWAS. This process lasts for
several days, reaches a peak, and then subsides. This 560

type of behavior is well mapped by the well-type be-
havior of the AR1 curve depicted in Figure 14 in
the period 1–11 days. The well bottom, reached at
day 7, could correspond to the inflammatory and
edema process reaching a maximum at that time. Af- 565

ter day 11, with the inflammatory process subsided,
the shear-wave interaction does not see any more
changes and remains rather constant for the rest of
the experimental duration.

The pressure-wave interaction behaves differently 570

than the shear-wave interaction. Pressure waves are
able to sense boundary effects, and would certainly
be sensitive to changes in the surrounding stiffness.
Thus, the pressure-wave interaction would be sensi-
tive to the tissue swelling and hardening during the 575

inflammatory stage (1–11 days). The pressure-wave
interaction would also be sensitive to the stiffness
changes associated with fibrosis and capsule forma-
tion that takes place at a later stage. This is observed
in Figure 14 starting with day 32 and seems to last 580

until day 44. This period correlates well with the his-
tological studies. Figure 10 showed that the capsule
formation was in process on day 28, while Figure 11
indicates that the capsule formation has fully devel-
oped by approximately day 42. Thus, the pressure- 585

wave interaction represented by the thickness mode
amplitude, AT1, seems to be a good candidate indi-
cator for the monitoring of the capsule formation.

The main points of this paper are as follows.
During the present study, bio-PWAS were devel- 590

oped and successfully implanted in an animal model.
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Though still rudimentary in their design, these proof-
of-concept bio-PWAS were able to remain active for
durations up to 64 days without any physical damage.
The interruption of service was due entirely to the595

rat chewing off the bio-PWAS terminals. Preliminary
results indicate a correlation between the electrome-
chanical impedance spectrum of the PWAS and the
state of implantation (Figure 4 through Figure 9).
Quantitative studies have shown that the first radial600

mode amplitude, AR1, may correlate with the short-
term inflammatory and immune response, while the
thickness mode amplitude, AT1, may correlate with
both the short-term response and long-term encap-
sulation and fibrosis response (Figure 14).605

In summary, we have established, for the first time,
the feasibility of oscillating piezoelectric biosensors
(bio-PWAS) in vivo. We have also hypothesized, for
the first time, that the shear and pressure wave in-
teractions seem to have specificity in detecting the610

different stages of the body reaction response to im-
plants. These hypotheses seem to be supported by the
recorded electromechanical impedance data. How-
ever, not enough morphological data has yet been
obtained to be conclusive.615

Further experiments need to be conducted and
more data needs to be collected and correlated with
histological determinations. Additional studies are
underway to answer this question; weekly histologi-
cal observations will be obtained in a series of animals620

to directly correlate with bio-PWAS readings. In-
depth impedance spectroscopy studies will be con-
ducted on the data in correlation with histological
studies.
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