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Ultrasound irradiation makes it possible to generate alternating electric polarization through the
electromechanical coupling of materials. It follows that electromagnetic fields are often emitted to the
surrounding environment when materials are acoustically stimulated. We investigate the acoustically
stimulated electromagnetic (ASEM) response of soft biological tissues. The ASEM signal is detected
through a capacitive resonant antenna tuned to the MHz frequency of the irradiated ultrasound waves. The
signal is well explained by the stress-induced polarization, which responds linearly to the applied acoustic
stress. Induced polarization is clearly observed in the Achilles tendon, aortic wall, and aortic valve samples,
whereas it is small in adipose tissue and myocardium samples, indicating that fibrous tissues exhibit

electromechanical coupling.
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The strictest definitions of piezoelectricity only include
single inorganic crystals that lack a center of symmetry [1].
When these materials are deformed, charges of opposite
polarity appear on opposite faces of the crystal. However,
the piezoelectric effect is also observed in inorganic
polycrystalline or organic materials [2], and some biologi-
cal tissues [3-7]. In polycrystalline materials, piezoelec-
tricity results from the summation of electric dipole
moments, »_,p;, produced by aggregations of partially
oriented or quasicrystalline regions within the material.

Piezoelectricity in biological tissues was first discovered
in dehydrated femoral cortex [3]. The microscopic unit of
the crystalline structure of bone consists of inorganic
hydroxyapatite (HAP) and collagen molecules. Because
the unit cell of HAP belongs to a centrosymmetric space
group (P6s/m), this inorganic component cannot exhibit
piezoelectricity. In collagen, polypeptide chains form long
rodlike molecules with short-range crystallinity [8]. The
oriented collagen structure makes it responsible for piezo-
electricity in bone.

However, the presence of piezoelectricity is still con-
troversial in soft biological tissues. The piezoelectric
properties of various types of dehydrated biological tissue,
including the Achilles tendon, aortic wall, trachea, and
intestines, have been reported [4—7]. In Ref. [5], the aortic
wall sample was dehydrated under the tension for several
weeks. The piezoelectric response was observed in the
elongated aortic wall. The magnitude of the piezoelectric
coefficient was estimated to be on the order of 1072 to
10~ C/N. In addition to macroscopic piezoelectric
properties measured by tensile testing, piezoelectric prop-
erties at the nanometer scale have been studied using
piezoresponse force microscopy [9-14]. Surprisingly,
aortic walls and their main component, elastin, may also
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be ferroelectric [13,14]. However, Lenz ef al. found that
both piezoelectric and ferroelectric properties are absent
in aortic walls and did not observe a stress-induced charge
[15]. Because the measurement techniques for piezoelec-
tricity in soft biological tissues are limited to tensile
testing or nanometer probe microscopy, an alternative
method is required to verify the electromechanical proper-
ties. In addition, the electromechanical coupling in wet
tissues will be more important biologically and medically
[16]. However, it is usually difficult to evaluate the stress-
induced charge on wet tissues owing to the formation of
electric double layers. High-frequency measurements are
required to avoid the effect of electric double layers or
electrochemical transport [17]. Although piezoelectricity
in wet bone has been investigated by applying MHz
ultrasound modulation [18-21], the piezoelectric proper-
ties of wet soft tissues are still unknown.

In this Letter, we provide experimental evidence that
fibrous soft biological tissues exhibit stress-induced polari-
zation. The principle of our measurement technique is
based on the generation and detection of the acoustically
stimulated electromagnetic (ASEM) response through
electro- or magnetomechanical coupling of materials
[18]. In ferromagnetic materials, magnetization is modu-
lated by ultrasound waves through magnetomechanical
coupling. The first harmonic component of the acoustically
induced magnetization has been detected using a resonant
loop antenna tuned to the ultrasound frequency [22-24].
In this study, we focus on acoustically induced electric
polarization that is detected by using a resonant capacitive
antenna. The advantages of this technique are that (i) bulk
and local electromechanical properties of soft tissues are
obtained by spatial mapping with mesoscopic-scale reso-
lution (~1 mm) and (ii) the stress-induced polarization in
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FIG. 1. (a) Photograph of the experimental setup. (b) Photo-
graph of an aortic wall sample set in a plastic sample holder.
(c) Block diagram of the ASEM measurement system. (d) Sche-
matics of the geometric placement in the sample setting.

wet soft tissues is measured by high-frequency ultrasound
modulation.

Porcine aortic wall (size: 9 x 10 x 2 mm), aortic valve
(size: 10 x 20 x 4 mm), myocardium (size: 7 X 5 x 2 mm),
and abdominal adipose tissue (size: 10 x 10 x 7 mm) sam-
ples are prepared as described in Sec. A of the Supplemental
Material [25]. Bovine Achilles tendon samples (size:
12 x 10 x 6 mm®) are used. These tissues are kept at
—20°C and are thawed and rinsed in deionized water for
about 30 min before performing measurements. The thawed
tissues are set in a plastic sample holder and submerged in a
glass tank of deionized water [Figs. 1(a) and 1(b)].

The block diagram of the experimental setup is shown in
Fig. 1(c). Rectangular 50-ns-wide pulses are applied to a
broadband polyvinylidene fluoride (PVDF) transducer
(peak frequency: 8-10 MHz) using a pulser-receiver
(5077PR, Panametrics-NDT). An appropriate distance
between the sample and transducer (70 mm in this experi-
ment) allows us to separate the pulsed ASEM response
from the EM noise generated by the transducer temporally
[18]. The ASEM signal is detected by a resonant capacitive
antenna tuned to the frequency of the ultrasound waves.
The antenna is a copper plate coupled with a LCR resonator
[Lorentzian-shape spectrum, L(w — @,,T"); central fre-
quency, @y = 8.67 MHz; bandwidth, 2I" = 810 kHz].
Signals picked up by the antenna are amplified by 92 dB
and typically averaged over 3 x 10* pulses at a repetition

frequency of 1 kHz. The focal spot is set to be on the surface
of the samples (radius of the focal spot: Ar = 0.65 mm).
The amplitude of the acoustic stress T, is measured by using
a calibrated broadband PVDF hydrophone. The frequency
spectrum of the pulsed ultrasound wave f(w) is much
broader than the LCR resonator detection spectrum,
L(w — @y, T). The amplitude of acoustic stress T,.(w) at
the resonance frequency is numerically calculated as the
Fourier component T,.(wy) = [ f(w)L(@w — wy.T)dw for
a given excitation pulse voltage V. Ty versus Vg is
linear up to 200 V, and the conversion coefficient from
excitation pulse voltage to acoustic stress is 12.7 Pa/V. All
major measurements are performed by applying a 200 V
excitation pulse corresponding to 7,. = 3.2 kPa. Spatial
images are obtained by moving the sample using an XY
stage. The spatial resolution Ax of the ASEM response
is determined by the time constant in the detection system
that corresponds to the bandwidth of the LCR resonator.
The lateral spread of the focal spot due to propagation is
estimated to be Ax = vAf ~ 1.8 mm, using v = 1500 m/s
and Ar = 1/(2I') = 1.2 pus. Thus, the acoustically excited
area is roughly estimated to be So, = 7(Ar + Ax)? = 1.9 x
107> m? [25]. Ultrasound waves are irradiated perpendicular
to the fiber orientation of the fibrous tissues [Fig. 1(d)] [28].

Figures 2(a) and 2(b) show the time traces of the echo
and ASEM signals for the Achilles tendon sample. The
distance & between the focal spot and the metal antenna is
set as 21 mm for an antenna radius R, of 15 mm
(h/R = 1.4). Because the ASEM response is generated
at half the echo delay time 7.,,/2, the signal observed at
47 ps is identified as the target ASEM response of the
Achilles tendon sample [Fig. 2(b)]. The signal from the
water tank glass plate is also observed around 57 us when
the sample is sufficiently transparent to ultrasound waves.
The secondary signal around 70 us is attributed to the
ASEM response from the tissue induced by ultrasound
waves reflected from the glass plate. A similar ASEM
response is observed for the aortic wall [Fig. 2(c)] and
aortic valve [Fig. 2(d)] samples, whereas the ASEM
response is small in the adipose tissue [Fig. 3(a)] and
myocardium [Fig. 3(b)] samples. These results indicate that
fibrous soft tissues exhibit relatively large electromechani-
cal coupling.

Figures 4 and 5 show spatial images of the echo and
ASEM signals for the Achilles tendon and aortic wall
samples, respectively. The spatial distribution of ASEM
signals does not necessarily correspond to that of the echo
signals. Because biological tissues are complex inhomo-
geneous materials, the signal amplitudes depend on the
measurement positions with a variance of about 50%.
The spatially averaged ASEM signal amplitude and its
variance are estimated to be <Vsig> + 6V, =82 +36
and 113 £55nV for the Achilles tendon and aortic
wall samples, respectively. In the tomographic images
[Fig. 4(d)], the ASEM signal is generated mainly on the
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FIG. 2. Typical time traces of (a) echo signals in the Achilles
tendon and time traces of ASEM signals in (b) the Achilles
tendon, (c) aortic wall (intima side), and (d) aortic valve. The data
are taken for # = 21 mm (/R = 1.4). The insets show photo-
graphs of the samples. The circles in the insets indicate the
positions of the measurements.

surface of the tendon tissue. On the other hand, the aortic
wall consists of the intima, media, and adventitia layers
[29]. Figure 5 shows the imaging results for the aortic wall
sample obtained by irradiating the ultrasound waves from
the adventitia side. Because of the lack of time resolution
(corresponding to depth resolution Ax), the individual
layers of the aortic wall are not clearly identified in the
ASEM tomography [Fig. 5(d)]. The signal amplitude was
almost the same as that measured by ultrasound irradiation
from the intima side.

We show that the ASEM response originates from the
acoustically induced electric polarization in soft biological
tissues. In polycrystalline substances, locally induced polari-
zation can be expressed as Py, = p(t)/V =~ qqyp(1)I/V,
where p(t) is the summation of electric dipole moment
| >, pi| induced in the excited area S, V is the excited
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FIG. 3. Typical time traces of ASEM signals of (a) adipose

tissue (porcine) and (b) myocardium (porcine). The data are taken
for h = 21 mm (h/R = 1.4). The insets show photographs of the
samples. The circles in the insets indicate the positions of the
measurements. We checked the spatial distribution of the ASEM
response by two-dimensional mapping (more than 200 positions)
for individual tissues. The spatially averaged ASEM signal
amplitude of both tissues is estimated to be about 20 nV, which
corresponds to the detection limit in our measurement setup.

volume, S.,/, and [ is the displacement between opposite
effective charges, +-¢q;, (). The of /is on the order of half the
wavelength of the ultrasound waves (I = A/2 ~ 0.1 mm).
When an alternating electric dipole moment along the
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FIG. 4. Imaging of the Achilles tendon sample. (a) Echo lateral
image, (b) ASEM lateral image, (c) echo tomographic image (B
mode), and (d) ASEM tomographic image. The dotted red arrows
in (a) and (b) indicate the position of the tomographic images
shown in (c) and (d), respectively. The dashed yellow curves
show the surface form of the sample. The data are taken for
h =21 mm (h/R = 1.4).
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FIG. 5. Imaging of the aortic wall sample. (a) Echo lateral
image, (b) ASEM lateral image, (c) echo tomography (B mode),
and (d) ASEM tomography. Ultrasound waves are irradiated from
the adventitia side of the aortic wall. The dotted red arrows in (a)
and (b) indicate the position of the tomographic images shown in
(¢) and (d), respectively. The dashed yellow curves show
the surface form of the sample. The data are taken for # = 21 mm
(h/R =14).

xy axis, p(t) = qqiplsinwyt, is locally generated with an
ultrasound frequency of g, a surface charge Q(t) =
Qosinwyt is induced on the planar metal antenna
[Fig. 6(a)]. In this dipole detection model, O, multiplied
by R is expressed as a function of a single variable i/R
by [25]

Qo X R = qqpl[1 + (h/R)*] /2. (1)

The amplitude of the signal voltage V
also expressed as

sig multiplied by R is

Ve X R = VoR[1 4 (h/R)?] /2, (2)

where V|, corresponds to the signal amplitude for 4/R — 0
and V(R is independent of the antenna radius R. The
polarization charge gy, is obtained by

2VoR  2V,R
Zina)()l B ﬂvaczin ’

(3)

9dip =

where Z;, is the input impedance of the preamplifier Z;, =
50 Q and v, is the acoustic velocity of longitudinal waves in
the biological tissues (1700 m/s for tendon [30] and
1590 m/s for aortic wall [31]). The h#/R dependences of
Ve X R for the Achilles tendon and aorta wall are shown in
Fig. 6(b), where the signals are measured by using two
antennas with R = 15 and 30 mm. The signal voltage Vg, is
well scaled by multiplying the antenna radius R, which
strongly supports the model of acoustically induced electric
polarization. The experimental data are fitted to Eq. (2), and
the values of VR are evaluated as 7.66 and 11.3 nV m for the
Achilles tendon and aortic wall, respectively. Accordingly,
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FIG. 6. (a) Schematic of the dipole detection model. (b) Signal
amplitude multiplied by R as a function of 4/R for the Achilles
tendon and aortic wall samples. The solid and dashed lines
represent the best-fit curves based on the dipole detection model
for the Achilles tendon and aortic wall, respectively. (b) Induced
polarization charge ¢, as a function of acoustic force F,. for the
Achilles tendon and aortic wall samples. The data are taken for
h =21 mm (h/R = 1.4).

the induced polarization charges for the Achilles tendon and
aortic wall are estimated to be ¢l = 57 and g = 90 fC,
respectively.

We also investigate the stress dependence of the polari-
zation charge. The piezoelectric response is generally written
as a function of frequency Pjo.(@y) = dioe(®g)Toc(@p),
where d,. is the local piezoelectric coefficient in the
acoustically excited area. Using the acoustic force F,. =
T..Sex the piezoelectric response can be rewritten as
Qaip(@g) = dioc(@o)Fyc(@g). As shown in Fig. 6(c), the
polarization charge gg, exhibits linear behavior in the
measurement range. Thus, dj,. is roughly estimated to be
~1 pC/N forthe Achilles tendon and ~2 pC/N for the aortic

238101-4



PHYSICAL REVIEW LETTERS 123, 238101 (2019)

wall. These values are comparable to the static piezoelectric
coefficient (~1 pC/N) reported for the dehydrated tendon or
aortic wall [4,5,13].

We investigated the stress-induced polarization in soft
biological tissues by detecting the first harmonic compo-
nent of the acoustically induced electric fields. Polarization
was observed in Achilles tendon, aortic wall, and aortic
valve samples, whereas it was small in adipose tissues and
myocardium samples, indicating that fibrous soft tissues
exhibit electromechanical coupling even in wet conditions.
The polarization responded linearly to acoustic stress in
the measurement range. A naive question on the ferroelec-
tricity of aortic walls still remains, but our study settles an
argument on the presence of stress-induced polarization in
the aortic wall. We also demonstrated lateral and tomo-
graphic imaging of stress-induced polarization in soft
biological tissues. This noninvasive imaging technique
could help to explore electromechanical coupling of vari-
ous soft materials, even in living tissues.
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