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Toward Quantitative Whole Organ Thermoacoustics
With a Clinical Array Plus One Very Low-Frequency

Channel Applied to Prostate Cancer Imaging
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Abstract—Thermoacoustics has the potential to provide
quantitative images of intrinsic tissue properties, most notably
electrical conductivity in Siemens/meter, much as shear wave
elastography provides tissue stiffness in kilopascal. Although
thermoacoustic imaging with optical excitation has been com-
mercialized for small animals, it has not yet made the transition
to clinic for whole organ imaging in humans. The purpose of
this work was to develop and validate specifications for a clinical
ultrasound array for quantitative whole organ thermoacoustic
imaging. Imaging a large organ requires exciting thermoacoustic
pulses throughout the volume and broadband detection of those
pulses because tomographic image reconstruction preserves
frequency content. Applying the half-wavelength limit to a
200-µm inclusion inside a 7.5-cm diameter organ requires
measurement sensitivity to frequencies ranging from 4 MHz to
10 kHz, respectively. A dual-transducer system utilizing a P4-1
array connected to a Verasonics V1 system as well as a focused
single-element transducer sensitive to lower frequencies was
developed. Very high-frequency (VHF) irradiation generated
thermoacoustic pulses throughout a 6 × 6 × 5 cm3 volume. In
the VHF regime, electrical conductivity drives thermoacoustic
signal production. Simultaneous acquisition of thermoacoustic
pulses by both transducers enabled comparison of transducer
performance. Data from the clinical array generated a stack of 96
images with a separation of 0.3 mm, whereas the single-element
transducer imaged only in a single plane. In-plane resolution and
quantitative accuracy were quantified at isocenter. The array
provided volumetric imaging capability with superior resolution
whereas the single-element transducer provided superior quanti-
tative accuracy in axial images. Combining axial images from both
transducers preserved resolution of the P4-1 array and improved
image contrast. Neither transducer was sensitive to frequencies
below 50 kHz, resulting in a dc offset and low-frequency shading
over fields of view exceeding 15 mm. Fresh human prostates were
imaged ex vivo and volumetric reconstructions reveal structures
rarely seen in diagnostic images. In conclusion, quantitative
whole-organ thermoacoustic tomography will be feasible by
sparsely interspersing transducer elements sensitive to the low
end of the ultrasonic range.
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I. INTRODUCTION

T HERMOACOUSTICS has the potential to join quantita-
tive imaging techniques such as X-ray CT and shear wave

elastography that provide images representing tissue density
and stiffness, respectively. Thermoacoustic images represent an
induced pressure jump in Pascals from which intrinsic tissue
properties can be inferred. When very high-frequency (VHF)
irradiation is used, thermoacoustic pulse amplitudes are most
closely correlated to electrical conductivity. Thermoacoustic
imaging is an inverse acoustic source problem, in which a
broadband thermoacoustic pulse travels from internal source
to external detector that passively records the thermoacous-
tic pulse in receive-only mode. Challenges to thermoacoustic
imaging over large fields of view are the ability to generate
detectable thermoacoustic pulses throughout large volumes and
adequate receive chain bandwidth. The first challenge can be
overcome by irradiating with VHF [1] or ultra high-frequency
[2] irradiation. In the following, we demonstrate that a clinical
ultrasound array augmented with the addition of one element
sensitive to very low frequencies can overcome the challenge
of receiver bandwidth. Combining data from a clinical array
with 1–4-MHz sensitivity band with lower frequency single-
element transducer measurements preserve resolution of the
P4-1 images and improves quantitative accuracy.

To the best of the authors’ knowledge, the results presented
in the following are novel in two aspects. Precisely because
VHF radiation penetrates deep into soft tissue, electromagnetic
energy loss and thermoacoustic signal generation are weak
compared to photoacoustics. Our lab is the first to use a clin-
ical ultrasound array to detect VHF-induced thermoacoustic
pulses that have traveled through 45 mm or more of soft tis-
sue. Furthermore, this is the first report of quantitative imaging
of VHF-induced thermoacoustic measurements, which required
augmenting the clinical ultrasound receiver with a single-
element transducer sensitive to frequencies below 1 MHz.

Thermoacoustics shares features of ultrasound tomography
techniques, although there are significant differences. Both
have long histories and have generated more results than
can be cited, so only a few early papers are mentioned here.
Ultrasound tomography was introduced in the 1970s [3], [4]
and discussed in a review of diagnostic tomography techniques
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including ultrasound, X-ray, and emission tomography in 1979
[5]. Biomedical thermoacoustic imaging was introduced in
the early 1980s [6]–[8]. Ultrasound pulse-echo and diffraction
tomography require scattering that is generally neglected in
thermoacoustics. Attenuation and time-of-flight ultrasound
tomographic techniques that neglect scattering convert travel
time and decreased pulse amplitude to line integrals of “slow-
ness” and attenuation coefficient. Spherical integrals of the
thermoacoustic source may be inferred from time-of-flight
of thermoacoustic pulses. Reconstruction of a function from
its line integrals is well studied for biomedical application,
and forms the basis of X-ray computerized tomography.
Reconstruction of a function from its spherical integrals is
required for both thermoacoustics and also diffraction tomog-
raphy when the same transducer transmits and receives [9].
When reconstructing a function from its line integrals, care
must be taken when filtering low-frequency components to
avoid low-frequency shading across the image [5]. Accurately
representing low-frequency spherical Radon data are also
critical for thermoacoustic tomography, but require more than
a software fix, as discussed in the following.

A thermoacoustic pulse propagates according to the inho-
mogeneous linear acoustic wave equation, assuming constant
soundspeed νs and zero initial conditions[

∂2

∂t2
− ν2sΔ

]
p(x, t) = S(x) I ′ (t) . (1)

The source S (x) is a power density and I is the dimen-
sionless temporal envelope of a short- and high-power electro-
magnetic irradiation pulse that causes a rapid pressure jump.
In microwave and VHF-induced thermoacoustics, S (x) =

Γσ (x) |E (x)|2, where Γ is the dimensionless Grueneisen,
which is assumed as constant. E (x) is the electric field and
σ (x) is the total conductivity, which includes frequency-
independent ionic conductivity and relaxation effects [10].
Electrical conductivity can be recovered by dividing the initial
pressure jump by Γ|E (x)|2 ∫R1 I (t) dt.

Long wavelengths tend to penetrate deeper and with more
uniformity than short wavelengths, in both electromagnetic and
mechanical regimes. Electromagnetic irradiation at 100 MHz
has 3-m wavelength in vacuum and wavelength exceeding
30 cm in soft tissue. Therefore, a homogeneous electric field
can be assumed over a quarter wavelength, or 75 mm. In
fact, MRI coils surrounding the patient propagate circularly
polarized VHF magnetic fields with parts-per-million homo-
geneity into the adult abdomen. The results presented below
were obtained by irradiating fresh human prostates immersed in
0.2 M glycine solution with an 11-kV/m TE10 incident field,
which more closely approximates plane wave irradiation. As
shown in Appendix I, the applied electric field is reflected
somewhat at the tissue–glycine interface, reducing the E-field
strength to 8 kV/m inside a 5-cm diameter specimen and
6 kV/m inside a 1-cm diameter cylindrical phantom. However,
E-field homogeneity is excellent because the electromagnetic
wavelength is long compared to the dimensions of the prostate.
Homogeneity of the incident E-field is a strength of VHF-
induced thermoacoustics over microwave and optical regimes
in which the E-field [11] and optical fluence vary rapidly.
Because optical fluence decreases rapidly with imaging depth,

a plethora of results have been reported for quantitative photoa-
coustics, as reviewed in [12]. A numerical feasibility study at
8 GHz demonstrated the need for sophisticated electromagnetic
modeling due to the rapid absorption and short wavelength of
the electric field [13]. Quantitative VHF-induced thermoacous-
tic imaging of fresh surgical prostate specimens is presented
below.

VHF-induced thermoacoustics has the potential to quantify
electrical conductivity σ, which may provide value clinically.
For instance, prostatic fluids are primarily produced in the
peripheral zone (PZ) and healthy prostates produce exceedingly
high levels of the anion citrate [14]. To maintain electrochemi-
cal balance, cation concentration elevates in response, resulting
in high overall ionic content [15]. Decreased citrate production
suppresses overall ion concentration, electrical conductivity,
and VHF-induced thermoacoustic signal strength.

Multiple factors impact the bandwidth of measured VHF-
induced thermoacoustic pulses: electromagnetic irradiation
pulsewidth, directivity and frequency response of the ultra-
sonic measurement hardware, and of course, the object itself.
Assuming an omnidirectional passive receiver, thermoacoustic
measurements are represented mathematically as

pmeas(x, t) = (pideal ∗ I ∗ h) (x, t)
where convolution is performed with respect to time. pideal rep-
resents pressures generated by an impulsive excitation in which
I (t) = δ (t) and h is the frequency response of the ultrasound
receive hardware (both transducer and electronics). The irradi-
ation pulse I applies a low-pass filter with essential bandlimit
of the main lobe given by 1/pulsewidth, whereas the receive
hardware applies a bandpass filter. Optical pulsewidths used in
photoacoustics are on the order of 10 ns, whereas microwave
and VHF pulsewidths are typically on the order of a microsec-
ond. Low-pass limits on photoacoustic and VHF-induced ther-
moacoustic pulses are therefore typically on the order of 100
and 1 MHz, respectively. Additionally, spectral content of ther-
moacoustic pulses is negatively correlated with electromagnetic
depth penetration [16], because acoustic attenuation further
reduces high-frequency content of thermoacoustic pulses that
travel several centimeters through soft tissue. Electromagnetic
depth penetration is greater in the VHF regime than in the
near infrared regime used for photoacoustics. For these rea-
sons, power spectra of signals generated during whole organ
thermoacoustic imaging are overwhelmingly low frequency.
Although recovering small inclusions and discontinuities at tis-
sue interfaces requires generating and detecting high-frequency
signal, accurately recovering pixel values of the source term
S(x) requires sensitivity to low-frequency content. Quantitative
thermoacoustic imaging therefore hinges upon the high-pass
limit imposed by the receive chain, rather than low-pass limits.

Section II contains a brief analysis comparing k-space con-
tent of thermoacoustic and transmission tomography images.
Section III presents the methods and materials that are used
to characterize a benchtop thermoacoustic tomography system
and image fresh surgical prostate specimens. Section IV con-
tains reconstructions of the initial pressure jump in Pascals,
and also rescaled to represent electrical conductivity in
Siemens/meter. A discussion in Section V is followed by a brief
conclusion.
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Fig. 1. Modified Shepp–Logan phantom. (a) True image. Yellow circle indi-
cates a transducer that passively records thermoacoustic pulses; yellow squares
indicate pairs of transducers operating in pitch-catch mode for ultrasound
tomography. Filtered images with high-pass limits of (b) 0.1 and (c) 1 MHz.
(d) Profiles along horizontal yellow line in (b) through diffuse mass. (e) Red
box indicates region plotted; and blue box includes diffuse mass.

II. THERMOACOUSTIC VERSUS ULTRASOUND

TRANSMISSION TOMOGRAPHY

To analyze the impact of bandlimitations on thermoacous-
tic images, we note that the frequency, or k-space, content of
the thermoacoustic source is related to frequency content of
measured thermoacoustic pulses, as analyzed in [17]

Fh (f)FI (f)FS (k)

=

(
iCp

kβ

) ∫
y∈Ω

n · [∇Fpmeas (y, f)

+ ikFpmeas (y, f)] e
−ik·ydSy

= FSmeas (k) (2)

where F represents the Fourier transform with Fourier vari-
able, k and k = |k| = f/νs.n is the outward unit normal
to the measurement surface Ω, which surrounds the field of
view. Integration is performed with respect to the variable
y ∈ Ω. Finally, thermal properties of the tissue are specific heat
capacity Cp and expansivity β. Image reconstruction may be
performed by series expansions [18], filtered backprojection
[19], [20], or time reversal, which is efficiently implemented
in k-space [21]. In any case, (2) directly relates bandlimitations
of the reconstructed image Smeas to bandlimitations imposed
by the irradiation pulse I , ultrasound receive chain h, and fre-
quency content of the true image S. pmeas is bandlimited from
above by all three functions h, I , and S. FI achieves its max-
imum at 0 Hz, so Smeas is high-pass limited only by h and
S. In Fig. 1(a), a transducer indicated by a large yellow circle
passively records a time series representing integrals of the ther-
moacoustic source over spheres indicated by thick arcs. Fourier
transforming this time series yields Fpmeas. Equation (2) shows
that each k-space component in FSmeas (k) is a weighted
average of Fpmeas (y, νsk) over transducer locations y on and
near the measurement surface.

Fig. 2. Hardware configuration. (a) View along length of testbed. Single-
element and P4-1 transducers are positioned in the circular and rectangular
ports, respectively. (b) Axial reconstruction plane in reference frame of object.
Nominal region of elevational sensitivity depicted by gray lines for multiple
tomographic views as the transducer rotates about center. (c) Transducer orien-
tation relative to tomographic z-axis and TE x-axis. Each transducer element
corresponds to a tomographic reconstruction slice. The E-field polarization is
parallel to the transducer axis. (d) Schematic with the aerial view of testbed
into which the prostate is suspended. The tomographic z-axis indicated by a
blue “×” is perpendicular to the page.

The classic half-wavelength resolution limit and soundspeed
νs = 1.5 mm/µs imply that a system with an upper bandlimit
of 4 MHz can recover inclusions as small as 190 µm. Applying
the same rule of thumb to recovery of background values of a
75-mm diameter object requires sensitivity to the audible fre-
quency of 10 kHz, which is the very low end of the ultrasound
frequency range.

III. METHODS AND MATERIALS

Data were collected in a benchtop system that is an elec-
tromagnetic waveguide along which 700-ns electromagnetic
pulses propagated to initiate thermoacoustic imaging. The
700-ns pulsewidth essentially bandlimited I to 1.4 MHz, with
first sidelobe covering (1.4, 2.8) MHz. Thermoacoustic emis-
sions were bandlimited similarly. Single element and phased
array ultrasound transducers positioned on either side of the
testbed as in Fig. 2(a) simultaneously detected thermoacous-
tic generated by a specimen suspended in between. Data sets
are analogous to sinograms acquired in step-and-shoot fash-
ion by X-ray computerized tomography scanners, but represent
integrals over spheres rather than straight lines. Although the
specimen rotates in the testbed, the position and elevational
sensitivity of an element in the P4-1 array are depicted in the
frame of the specimen in Fig. 2(b).
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Conventions for coordinate axes of waveguides, tomog-
raphy systems, and transducer arrays require clarification.
Standard transverse electric TEm,n waveguides propagate trav-
eling waves along a horizontal z-axis. TEm,n waveforms have
m and n half-wavelengths along horizontal x and vertical y
directions, respectively. The E-field in a conventional TE10

waveguide is polarized vertically, but our system is rotated
by 90◦, so that the E-field is polarized horizontally. Electric
field strength is zero at the top and bottom of the waveg-
uide, and is maximal at midheight, where the transducers are
positioned. The transducer’s lateral axis is oriented vertically,
as shown in Fig. 2(c). The specimen is suspended below a
stepper motor that rotates and translates the specimen about
a vertical axis, indicated by an “×” in Fig. 2(d). In vivo,
this vertical axis would be parallel to the superior–inferior
(SI) direction along the patient’s spine. In this thermoacoustic
computerized tomography (TCT) system, we follow the con-
vention that the axis of translation and rotation is the vertical
z-axis. In summary, the tomographic z-axis is the x-axis of the
TE10 waveguide and the lateral direction along the transducer
array.

The measurement aperture was cylindrical, similar to that
of third-generation X-ray CT systems. Traditional ultrasound
beamforming sums data from many neighboring transducer
channels and reconstructs an image in the plane defined by the
array. Reconstructing a volume requires additional data.

Therefore, thermoacoustic projections were collected at mul-
tiple tomographic view angles as the specimen rotated 360◦

about the vertical tomographic axis, which was parallel to the
lateral axis of the transducer [Fig. 2(c)]. The single-element
transducer collected one sinogram, while the P4-1 array col-
lected a stack of sinograms.

In an effort toward quantitative reconstruction of the pressure
jump induced by EM irradiation, single-element measurements
were normalized so that image pixel values represent Pascals.
Frequency response of the P4-1 array and Verasonics V1
receive chain, i.e., transducer elements and electronics, have
not been measured. Because sinograms were acquired simul-
taneously, P4-1 results are therefore scaled to have the same
L2-norm as the single element results.

Image reconstruction was performed by filtered backpro-
jection. Volumetric backprojection consists of summing the
results of delay-and-sum beamforming over all view angles. In
this work, 21 neighboring channels were used in beamform-
ing at each of 200 tomographic view angles. Clinical arrays are
focused in the elevational direction and provide high resolu-
tion along the transducer axis with reduced lateral resolution.
High sampling rates correspond to high resolution along the
transducer axis in B-mode imaging and provided good in-plane
resolution.

A schematic of the entire system, with photo of the imag-
ing testbed embedded is shown in Fig. 2(d). Thick solid lines
denote data cables that transmit thermoacoustic pulses, thin
solid lines represent coaxial cables that transmit VHF pulses,
and thick dashed lines represent communication cables. The
VHF amplifier, testbed, and V1 ultrasound system were housed
inside 100-dB Faraday cage (ETS Lindgren).

A. Ultrasound Hardware: Single Element and Multichannel

A 96 channel P4-1 (ATL) ultrasound transducer array was
located directly opposite to a focused videoscan single-element
transducer (Olympus V306) as shown in Fig. 2(a) and (d).
The transducers received thermoacoustic pulses simultane-
ously, and passively recorded sinograms that were 180◦ out of
phase. Although their specified center frequencies of 2.25 and
2.5 MHz were similar, the single element receive chain was
more sensitive to frequencies below 1 MHz than that of the P4-1
array and V1 receive electronics, as discussed in the following.

1) Verasonics Hardware: A Verasonics V1 system and 96-
channel P4-1 array detected thermoacoustic pulses in receive-
only mode. The P4-1 element width is 0.245 mm with a pitch
of 0.295 mm. The array was oriented with axis parallel to the
E-field and rotated laterally to provide nearly 3 cm coverage
along the tomographic z-axis of rotation and translation.

Because thermoacoustic pulses are broadband compared to
ultrasound pulse echoes, the receive-only sampling frequency
was set to 30 MHz, threefold higher than the nominal 10-MHz
rate set by Verasonics for a P4-1 array.

Despite 43.5-dB amplification, 1024 signals were averaged
to reduce noise. To minimize signal loss due to software fil-
tering, preprocessing that is normally performed on pulse echo
ultrasound data before transferring to the host computer was
eliminated.

The P4-1 array was positioned with the transducer face flush
with the vertical testbed wall, exposed to the full strength of
the applied electric field, which exceeded 10 kV/m. Although
the piezoelectric transducer acts as an antenna and is sensi-
tive to the electric field, the Verasonics V1 receive electronics
suppressed electromagnetic interference (EMI). The V1’s input
signal range is 1.6 V peak-to-peak. At higher voltages, the input
diodes conduct and keep the input to the receiver at safe levels.
EMI detected by the P4-1 probe has not damaged these diodes
and receiver recovery time has been less than 3 µs, providing
excellent EMI suppression.

2) Single Element Hardware: Single element sinograms
were collected simultaneously, much as described in [22]. The
2.25-MHz transducer has 1.27-cm diameter and 2.03-cm focal
distance and is specified to have 100% bandwidth around a
center frequency of 2.25 MH, i.e., a sensitivity band of 1.1–
3.4 MHz. Early system characterization, however, quantified
transducer response to be on the order of 1 µV/Pa with surpris-
ingly flat frequency response from 100 kHz to 4 MHz, but with
strong notches near the specified upper and lower bandlimits
[23]. Signals were carried to the penetration panel by a doubly
shielded waterproof cable (Olympus BCU-58-6-DSW). A low-
noise preamplifier (Olympus 5662) amplified by 54 dB. The
512 signals were averaged on the oscilloscope (Tektronix DPO
7104) before recording to disk.

B. Phantoms: Resolution and Contrast

Two different phantoms representing different source terms
S (x) were utilized to characterize the system. An 80-µm
copper wire represented a line source with high-frequency con-
tent in-plane. Thermoacoustic emissions from 1-cm diameter
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Fig. 3. Orientation of E versus horizontal crossbar of in-plane resolution phan-
tom. (a) Photo of the phantom. (b) Horizontal crossbar is parallel to E-field,
which drives current flow. (c) E-field is perpendicular to both horizontal and
vertical sections, so no current is induced.

Fig. 4. In-plane resolution sinograms, pulses, and spectra. Sinograms from
(a) P4-1 and (b) single-element transducers with orientation of the upper cross-
bar indicated. White horizontal lines indicate the projections plotted in (c) that
have spectra plotted in (d). Black lines indicate measurements of the thermoa-
coustic emission from the wire. Gray lines indicate the modeled data that are
time shifted for convenience of display.

contrast phantoms were lower frequency than those from the
wire phantom, but broadband compared to emissions from the
prostate specimens imaged.

1) Resolution Phantom: The in-plane point spread func-
tion (PSF) was quantified at isocenter by imaging a sim-
ple phantom made from 12.5 cm of 80-µm diameter cop-
per wire shown in Fig. 3. One end of the flexible copper
wire was affixed to a 2.5-cm length of stiff 500-µm alu-
minum, which was suspended horizontally in the testbed. The
remaining 10 cm of copper wire hung along the tomographic
z-axis, weighted by glass beads. The vertical copper segment

remained within 500 µm of the z-axis throughout tomographic
data acquisition, well within the elevational sensitivity region
of the P4-1 array.

Polarization effects caused the signal to wax and wane as
the phantom rotated near isocenter, as shown in Fig. 4. The
applied electric field was horizontally polarized, and therefore
no current was induced in the vertical wire. When the horizontal

crossbar rotated into alignment with the electric field, current
was induced along the horizontal wire and carried to the vertical
section of the copper wire, producing a thermoacoustic pulse.

Thermoacoustic emissions from the vertical copper wire
can be modeled analytically, and the resulting thermoacoustic
pulses are closely related to the applied irradiation pulse I (t).
Either D’Alembert’s method of descent or simply solving (1)
when S(x) = δ(x) and integrating the solution along the axis
of the wire yields a formula for thermoacoustic pulses gener-
ated by an infinite wire pw. Working in cylindrical coordinates,
with r =

√
x2 + y2 representing distance to the wire

pw(r, t) =
1

4π

∫
z∈R

I ′
(
t−√

r2 + z2/νs
)

√
r2 + z2

dz = [I*gw] (r, t)

(3)

where gw (r, t) = Re
(

t
2π(t2−r2/ν2

s )
3/2

)
and the convolution is

carried out with respect to time. gw approximates a delta func-
tion and the shape of pw is closely related to the irradiation
pulse I .

Thermoacoustic measurements are additionally bandlimited
by the transducers’ receive sensitivity. Thermoacoustic pulses
indicated by white horizontal lines on the sinograms were mea-
sured simultaneously and are compared to the modeled pulse
pw in Fig. 4(c). Measured and modeled spectra are compared
in Fig. 4(d). Black solid and dashed lines indicate data mea-
sured by the single element and clinical array, respectively,
whereas thick gray lines indicates the modeled pulse. pw was
modeled according to (3) using a measured VHF pulse enve-
lope I as described in Appendix II. In Fig. 4(d), the null at
1.4 MHz in Fpw agrees with nulls in the spectra measured
by both transducers. Although the single-element (V306) trans-
ducer is advertised to have a center frequency of 2.25 MHz, the
single element receive chain detected lower frequencies in the
main lobe of Fpw. The clinical array and V1 receive electron-
ics, however, was more sensitive to the first sidelobe. Neither
accurately detected frequencies below 100 kHz, so a high-pass
filter was applied.

2) Contrast Phantom: Plastic drinking straws of different
radii filled with physiologic saline were used to quantify con-
trast. Each straw was cut to 10-cm length, and a glass bead
was affixed to one end using waterproof sealant. The straw
was then filled with 0.9% physiologic buffered saline solution
and an identical glass bead was affixed to the top end of the
straw. Care was taken to avoid trapping air beneath the top-
most bead. These contrast phantoms were suspended vertically
in the testbed, perpendicular to both E-field polarization and
propagation directions. The largest straw for which the sin-
gle element reconstructions provided good contrast was nearly
circular, with long and short axes of approximately 12 and
11 mm.

C. Prostate Specimens

Twelve fresh prostate specimens were imaged immediately
after surgical resection performed as a part of routine care
for biopsy-confirmed prostate cancer. Informed consent was
obtained from all subjects in accordance with the local insti-
tutional review board. Specimen handling was performed as
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Fig. 5. Corrected and filtered sinograms collected by channel 51 on the
P4-1 array (left) and single-element transducer (right). Single-element sino-
gram shifted by 180◦ for the sake of visual comparison.

described in [22], except that scanning was performed faster,
due to the large number of channels in the P4-1 array which
provided nearly 3 cm coverage along the z-axis. Prostates were
scanned at room temperature within a 90-min time window
rather than in chilled acoustic couplant over a 4-h time window.
Sinograms displayed in Fig. 5 were acquired simultaneously,
but the single-element sinogram has been shifted 180◦ for ease
of comparison. Signal from the back edge of the prostate is
clearly visible in each sinogram, traveling for 30 µs−45 mm
through the thickest aspect of the gland.

D. Data Acquisition

Data acquisition was driven by LabVIEW software. Prior
to acquiring thermoacoustic data, incident and reflected VHF
pulses were acquired to monitor electromagnetic system per-
formance. For each tomographic view, a trigger was sent to
the Verasonics system, initiating acquisition of the next tomo-
graphic view. The Verasonics system then transmitted TTL
triggers to a signal generator (Rohde-Schwarz SML01), ini-
tiating thermoacoustic signal generation and acquisition. The
MATLAB script driving the Verasonics system is straightfor-
ward because the P4-1 array did not transmit, but only received
thermoacoustic pulses. Thermoacoustic signals were weak and
signal averaging was required to reduce noise. A 1024 thermoa-
coustic pulses were generated at a rate of 250 Hz; acquisition
time was approximately 4 s/view. All 1024 pulses were summed
by the V1 system, and single element data were captured
simultaneously. Between views a dual-motion stepper motor
(Haydon-Kerk, DCM-8028) rotated 1.8◦ in 64 microsteps;
positioning time was approximately 2 s/view. Additional time
was required for LabVIEW communication and data storage,
resulting in a 25-min acquisition time for a 200-view sinogram.

E. TCT Image Reconstruction

Image reconstruction was performed offline via filtered back-
projection after data correction. Both P4-1 and single ele-
ment data were bandpass filtered with kernels smoothed over
±50-kHz intervals about the (100 kHz and 4 MHz) band-
pass limits. Reconstruction of the P4-1 measurements was
performed by quasi-volumetric backprojection of data from the
21 neighboring channels. Only two slices of single element data

Fig. 6. In-plane PSFs from channel 49 of (a) array and (b) single-element
transducer.

were collected before and after 20-mm translation. Therefore,
single element data were backprojected in-plane.

To capture the broadest bandwidth possible, raw Verasonics
V1 data were accessed prior to filtering. The most significant
systematic error in raw V1 data is channel-to-channel offset,
which is normally corrected in software using a 21-tap (band-
pass) FIR filter prior to beam forming. Offsets were removed
using calibration data collected immediately after acquiring
image data. The suture by which the specimen is suspended
was cut, and the specimen sank to the bottom of the testbed.
It was well out of range of the transducers (6–8 cm below)
while calibration data were collected. Subtracting calibration
data removed channel-to-channel offsets.

Approximate values for the electric field strength and inte-
gral of the pulse envelope are derived in Appendices I and
II, respectively. Results below assume ∫R1 I(t)dt = 600 ns
and 8 and 6 kV/m for the electric field strength inside
a 5-cm prostate and 1-cm cylindrical contrast phantom,
respectively. Applying the Gruneisen of water Γ = 0.1 to
prostatic tissue yields conductivity-to-Pascals scaling factors
0.1(8 kV/m)2 600 ns = 3.8 Pa/ (Siemens/m) in prostates
and 0.1(6 kV/m)2 600 ns = 2.2 Pa/ (Siemens/m) in saline-
filled straws.

IV. RESULTS

Pixel values in single element images below represent
Pascals and electrical conductivity, based upon direct mea-
surements of single element receive chain sensitivity and the
conversion factors derived in Appendix II. Black numbers
above colorbars indicate Pascals; maximum and minimum elec-
trical conductivities are written near either end of the colorbars
in Figs. 7 and 8.

A. Resolution

Reconstruction of sinograms in Fig. 4 yields oblong, rather
than radial PSFs. The PSFs are visibly sharper in the direc-
tion parallel to the E-field, than in the direction perpendicular
to the E-field. White and black lines in Fig. 6 represent these
directions. Full-width at half-maximum (FWHM) are reported
in Table I.
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TABLE I
FWHMS OF 80-µm WIRE

Fig. 7. Images of 1-cm diameter saline-filled straw from (a) P4-1 data, (b)
single-element data, and (c) averaged.

TABLE II
CONTRAST PHANTOM CONDUCTIVITY

B. Contrast

Images of the largest saline-filled straw for which good con-
trast were obtained by the single-element transducer are shown
in Fig. 7. Mean and standard deviations of electrical conduc-
tivity inside the yellow circles are reported in S/m in Table II.
Pixel values were averaged over 195 points within each yellow
circle. Values for the P4-1 array are effectively zero. Just as the
100-kHz high-pass limit accurately recovered the size of jumps
in the numerical phantom, the difference between average val-
ues inside and just outside the straw in the single element image
yield electrical conductivity of 0.79 Siemens/meter, which is
within 20% of the true value for physiologic saline at 100 MHz
[24], [25].

C. Thermoacoustic Images of Fresh Human Prostates

Axial images of specimen #1 are compared and contrasted to
analyze transducer performance in Figs. 8 and 9. Additionally,
axial as well as reformatted sagittal and coronal reformats from
P4-1 data are presented in Fig. 10 for two additional specimens.
Only two sinograms of single element data were acquired,
at a separation of 2 cm but two overlapping stacks of P4-1
sinograms are acquired. The P4-1 data set therefore yielded a
stack of 162 sinograms and reconstruction slices at z-locations
defined by the P4-1 elements, whereas the single element data
provided only two slices of each prostate. Sinograms that gen-
erated the images in Fig. 8(a)–(c) were acquired during the
first rotation, and are reconstructed at the z-position defined
by the single-element detector and middle channels of the P4-1

Fig. 8. Reconstructions from (a) P4-1 and (b) single-element measurements.
(c) Average of the images in (a) and (b). (d) k-space comparison of the images
in (a) and (b), displayed on the same log scale.

Fig. 9. Specimen #1. Visualization of the volumetric reconstruction from
P4-1 data displaying a coronal slice and the anterior portion of the axial slice in
Fig. 8(a). (a) Compressed urethra indicated by yellow arrows descends toward
the apex. (b) Seminal vesicles indicated by yellow arrows.

array. Volumetric visualization and reformatting in Fig. 10 were
performed using 3-D Slicer [26].

Both images in Fig. 8(a) and (b) are bandpassed represen-
tations of the induced pressure jump, which is nonnegative.
However, high-pass filtering imposed by h, the frequency
response of receive transducer and electronics, results in aphys-
ical negative reconstruction values throughout much of the
specimen. Averaging the images much as was done in [27] and
[28] increases bandwidth and reduces the fraction of negative
pixel values inside the prostate as seen in Fig. 8(c), to create
an image with increased bandwidth. All reconstructed images
are real valued, with Hermitian symmetric Fourier transforms.
To compare frequency content of the individual images in
Fig. 8(a) and (b), left and right halves of k-space are compared
in Fig. 8(d).

In each image, three regions of interest (ROIs) are selected
corresponding to regions of signal dropout (#1), enhancement
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Fig. 10. Specimens #2 and #3. Reformatted images from clinical array data.
Images of specimen #2 in (a)–(c) reveal ductal structure. Specimen #3 (d)–
(f) had engorged vesicles, indicated by yellow arrows in (d).

TABLE III
CONDUCTIVITY IN PROSTATE

TABLE IV
SNR IN PROSTATE

(#2), and background (#3). Estimates of electrical conductivity
inside each ROI are presented in Table III; SNR for ROIs #1
and #2 is reported in Table IV.

Although SNR of the single element image is greater mag-
nitude than in the P4-1 image, the single element image in
Fig. 8(b) has insufficient resolution to capture the wedge-
shaped verumontanum that is clearly displayed in the P4-1
image in Fig. 8(a). Additionally, both images in Fig. 8(a) and
(b) contain large regions of aphysical negative values. The com-
bined image preserves the resolution of the P4-1 image and
regions of aphysical negative reconstruction values are reduced
in the combined image.

The P4-1 image displayed in Fig. 8(a) provides context for
coronal cuts through the volume in Fig. 9(a) and (b), which
were reconstructed from P4-1 data alone, because the single-
element transducer captured only two slices. The compressed
urethra is visualized by black streaks descending toward the
apex of the prostate. Dark spots visible on either side, near the
base of the prostate, represent portions of the seminal vesicles.

Fig. 10 contains reformatted images of additional specimens
reconstructed from data collected with the clinical array alone.

V. DISCUSSION

Volumetric reconstructions in Figs. 9 and 10 are encour-
aging because they were acquired by a clinical array and
visualize structures that are not commonly seen in current
diagnostic images. Fig. 10 demonstrates the feasibility of per-
forming VHF-induced thermoacoustic imaging with clinical
arrays, but Fig. 8 demonstrates the need to incorporate a few
low-frequency elements onto the form factor of a clinical array
in order to image quantitatively. All images were reconstructed
from signal containing zero energy below 50 kHz, which cor-
responds to the low energy circle of radius 0.033 1/mm in the
middle of k-space in Fig. 8(d). Fifty kilohertz also corresponds
to a half-wavelength of 15 mm, and reasonably uniform contrast
was obtained by the single-element transducer in a homoge-
neous phantom of 1-cm cross section, but aphysical negative
image values were obtained in larger phantoms and midg-
lands of prostate specimens, which have diameter exceeding
3 cm. Therefore, jumps at the prostate–glycine interface in sin-
gle element images accurately reflect induced pressure within
approximately 1 cm of the prostate–glycine boundary, just as
the 100-kHz high-pass limit led to visualization of the diffuse
lesion despite inaccurate recovery of background tissue values
in Fig. 1(b). The system is designed to recover diffuse lesions
of 1-cm diameter, but cannot expect to detect gradual changes
in electrical conductivity over larger regions. Truly quantita-
tive whole organ imaging will require incorporating elements
with sensitivity to frequencies in the audible regime, below
20 kHz.

Applying an electric field that is polarized only in the
y-direction and qualitatively normalizing P4-1 data to have
the same L2-norm as single element data are weaknesses of
this study. The 11-kV/m incident field failed to fully pene-
trate into the contrast phantom, resulting in an internal field of
less than 6 kV/m. Applying a field with variable polarization
will be critical in vivo. Even after accounting for diminished
E-field penetration, reconstructions of the saline-filled plastic
drinking straws have jumps of less than 0.8 S/m at the straw
boundary. This underestimates the 1 S/m measured electrical
conductivity of physiologic saline at 100 MHz [25]. However,
low-permittivity plastic straws are not as well matched to
glycine solution as prostatic tissue. Images of prostate speci-
mens routinely have jumps of 10–15 Pa at the prostate–glycine
interface, indicating electrical conductivity of 2–4 S/m in the
periphery of the prostate, which is consistent with the ele-
vated electrical conductivity of prostatic fluid. If the frequency
response of the P4-1 + Verasonics receive electronics were
known, frequency content of the combined image could be
optimized in software [29].

In vivo imaging will require optimization of electromagnetic
hardware to improve bandwidth and minimize polarization
effects. Resolution of the P4-1 images is higher than that of the
single element images, and is limited by the applied EM irra-
diation pulse I . The 4-MHz bandpass limit applied by the P4-1
array implies an optimal 190-µm resolution, but the PSF from
the P4-1 has a best-case FWHM of 250 µm, corresponding to
the 2.8-MHz null of the first sidelobe of the irradiation PSD.
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Although the 2.8-MHz null is not clearly visible in the k-space
image in Fig. 9 (right), the 1.4-MHz null between main and first
sidelobe appears as a dark ring with radius 0.9mm−1.

The limited measurement aperture available for in vivo
imaging may present the greatest challenge to VHF-induced
thermoacoustic imaging of the prostate. Biplane transrectal
ultrasound (TRUS) probes provide several 5–6 cm of linear
coverage, whereas end-fire TRUS probes have radius of cur-
vature less than 1 cm, and therefore provide less than 2 cm
coverage in any orientation, but can be rotated to provide a
hemispherical measurement aperture. Methods to increase the
effective measurement aperture by utilizing multiple scattering
are well studied for both electromagnetics (radar) and acoustics
(sonar and ultrasound). Utilizing strong reflectors to syntheti-
cally increase the measurement aperture has also been applied
to thermoacoustics [30]–[34].

VI. CONCLUSION

This work demonstrates feasibility of whole-organ VHF-
induced thermoacoustic imaging using clinical arrays.
Quantitative thermoacoustic imaging will be possible using a
calibrated receive chain that includes some transducer elements
sensitive to frequencies at the high end of the audible range.

APPENDIX I
EM MODELING

Electromagnetic scattering due to spherical and cylindrical
objects is easily modeled with harmonic expansions. To model
the situation in our testbed, we revert to the standard EM coor-
dinate system and follow the treatment in [35]. A 11-kV/m
incident E-field is polarized in the x-direction and propagates
along the z-axis; the Ex component is considered below. A
5-cm diameter sphere representing a prostate and 1-cm diam-
eter cylinder of physiologic saline are immersed in deionized
water mixed with 15-g/L glycine powder. The dielectric prop-
erties of glycine solutions have been studied in the VHF regime,
but properties of prostatic tissue have not been reported. A rela-
tive permittivity of 0.2 M glycine solution at room temperature
has been reported ranging from 78− 10j [36] to 90.35− 0.1j
[37], with negligible conductivity due to ionic content. We
model the spectrum of prostatic tissue using the relative per-
mittivity of heart muscle but the electrical conductivity of blood
and plasma. A four term Cole–Cole model for heart tissue has a
relative permittivity at 100 MHz of εheart = 91− 132 j with
conductivity due to ionic content of only σheart = 0.1 S/m
[38]. Overall ionic content of prostatic fluid produced by dis-
eased glands is at least that of blood and plasma, but resides
primarily in the posterior PZ. Therefore, we assume average
conductivity due to ionic content of σi = 0.7 S/m, resulting in
an overall permittivity for the prostate of

εprostate = εheart − j
σi

2πfεo
= ε′r + j

σtot

2πfεo
= 91− 249j.

Total conductivity σtot accounts for loss due to relaxation
effects as well as ionic content, which contribute nearly equally

to power loss in this model. In other words, total conductiv-
ity, σtot = 1.39 S/m,is approximately twice that due to ionic
content alone.

Results below assume εgly = 78− 10 j, which is poorly
matched to εprostate, so the results represent a conservative esti-
mate of E-field strength and homogeneity. Although the real
components of relative permittivity are similar (78 versus 91),
the difference in the imaginary components (10 versus 249)
results in higher electromagnetic energy loss within the prostate
than the glycine solution and causes significant reflection at
the glycine–prostate boundary. In Fig. 11(a), profiles along the
x- and y-axis through the center of the sphere reveal excellent
field homogeneity inside the sphere. A linear gradient along the
z-axis is due to attenuation as the wave propagates. Ex is shown
in the xz plane in Fig. 11(b), with the rotation of the specimen
indicated by yellow arrows. Inhomogeneity along the z-axis is
averaged over the course of a 360◦ rotation. Ex in the yz and xy
planes is shown in Fig. 11(c) and (d), respectively. Evaluating
Ex at points on a spherical lattice inside the 5-cm diameter
sphere yields a mean µ = 7.9 kV/m and standard deviation of
only σ = 30 V/m.

We therefore assume uniform electric field strength inside
the specimen, despite strong field inhomogeneity just outside
of the prostate near the x-axis. Additionally, Ex is lower inside
the specimen than in the surrounding glycine solution.

Physiologic saline is designed to mimic the ionic content of
blood and plasma and its dielectric properties are well known.
Stogryn’s model yields εPBS = 75.2− 272j at 100 MHz [24],
which agrees with more recent measurements [25]. The side-
walls of the plastic straws used to generate data in Table II
and Fig. 7 were less than 200 µm thick, and were neglected
in our numerical models. A 1-cm diameter cylinder with com-
plex permittivity of physiologic saline oriented perpendicular
to both propagation and polarization directions experiences a
weaker internal E-field than the sphere with dielectric prop-
erties of prostatic tissue. Modeling in the cylindrical straw
phantom was performed using software [39] that follows the
conventions in [35]. Ex is plotted along both polarization and
propagation directions in Fig. 11(e). The electric field is homo-
geneous inside the straw, but is weaker than inside the prostate,
averaging only 5.9 kV/m.

APPENDIX II
EM MEASUREMENTS AND PASCALS-TO-CONDUCTIVITY

SCALING

Electromagnetic design and validation of a larger testbed for
imaging porcine kidneys can be found in [40]. A brief summary
of electromagnetic aspects that bandlimit thermoacoustic pulses
and impact the relationship between induced pressure in Pascals
and electrical conductivity in Siemens per meter follows.

About–10-dBm pulses with a carrier frequency of 108 MHz
and 700-ns pulsewidth were transmitted through a penetration
panel to a custom pulsed amplifier (QEI VHF50KP), which
amplified them to 20-kW peak power and 15-kV/m electric
field strength. A 50− Ω rigid copper coaxial line transmits
these high-power pulses to the imaging testbed. Incident and
reflected power are monitored at both input and output ports of
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Fig. 11. Harmonic expansions of Ex. Colorbars represent kV/m. (a)–(d) Pertain
to a 5-cm sphere. (e) Pertains to a 1-cm diameter cylinder. (a) Profiles of Ex
inside sphere. (b)–(d) Ex in the (b) xz plane of rotation, (c) yz plane, and (d) xy
plane. (e) Profiles of Ex inside cylinder.

Fig. 12. (a) Voltage of incident EM pulse (thin) and square root of the pulse
envelope I (thick). (b) PSD of incident pulses of width 700 and 10 ns.

the testbed using 50− Ω directional coupler line sections out-
fitted with 50-dB attenuating slugs (Bird, 4715, and 4274) to
measure voltage. An incident pulse plotted in Fig. 12(a) can be
modeled by

V (t) = Vmaxsin (ωot)
√
I (t)

where ωo is the carrier frequency of 108 MHz. Instantaneous
power at the coaxial testbed port is given by P (t) = V 2 (t) /Ω.
Averaging over a cycle (approximately 10 ns) yields

P (t) =
(
V 2

max/2Ω
)
I (t)

where the dimensionless pulse envelope I is nonnega-
tive and achieves a maximum value of one. The pulse
shown in Fig. 12(a) had Vmax = 1.42 kV, and ∫R1 I (t) dt =
607 ns. Therefore, 12.3 mJ =

∫
P (t) dt propagated toward the

testbed. Reflected power was approximately 10%, so 11 mJ
propagated along the waveguide toward the specimen.

The Fourier transform of P (t) is referred to as the power
spectral density (PSD) and is essentially bandlimited to
1.4 MHz (= 1/700 ns). A normalized PSD of a 10-ns optical
pulse is flat over the frequency range of diagnostic ultrasound
transducers, shown by the dashed line in Fig. 12(b).
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