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Microwave-induced thermoacoustic imaging (TAI) is a noninvasive modality based on the dif-
ferences in microwave absorption of various biological tissues. TAI has been extensively resear-
ched in recent years, and several studies have revealed that TAI possesses advantages such as
high resolution, high contrast, high imaging depth and fast imaging speed. In this paper, we
reviewed the development of the TAI technique, its excitation source, data acquisition system
and biomedical applications. It is believed that TAI has great potential applications in biomedical
research and clinical study.
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1. Introduction

Medical imaging is a necessary tool in medical

practice. Among them, X-ray imaging including CT

is the clinical gold standard technique to detect

abnormal structure. Nonetheless, the ionizing radi-

ation damage limits its applications. Other imaging

techniques (such as magnetic resonance imaging

and ultrasound imaging) su®er from low speci¯city

or low contrast in images and are only sensitive for

selected populations. Optical imaging has high res-

olution and high contrast, but it su®ers from low

imaging depth. Therefore, it is urgent to develop a
new technique that can surmount these di±culties.

As an emerging medical imaging method,
microwave-induced thermoacoustic imaging (TAI),
which combines the advantages of both high imag-
ing contrast from electromagnetic absorption and
high resolution of ultrasound imaging, can achieve
submillimeter resolution at decimeter depth. Kruger
et al.1–3 and Wang et al.4–27 open up this ¯eld
almost at the same time. With the publication of
above reports, more and more researchers are aware
of the advantages of TAI and put their e®orts into
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improving TAI system. Nowadays, the main TAI
groups in this ¯eld are Patch et al.,28–33 Ntzia-
christos et al.,34–37 Jiang et al.,38–43 Xin et al.,44–49

Arbabian et al.,50,51 Zheng et al.,52–54 Xing
et al.80–98 and others.55–79 Under the e®orts of these
researchers, the excitation source, data acquisition
system and image algorithm have been improved
greatly, and it can be revealed that TAI is e±cient
in detecting the area with anomalous microwave
absorption in biological tissue, particularly for
breast cancer. This paper will review and discuss the
TAI system brie°y and focus on the introduction of
excitation source, data acquisition system and bio-
medical applications.

2. The Principle

When a microwave pulse irradiates to biological
tissue, a small temperature rise can be produced,
and the heated tissue will expand and shrink into an
acoustic source. When microwave energy delivered
in a pulse is short enough so that thermal di®usion
can be ignored during the pulse, the resulting
thermoacoustic pressure P ðr; tÞ that reaches a de-
tector at position r and time t can be expressed as
the following equation1–3:

P ðr; tÞ � �I0C0

4�Cp

�
d

dt

Z
�
Z

jr�r 0j¼C0t

Aðr 0Þ dr
0

C0t
; ð1Þ

where � is the isobaric volume expansion coe±cient,
I0 a factor proportional to the incident optical en-
ergy density, C0 the speed of ultrasound, Cp the
speci¯c heat, � the microwave pulse width and Aðr 0Þ
the absorbed energy density per unit volume of soft
tissue at position r 0 at time t. The induced ther-
moacoustic wave propagates from its originating
region and can be detected by an ultrasonic detec-
tor. The strength and the pro¯le of a thermo-
acoustic signal depend on the microwave absorption
of the tissue.

Although sharing the similar principle with the
photoacoustic imaging (PAI), TAI may have
broader applications in medical imaging. The e®ect
of microwave on biological tissue is mainly re°ected
in the electric ¯eld, and electrical ¯eld at the depth z
can be expressed as:

E ¼ E0 expð��zÞ; ð2Þ
where E is the electrical ¯eld at depth z, E0 the
electrical ¯eld at the sample surface and � the

electric ¯eld absorption coe±cient expressed as:

� ¼ !

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�"

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ �

!"

� �
2

r
� 1

� �s
; ð3Þ

where ! is the angular frequency, � the permeabil-
ity, " the permittivity and � the conductivity. The
induced acoustic pressure is expected to depend on
the intensity of microwave and the dielectric con-
stant of the material. In the frequency range from
0.1 to 10GHz, the relative dielectric constant has a
value of 5–70 for soft tissues, and the conductivity
has a value of 0.02–3 S/m. The dielectric properties
of tissue determine the absorption of microwave at
various frequencies. For example, at 9.4GHz, the
penetration depth, which is the inverse of the ab-
sorption coe±cient, is 3.4 and 0.35 cm for fat and
muscle; whereas at 500MHz, the penetration depths
for fat and muscle are 23.5 and 3.4 cm. Most of the
other soft tissues have an absorption coe±cient
between muscle and fat. Moreover, as long as
microwave energy reaches the target, the thermo-
acoustic e®ect will be generated. Therefore, TAI
may potentially be used to detect the deep object
with anomalous microwave absorption.

3. The Excitation Source

TAI and PAI technology are based on the thermo-
elastic e®ect, and the main di®erence is the excita-
tion source. TAI uses microwave as the excitation
source, and PAI uses laser. Because of high pene-
tration depth of microwave, TAI obtains a good
imaging depth, generally at 6–15 cm. However, the
microwave beam is hard to focus due to di®raction,
so that the existing excitation sources have high-
power outputs, mainly divided into three types,
namely, magnetron modulation mode, high-voltage
discharged mode and modulated continuous mode.

3.1. Magnetron modulation mode

Microwave generator in magnetron modulation
mode is usually composed of electron emitter, power
supply, magnetron and waveguide, as shown in
Fig. 1. The electrons from electron emitter can be
accelerated and generate stable electronic oscilla-
tion in magnetron. Then the electronic oscillation
can be transferred to microwave in the waveguide.
At the end of waveguide, microwave transforms
from waveguide pattern to radiation pattern due to
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di®raction. As oscillation in magnetron is stable and
the waveguide has a frequency-selective e®ect, mi-
crowave in this situation has a single frequency and
be suitable for mapping absorption coe±cient. At
the meantime, sample under test is usually placed at
the end of the waveguide, where energy is relatively
concentrated, so that a better signal-to-noise ratio
(SNR) can be obtained. Therefore, most researchers
including Wang et al., Jiang et al., Xin et al., Patch
et al., Ntziachristos et al. and Xing et al. adopted
waveguide mode. Details can be seen in Table 1.
Figure 2(a) shows a typical microwave generator
working in the waveguide mode and Fig. 2(b)
depicts several pulse widths of this microwave
generator.

However, those microwave generators have two
weaknesses. One is that the main frequency cannot
change due to the ¯xed operating frequency of
magnetron and waveguide, i.e., against selective
excitation. The other is that the pulse width is
di±cult to narrow due to manufacturing technology
of magnetron, and the minimum is commonly

0.2–0.3�s, which limits imaging resolution to about
0.5mm.

3.2. High-voltage discharged mode

In order to get a narrower pulse width and to
improve imaging resolution, microwave in high-
voltage discharged mode has been adopted. As is
shown in Fig. 3, the microwave generator is usually
composed of oscillation circuit, boosting trans-
former, high-speed switch and antenna. Similar to
the magnetron, the electrons can form electrical
pulses in the oscillation circuit and then boost to
high voltage by transformer. Finally, the high-
voltage pulse propagates through the antenna into
unbounded medium, namely, microwave. The pulse
width of microwave can reach a few nanoseconds
depending on the speed of the switch, so that the
resolution can realize about dozens of microns'
range. Ntziachristos et al. and Xing et al. adopted
microwave in this mode, and the details can be seen
in Table 1.

Especially, the ultrashort microwave pulse
(USMP) by Xing et al. successfully demonstrated a
means of overcoming the conversion e±ciency and
resolution limited by the exciting pulse duration.
The setup developed for experimental validation is
schematically shown in Fig. 4(a). The core of the
system is a USMP generator that is based on high-
voltage-pulsed power technology. The USMP gen-
erator makes use of a charging circuit and Tesla

Table 1. Comparison of microwave sources by research groups.

Research group Pulsed width Main frequency Producing mode Peak power

R. A. Kruger 0.5�s/1.0ms1–3 434MHz HD 25KW
V. Ntziachristos 10 ns34 �100MHz HD �70MW

10/15/45 ns36 �400MHz HD 2.5/3.3/5.8MW
D. Xing 10 ns88–91 434MHz HD 4–40MW

0.5�s79–82 1.2GHz MM 300KW
0.3–1.1�s83–87 6GHz MM 350KW

L. V. Wang 0.6–2.2�14 9.4GHz MM 10KW
0.5�5,7,8 3GHz MM 2KW
0.5�6 9GHz MM 25/10KW

H. Jiang 0.75�s39–41 3GHz MM 70–100KW
H. Xin 400 ns44 2.7–3.1GHz MC 5.2KW

0.5–1.5�s45–49 3/1.4/2.5GHz MM 4/10/-KW
A. Arbabian NA 2/2.1GHz50,61 MC 120W
S. K. Patch 700 ns31,32 108MHz MM 20KW
Y. Zheng NA 2.7/2 9/3.1GHz52–54 MC NA

Note: HD: High-voltage discharged mode; MM: Magnetron modulation mode;
MC: Modulated continuous mode; NA: Not available.

Fig. 1. Schematic diagram of magnetron modulation mode.
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transformer to produce high-voltage pulses and
then discharge to the antenna for radiating micro-
wave. The USMP generator has features of short
pulse width, high peak power, simple structure
and easy miniaturization. The pulse duration is

measured to be 10 ns with 800 ps rise time, and the
peak output power is tunable from 2 to 40MW,
which satis¯es the need of TAI.

To investigate the spatial resolution of the
USMP-induced TAI, the cross-sections of two

Fig. 3. Schematic diagram of high-voltage discharged mode.

(a) (b)

Fig. 2. (a) A typical microwave generator working in the waveguide mode.92 (b) Several pulse widths of this microwave
generator.86

(a)

Fig. 4. (a) Schematic diagram of the experimental setup of USMP TAI. (b) The comparison of microwave pulses of the USMP and
the microsecond-level TAI. (c) The microwave pulse of the USMP.88
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copper wires were imaged, as shown in Fig. 5. In the
reconstruction image in Fig. 5(a), the two wires can
be clearly detected. Figure 5(b) plots the normal-
ized intensity pro¯le of the cross-section image, and

the spatial resolution is determined to be 105�m
according to the Rayleigh criterion. More impor-
tantly, the TA conversion e±ciency was compared
with short- and long-pulse (microsecond-level)

(b) (c)

Fig. 4. (Continued)

(a) (b)

(c) (d)

Fig. 5. Spatial resolution of the USMP TAI system. (a) TAI of two copper wires (0.13mm in diameter). The inset ¯gure at the
bottom-right corner shows the diameter of the wire. (b) Line pro¯le of the reconstructed image shown in (a) with y ¼ 1:84mm.
(c) The simulated peak-to-peak amplitude of TAI signal of the USMP and the microsecond-level TAI. (d) The experimental results
of TAI signal amplitude.88
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excitation. Figure 5(c) gives the simulation results
of the amplitude of the TAI signal, which was ex-
cited by various microwave pulse durations with
identical pulse energy. Also, the experimental
results in Fig. 5(d) show the amplitude of the TAI
signal obtained by using a 10 ns microwave, which is
86-fold greater than that generated by a microwave
pulse with duration of 450 ns. Therefore, it is
expected that the enhancement of TA excitation
e±ciency should be about two orders of magnitudes.

However, some disadvantages still exist. One is
that the frequency of the microwave limits to low
frequency (100–900MHz) and wide bandwidth
(� 100MHz). At low frequency, microwave ab-
sorption coe±cient is relatively small, which may be
bene¯cial to imaging depth, but result in low SNR.
Meanwhile, due to poor directivity of antenna, the
energy scatters in whole space, resulting in a lower
SNR, limiting its biomedical application.

3.3. Modulated continuous mode

The above two TAI modes adopt pulsed microwave,
and the main frequency and pulse width are di±cult

to change. Using modulated continuous microwave
can solve the problem. As is shown in Fig. 6, the
microwave generator is usually composed of signal
source, modulator, power ampli¯er (PA) and an-
tenna. The signal source can generate a low-power
signal with variable frequency, and then the signal
is modulated to pulsed mode by modulator. After
PA, the high-power pulse transforms into un-
bounded medium propagation by antenna. Because
the frequency is changed by signal source and
modulator, the main frequency and pulse width are
continuously adjustable. Therefore, this scheme has
a wide range of applications, especially in material
properties testing. However, the power of that mi-
crowave is restricted by PA, and its long-imaging
time limits clinical application.

Zheng et al. used modulated continuous micro-
wave to observe both TA and thermoacoustic res-
onance (TAR) e®ect, as shown in Fig. 7(a). A
microwave generator (SMBV100A, Rohde &
Schwarz) generates single and multi-pulse micro-
wave source for the observation of TA and
TAR e®ects, respectively. The microwave source
is ampli¯ed up to 100W with a microwave PA

Fig. 6. Schematic diagram of modulated continuous mode.

(a) (b)

Fig. 7. (a) Schematic diagram of the experimental setup for the observation of both TA and TAR e®ect induced by single-pulse
and multi-pulse microwave source. (b) The schematic of the experiment setup. The AWG sends out the stepped-frequency envelope
signal that modulates the microwave carrier.55
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(ZHL-100W-GANþ, Mini-Circuits). Considering
the tissue absorption characteristics with respect to
microwave frequencies, 440MHz was chosen as the
carrier frequency. The pulsed microwave signal is
then fed into a custom-designed helical antenna
operating at 440MHz. By this system, they suc-
cessfully generate detectable TAI signal.

Also, Arbabian used a stepped-frequency
continuous-wave microwave for TAI, as shown in
Fig. 7(b). The arbitrary wave generator (AWG)
generates the low-frequency stepped-frequency en-
velope signal that then modulates a 2.1GHz carrier.
A gallium nitride PA is designed to bring the peak
power up to 120W (for pulse operation). Unlike
other solutions that employ KW sources, the solu-
tion has a signi¯cantly lower peak power and is
implemented completely with solid-state electron-
ics. The pulse width is 1�s and the microwave fre-
quency is at 2.1GHz. In the experiments, a planar
immersion piezoelectric transducer with a central
frequency of 0.5MHz is used for detection. A low
noise ampli¯er is employed for conditioning. After a
low pass ¯lter, the signal is averaged (typically 1000
times) and sampled by an oscilloscope. A linear
stage setup is used to perform a B-Scan to construct
the image of the sample.

4. Data Acquisition System

The equipment of ultrasound imaging technology,
such as ultrasonic transducer, can be used in the
detection of TAI signals, so that TAI has the similar
resolution of ultrasound imaging. At present, the

ultrasonic transducers are made of piezoelectric
crystal materials, polyvinylidene °uoride (PVDF)
¯lm and piezoelectric ceramic. Piezoelectric crystal
materials can provide simple, accurate and high
sensitivity of the signal detection. PVDF thin ¯lm
material has the advantages of low acoustic im-
pedance and frequency bandwidth, but its sensi-
tivity is relatively low. Piezoelectric ceramic
material has high sensitivity, but the bandwidth is
narrow. The common acoustic detectors are divided
into single-element and multi-element detectors,
according to the number of elements. In accordance
with the di®erent detectors, the detection system is
generally divided into single-element and multi-
element detection systems, as shown in Table 2.

4.1. Scanning mode

The circular-scanning (CS) and linear-scanning
(LS) modes are usually used in traditional TAI
systems, as shown in Fig. 8. The CS mode was
employed in most of the research on TAI techni-
ques, which requires a single-element transducer
rotating around the sample in circular fashion to
acquire complete information of the target. A typ-
ical work °ow of the single-element TAI system is
shown in Fig. 9. The tissue absorbs microwave en-
ergy and then generates TA signals, and the single-
element detector is placed at a distance from the
center of the sample to receive the TAI signal. The
received signal is ampli¯ed to the oscilloscope
(which can also be replaced by a data acquisition
card). In the oscilloscope, the TA signal is averaged

(a) (b)

Fig. 8. Schematic diagram of LS (a) and CS (b).
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multiple times, and then it is sent into the computer
through the general interface bus. After the signal
data transmission completes, the computer com-
mands the stepper motor to drive the detector to
rotate-scanning. When the detector rotates to the
next position, the computer controls the acquisition
system to scan signal for the next round until the
360� omnidirectional scanning is completed. In ad-
dition, a 2-D image can be reconstructed by using
the ¯ltered back-projection algorithm (or other al-
gorithm), which can re°ect microwave absorption

distribution of the biological tissue. Therefore, the
single-element detector can acquire 2-D images by
collecting signals using multi-position scanning
(typically requiring dozens to hundreds of positions).
Almost all groups above adopted single-element
data acquisition system (DAS) at the beginning of
the study, and details can be seen in Table 2.

Although this imaging mode can well re°ect the
electromagnetic wave absorption distribution of
biological tissue, its experimental device and the
source of the error are complex, and the data

Fig. 9. Schematic diagram of single-element TAI system.8

Table 2. Comparison of DAS by research groups.

Research group Type Shape Array element Center frequency Resolution

R. A. Kruger Multi-element1–3 NA 64 1.0MHz �1mm
V. Ntziachristos Single-element34 NA 1 7.5MHz 170�m

Single-element36 NA 1 3.5/15MHz 45�m
D. Xing Single-element82–85 NA 1 2.5/3.5MHz 0.5mm

Linear97 128 2.5MHz 2.2mm
Multi-element Full ring91 384 10MHz NA

Flexible94 64 7.5MHz NA
L. V. Wang Single-element4,7,8 NA 1 1/3.5MHz 1.5mm

Multi-element5,6 Linear 30 2.25MHz 1.9–2.5mm
H. Jiang Single-element39–41 NA 1 2.25MHz 500�m
H. Xin Single-element44 NA 1 1MHz 500�m

Multi-element45–49 Linear 128 2.25MHz mm order
A. Arbabian Single-element50,51 NA NA 0.5MHz NA
S. K Patch Single-element31 NA 1 2.25MHz NA

Multi-element32,33 Linear 96 1–4MHz 250�m
Y. Zheng Single-element52–64 NA 1 NA NA

Notes: NA: Note available; DAS: Data acquisition system.
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acquisition time is long (typically 10–30min), and
the computational complexity of the reconstructed
image takes a long time. Therefore, the develop-
ment of multi-element detection systems is needed.

4.2. Multi-element data acquisition

As shown in Fig. 10(a), the process of multi-
element data acquisition used by Xing et al. is
depicted. In the imaging process, when the micro-
wave pulses illuminate the object, the TA signals
are detected by the 384 detectors simultaneously,
and each group of 64 element signals passes through
the switching system in sequence and is acquired by
two 32-element data acquisition cards (NI5752, NI
Inc., USA) at a sampling rate of 50MHz. After
switching six times, all 384 signals are acquired.

Finally, the 384-element signals are used to recon-
struct a 2-D image via a ¯ltered back-projection
algorithm. Figures 10(b)–10(d) show images of the
system. By the multi-element data acquisition sys-
tem, the data acquisition time can reduce from
dozens of minutes to 0.06 s, realizing real-time im-
aging. Figure 11 shows several typical multi-
element detectors. Figure 11(a) is a commercial
128-element linear array transducer (SIUI Inc.,
L2L50A, Shantou, China). The central frequency of
the transducer is 2.5MHz with a bandwidth of 70%.
Figure 11(b) shows that full ring transducer
(10C384-1.62 8-R100 AHA001, Doppler Ltd,
China) is made up of three parts, and every part
contains 128 elements. The central frequency of the
transducer is 10MHz and the bandwidth ranges
from 64.5% to 92.4%.

(a) (b) (c)

Fig. 11. Photographs of detectors. (a) Linear detector.97 (b) Full ring detector.91 (c) Flexible detector.94

Fig. 10. (a) The process of signal acquisition of multi-element TAI system. (b) Photographs of the full ring transducer. (c) The
384-64 element switch system. (d) The 64-element data acquisition system.91
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However, the above ring detectors employ a ¯xed
scanning radius to acquire information from di®er-
ent positions. For irregular samples, the scanning
radius must be large enough to cover the longest
axis of the imaging geometry. Thus, a large amount
of coupling liquid required to ¯ll in the gap between
sample and detector hinders the practical applica-
tion of TAI. Also, the linear detector has been
widely used in medical ultrasonic imaging for body
scanning, although it is not suitable for TAI of
irregular objects due to image distortion and low
utilization. Therefore, Xing et al. present a sample-
cling-scanning (SCS) model that combines the
advantages of both ring and linear detector. To
implement this model, a °exible multi-element
transducer and adaptive back projection algorithm
are presented. As shown in Fig. 11(c), most of the
elements in the SCS model can be brought in close
contact with sample due to the controllable shape of
the transducer. Theoretically, it can adapt to sam-
ples with any shape without requiring coupling
liquid, especially for breast cancer detection.

In summary, the single-element system is the
most primitive equipment in TAI; it has the
advantage of simple and cheap, but su®ers from
long-imaging time and instability, so it is suitable
for material research. The multi-element system is
specially designed for biomedical applications,
mainly for breast detection. However, it applies only
to single application. Among them, the linear de-
tector, which has been widely used in medical ul-
trasonic imaging for body scanning, may become
universal testing equipment after modi¯cation.

5. Biomedical Applications

Generally speaking, TAI can detect the microwave
absorption anomaly at decimeter depth with sub-
millimeter resolution, and the application of TAI
needs to meet two basic conditions. One is the
diseased tissue and the normal tissues have micro-
wave absorption di®erence. For example, breast
cancer tissue has absorption higher than normal
breast tissue, and the ratio is estimated to be about
2:1–10:1. Another is the microwave energy can
penetrate to the target, which can be guaranteed in
humans, and the ultrasonic wave can spread out
received by the detector. In particular, air and bone
are against ultrasonic propagation, so anomaly
within lung, human skull and bone is not appro-
priate to be detected.

5.1. Early breast cancer detection

The most important application of TAI is the early
breast cancer detection. The main component of the
breast is fat, which performs a low absorption in the
microwave band. Therefore, in the early stages of
the tumor, microwave absorption can increase sig-
ni¯cantly, due to ionic or water content growing up
at the margin of the tumor. The change of absorp-
tion distribution of the tissues usually means
physiological lesions, and the previous results sug-
gest that the dielectric properties of malignant
breast tissues are larger than the normal tissues.
Therefore, the detection of breast cancer by TAI is
feasible, and recently, more and more attention is
paid to apply TAI to the detection of breast cancer,
such as Kruger et al., Wang et al. and Xing et al.

Among them, Xing et al. developed a system that
provides a rapid and noninvasive approach for high-
contrast breast cancer imaging. The results of
TAI on the malignant breast tissue are shown in
Fig. 12(a). In the results of TAI, a strong contrast
was observed with satisfactory consistency in tumor
position and shape, and the tumor-to-background
contrast was estimated to be about 5.5:1, which
demonstrates that TAI has a higher imaging con-
trast than X-ray mammography. Later, Xing et al.
used the pathology model to view imaging capa-
bilities. The pathology model is composed of excised
human breast tumor and an adult ewe, as shown in
Fig. 12(b). It can be seen that the di®erence be-
tween the normal tissue and the tumor in the TAI
has a mean contrast of about 1:2.8. Further, Xing
et al. performed a 3-D TAI experiment on breast
model with a human tumor, and the results are
shown in Fig. 12(c). Up to now, early breast cancer
detection is the application that closest to the
clinical, and the development direction is to clinical
practice.

5.2. Prostate cancer

The prostate cancer has a higher microwave ab-
sorption than the surrounding normal tissues, so it
is di®erent on the TAI. Patch et al. presented a TAI
system for performing ex vivo prostate cancer sam-
ple with very high frequency energy. The system
utilized irradiation pulses of 700 ns duration ex-
ceeding 20 kW power and a dual-transducer system
to achieve high contrast of prostate cancer. In the
reconstruction images, the verumontanum can be
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clearly showed and conformed to histology slides in
Fig. 13. Moreover, the values of TAI in select
regions of the peripheral zone were associated with
the disease status of the three histological speci-
mens, and it can be seen that the strength of TA
signal decreases with tumor involvement from spe-
cimens. Conclusion can be drawn that TAI can be a

potential detection method for prostate cancer in
the future.

5.3. Foreign body detection

The normal biological tissue dominated by water has
a high dielectric loss factor and absorbs microwave

Fig. 13. Mouse imaging experiments ex vivo. (a) Cross-sectional TAI acquired from an intact mouse inserted with a 230�m
diameter copper wire. (b) The histological slice of the mouse made at approximately the same level. (c) The similar TAI acquired
from the mouse without the presence of the copper wire.35

Fig. 12. The results of TAI of breast tumor. (a) Malignant breast tissue.83 (b) The pathology model composed of excised human
breast tumor and the excised breast of an adult ewe.91 (c) Three-dimensional TAI experiment on breast model.93
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strongly, whereas foreign bodies such as glass ¯ber,
wood and bamboo with much less water content
have much lower dielectric loss factors than the
surrounding normal tissue. Therefore, TAI based on
the di®erences of their electromagnetic properties
has the potential to di®erentiate and image foreign
body lesions. A TAI system by Xing et al. was de-
veloped to detect foreign targets in small animals.
Figure 14(a) shows the X-ray imaging of the living
mouse with the bamboo hidden in the body as
marked in the dashed circle, and Fig. 14(b) shows
the photographs of the inserted traumatic area of
the mouse and the bamboo strip, respectively.
Figure 14(c) shows the ¯ve TAI results along the
vertical direction of the bamboo strip. Comparison
with X-ray imaging and ultrasound imaging, the
TAI can ¯ll the blind zone for the X-ray band and
may become an ideal and low cost modality for

radiolucent foreign body detection and imaging in
humans and animals. In addition, Arbabian and co-
workers99 have achieved remote interrogation of
highly dispersive media for deeply embedded ab-
normalities in 2015. This performance could enable
a myriad of applications including medical imaging
applications, security screening and nondestructive
testing.

5.4. Small animal imaging

Besides cancer imaging and foreign body detection,
TAI is also suitable for small animal imaging.
Figure 15 shows the TAI results of a mouse reported
by Ntziachristos et al. Figure 15(a) depicts recon-
structed images from the mouse of the inserted line,
and Fig. 15(b) depicts a photograph of the mouse
slice obtained from the mice after frozen and cry

Fig. 14. Comparison of foreign body detection between TAI and X-ray imaging. (a) X-ray imaging of the living mouse with the
bamboo. (b) Photographs of the mouse and the bamboo strip. (c) Five TA images along the vertical direction of the bamboo strip.84

Fig. 15. (a–c) Three pathological sections of verumontanum. (d–f) The corresponding TAI reconstructions.31
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sliced. It can be seen from the results that the
copper wire on the left side of the spinal cord can be
clearly detected. For comparison, Fig. 15(c) is
obtained from the same mouse but without copper
wire; therefore, it further shows anatomical details
such as the spinal cord, the skin, the hindlimb and
the urinary bladder, correlating well with the his-
tological slice, such as in Fig. 15(b).

5.5. Joint imaging and brain imaging

As microwave absorption di®erences between the
joint cavity and bone, joint imaging of TAI is pos-
sible. Jiang et al. proposed a TAI method to explore
joint imaging, as shown in Fig. 16. The experi-
mental results showed that the authors successfully
detected joints and bones with TAI by demon-
strating feasibility with three volunteers. Besides,
Jiang et al. took an initial step to study the

feasibility of TAI toward imaging human brain.
Several phantom experiments were conducted to
demonstrate that it is indeed possible to use TAI for
noninvasive imaging of hemorrhagic stroke with
high contrast. These two applications represent the
latest research in TAI. Of particular note is that the
brain imaging in humans is di±cult due to the thick
skull, and the problem has to be solved in the
future.

6. Prospects and Conclusions

In summary, under the e®orts of the researchers, the
excitation source, data acquisition system and
applications of TAI have been intensively studied.
It is believed that TAI has great potential applica-
tions in both biomedical research and clinical study.
The most possible research directions in the future
are the following:

Fig. 16. (a) The TAI result of index ¯nger image of female volunteer. (b) The TAI result by setting the threshold of (a). (c) The
photograph of the index ¯nger. (d) The recovered relative microwave absorption in red line. (e) The MRI results of the whole hand.
(e) and (f) The TAI results corresponding to (e).43
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1. Expand the application range: TAI has made
great progress in imaging of breast cancer. Be-
sides, TAI on prostate cancer has been reported.
It indicates that TAI has certain advantages in
cancer detection because the cancer tissue has
relatively strong microwave absorption; there-
fore, expanding the application range to other
cancers is rationale. Meanwhile, the examples of
joint and brain imaging indicate that TAI has
the potential to imaging damage of soft tissue,
promising to be a new noninvasive functional
imaging method.

2. Develop multi-modal imaging: TAI can map
microwave absorption coe±cient of biological
tissues. However, the single-parameter imaging
lacks other information and cannot meet the
needs of getting more information of the body,
which limits its availability. Therefore, in order
to make doctors understand the internal struc-
ture of the body more accurately and compre-
hensively, combining TAI with other imaging
modes (priority PAI and ultrasonic imaging) to
recover the shortcomings of existing technology
has practical signi¯cance and is urgently needed.
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