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Traditional microwave-induced thermoacoustic imaging is regarded as a structural imaging method that
can recover the water content of biological tissues. Here, an alternative noninvasive functional imaging
system based on microwave-pumped electric-dipole resonance absorption is reported. On the basis of the
resonance principle, microwave radiation of a specific frequency can be used to selectively excite the
polar molecules of interest. The microwave energy deposited creates an ultrasound disturbance through
thermoelastic expansion. By detection of the ultrasound field, in vivo imaging of the target polar molecules
with ultrasound resolution at the submillimeter level is realized. We show the thermoacoustic signal inten-
sity of biological polar molecules with different electric dipole moments. We perform large-field-of-view
thermoacoustic imaging of arterial and venous blood vessels in vivo, and find the thermoacoustic signal
intensity increases synchronously on injection of exogenous polar molecules into the venous blood vessels
of a rabbit ear. We also demonstrate the functional imaging capability of the thermoacoustic system in a
study of the sensitivity of microwave absorption to changes in the concentration of polar molecules in the
blood vessels of a rabbit ear. This imaging technique may find application in the detection of abnormal
concentrations of biological polar molecules with large electric-dipole moments.

DOI: 10.1103/PhysRevApplied.10.024044

I. INTRODUCTION

Microwave-induced thermoacoustic imaging combines
the advantages of the good image contrast of microwaves
and the high resolution of ultrasound [1,2]. Traditional
thermoacoustic imaging has been used to image biologi-
cal structures on the basis of their water content [3] and
has potential for early diagnosis of breast cancer [4,5] and
detection of foreign objects [6,7]. Recently, our research
group found that blood can produce stronger thermoa-
coustic signals than water. Our further studies showed
that polar molecules other than water in blood contribute
substantially to microwave absorption and the consequent
production of thermoacoustic signals.

It is reported that blood contains 91%–92% water and
other main components, such as proteins, inorganic salts,
nonprotein nitrogen compounds, and saccharides. Some of
these nutrients are polar molecules that possess a large
electric-dipole moment [8–13] and play crucial roles in
almost all biological processes. For example, in colon-
cancer patients, serum arginine (Arg) concentrations are
lower than in healthy people [14]. Glucose (Glu) is the
primary energy source, particularly for brain cells. Both
uptake and metabolism of Glu by the brain deteriorate in
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Alzheimer’s disease [15]. Moreover, low serum albumin
(Alb) concentration is an independent predictor of long-
term mortality in breast cancer [16].

At present, the detection of biological polar molecules
is mostly based on ex vivo chromatography or electro-
chemical analysis [17,18]. In vivo, 1H magnetic reso-
nance spectroscopy (1H MRS) is a noninvasive and safe
method to study the metabolic features associated with
polar molecules [19,20]. However, breathing and peristal-
sis can lead to severe magnetic susceptibility difficulties
in the detection of polar molecules and can also affect
the local magnetic field homogeneity, which results in
spectral line broadening or even loss of the signal [21].
Tumors located in the lungs, stomach, and gastrointestinal
tract are difficult to analyze with 1H MRS [22]. There-
fore, a noninvasive and effective method to image the
distribution of biological polar molecules in vivo is partic-
ularly necessary for molecular diagnostics and metabolism
monitoring.

When subjected to external microwave radiation of an
appropriate frequency, polar molecules will be oriented
in the direction of the applied field [23]. In other words,
a polar molecule of interest can be efficiently and selec-
tively excited by the choice of a specific microwave
frequency. Then, the polar molecules’ spatial-density
properties can be imaged with ultrasound resolution by
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detection and reconstruction of the ultrasound field. Hence,
this noninvasive functional imaging method does not have
the limitation of local field fluctuation in 1H MRS.

In this paper, we first analyze the resonance-absorption
principle of polar molecules theoretically and then report
the acquisition of thermoacoustic signals of biological
polar molecules with different electric-dipole moments
experimentally. Then we establish a thermoacoustic func-
tional imaging system, and image arterial and venous
blood vessels with a large field of view. Furthermore,
by exploring the microwave-absorption characteristics of
polar molecules in blood, we explain the reasons for the
differences in microwave absorption between arterial and
venous blood vessels. Finally, we use a method for mon-
itoring the concentration changes of polar molecules in
real time and achieve thermoacoustic functional imag-
ing. The results indicate that the thermoacoustic functional
imaging system may have potential to be used for real-
time tracking of polar-molecule dynamics in abnormal
tissues.

II. MATERIALS AND METHODS

A. Microwave-pumped electric-dipole
resonance-absorption principle

The principle of the thermoacoustic effect is similar to
that of photoacoustic imaging: both use pulsed electro-
magnetic waves as the excitation source and ultrasound
waves as the information carrier [24–26]. When biologi-
cal tissues are exposed to a microwave field, the absorbed
microwave energy is usually partially or completely con-
verted into heat through electromagnetic losses. Then, the
heat energy is transformed into kinetic energy due to ther-
mal confinement. Afterwards, the kinetic energy leads to
tissue expansion and contraction, acting as a source of
ultrasound waves. The ultrasound waves are detected out-
side the tissue by an ultrasonic transducer to form an
image that maps the original microwave energy deposi-
tion inside the tissues. The electromagnetic losses mainly
include magnetic hysteresis loss, ionic conductivity loss,
and dipolar-polarization loss. For a sample of volume V,
the power density produced by electromagnetic losses can
be expressed as

P =
∫∫∫

V

(PM + PI + PD) dV, (1)

where PM , PI , and PD are the average power density
caused by the magnetic hysteresis loss, ionic conductiv-
ity loss, and dipolar-polarization loss, respectively. During
magnetic hysteresis loss, the magnetic state of magnetic
materials will change when they are exposed to an alternat-
ing magnetic field, and the intensity of magnetization lags
behind the magnetic field strength. This phenomenon leads
to magnetic hysteresis loss and generates heat energy due

to the magnetocaloric effect [27,28]. In ionic conductiv-
ity loss the dissolved charged particles oscillate back and
forth in response to the microwave irradiation and generate
kinetic energy. Because of the viscous drag of the molecu-
lar electric field, the kinetic energy is dissipated, resulting
in a loss component and eventually in heating [29]. For
dipolar molecules, dipolar-polarization loss is induced by
the oscillating field. When the applied electric field oscil-
lates at a microwave frequency, the dipolar molecules will
be oriented in the direction of the applied field [Fig. 2(b)],
and the energy is converted to heat through molecular fric-
tion and collisions [30]. Because most nutrients in blood
are polar molecules [Fig. 2(a)], the main discussion in
this paper concerns microwave absorption due to dipolar
polarization.

The average power density PD absorbed from a field
E(t) = E0sin(ωt) is given by [31]

PD = ω

2
ε0ε

′′E2
0 , (2)

where ω is the microwave frequency, ε0 is the permittivity
of a vacuum, ε′′ is the dielectric loss, and E is the electric
field. Hence, the average power density mainly depends on
the dielectric loss when different samples are in the same
microwave field.

The dielectric loss is described by Debye’s dielectric
relaxation theory, which yields Eq. (3) [32,33]:

ε′′ = (εs − ε∞)
ωτD

1 + ω2τ 2
D

, (3)

where ε∞ is the permittivity at the limit of infinite fre-
quency, εs is the permittivity under a static electric field,
and τD is the relaxation time. To assess the electric-dipole
moments of the solutes quantitatively, the Guggenheim
approximation for dilute solutions is used [34,35]:

μ2 = 27ε0kBTMgυ

NA(εm + 2)2

(
∂εs

∂wg
− ∂εp

∂wg

)
, (4)

realistically assuming ∂εp/∂wg ≈ 0. In this equation, kB
is Boltzmann’s constant, NA is Avogadro’s constant, εm is
the permittivity of the medium (solvent), εp is the optical
dielectric constant, Mg is the molar weight of the solutes,
υ = 1/ρ is the specific volume of the solvent, and wg is the
weight fraction of the solute molecules. Combining Eqs.
(3) and (4), we obtain the relationship between dielectric
loss ε′′ and electric dipole moment μ:

ε′′ = nNA(εm + 2)2μ2

27ε0kBT
ωτD

1 + ω2τ 2
D

. (5)

The concentration, n, is in moles per unit volume. Equation
(5) shows that the dielectric loss contribution reaches a
maximum at a resonance frequency where the applied field
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(a) (b)

(c) (d)

(D)

FIG. 1. Microwave-pumped
electric-dipole resonance pheno-
menon. (a) Numerical calcula-
tion of dielectric loss for polar
molecules with different fre-
quencies (2, 4, and 6 GHz). (b)
Numerical calculation of dielec-
tric loss for polar molecules with
different electric-dipole moments
(10, 20, and 30 D). (c) Numerical
calculation of electric-dipole
resonance loss. (d) The dielectric
loss peak for water is 17.05 GHz
at 20 °C.

has the same period as the relaxation process (ωτD = 1)
[33]. Additionally, the dielectric loss of polar molecules is
proportional to the square of the electric-dipole moment.
Therefore, polar molecules with a larger electric-dipole
moment will absorb more microwave energy than those
with a smaller electric-dipole moment.

The parameters in the numerical calculations are listed
in Table I and the results of the numerical calculation with
Eq. (5) are shown in Fig. 1. Figure 1(a) shows the results
of numerical calculation of the dielectric loss for polar
molecules with different frequencies (2, 4, and 6 GHz).
It is clear that the dielectric loss of a polar molecule is
larger at lower microwave frequency than at a higher fre-
quency when the relaxation time is 100 ps. The results
of the numerical calculation of the electric-dipole reso-
nance absorption are shown in Figs. 1(b) and 1(c). The
resonance loss is visible at 1.6 GHz when the relaxation
time is 100 ps. Also, the loss increases by 9 times when
the electric-dipole moment increases from 10 to 30 D [Fig.
1(b)], which approximates a quadratic dependence on the
electric-dipole moment. A water molecule, whose dielec-
tric loss is shown in Fig. 1(d), is the most common kind of
polar molecule. The loss peak appears at 17.05 GHz when
the relaxation time is 9.39 ps [36].

B. Experimental setup

To verify the resonance principle described in the
previous section, a two-dimensional-scanning thermo-
acoustic imaging system is used, as shown in Fig. 2(a).

A 6-GHz microwave generator (BW-6000HPT; North-
micro Electromechanical Technology, Xi’an, China) trans-
mits 0.5-µs microwave pulses at a repetition frequency of
10 Hz controlled by a computer that can transmit syn-
chronous pulses. The microwave peak power is 350 kW.
The size of the waveguide output for microwave radia-
tion is π × 3.22 cm2, so the energy density per unit area is
E ≈ (350 × 0.5)/(π × 3.2 × 3.2) = 5.44 mJ/cm2. The sam-
ples are placed in a plastic box that is immersed in
mineral oil to couple thermoacoustic waves and is fixed
in the microwave shield room to remain stationary. The
thermoacoustic signals are received by a linear multiele-
ment transducer (128 elements; L2L50A; Shantou Institute
of Ultrasonic Instruments Ltd., Shantou, China) with a
scanning width of 52 mm centered at a frequency of
2.5 MHz with a nominal bandwidth of 70%. The sig-
nals from each element are transmitted, amplified, filtered,
converted, and cached by a data-acquisition system. The
data-acquisition system mainly consists of two 32-channel
acquisition cards (5752; National Instruments, USA) with
a sampling rate of 50 MHz. The frequency response of
the thermoacoustic signal is 3.28 MHz (see Fig. S5 in
the Supplemental Material [37]). Finally, the acquired sig-
nals are transferred to a computer for reading peak-to-peak
values and reconstructing a two-dimensional image by
use of a maximum-intensity-projection algorithm. In this
system, the lateral resolution is 0.80 mm and the axial
resolution is 0.84 mm (see Fig. S4 in the Supplemental
Material [37]).
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(a)

(b)

FIG. 2. The experimental setup
of the thermoacoustic (TA)
imaging system and the principle
of microwave-pumped electric-
dipole resonance absorption. (a)
The experimental setup of the TA
imaging system, and a variety
of biological components in the
arterial blood (AB) and venous
blood (VB) vessels. Alb, Protein
Data Bank (PDB) entry 1AO6;
Glo, PDB entry 1IGT); Fib,
PDB entry 3GHG); hemoglobin
(Hemo), PDB entry 2H35. (b)
The principle of microwave-
pumped electric-dipole resonance
absorption. AA, amino acid;
DAS, data-acquisition system;
MG, microwave generator; RBC,
red blood cell; SP, synchronous
pulses.

III. RESULTS

A. Thermoacoustic signals of polar molecules with
different electric-dipole moments

Equation (5) shows that the dielectric loss of polar
molecules is proportional to the square of the electric-
dipole moment and polar molecules with a larger electric-
dipole moment will absorb more microwave energy than
those with a smaller electric-dipole moment. To verify this
theory, nine biological polar molecules in aqueous solu-
tions (0.5 mol/l) with different electric-dipole moments
are measured. The polar molecules are L-threonine (Thr),
L-serine (Ser), L-proline (Pro), L-valine (Val), L-alanine
(Ala), L-glycine (Gly) (CapitalBio Corporation, Shang-
hai, China), L-Arg, L-lysine (Lys) (Macklin Biochem-
ical, Shanghai, China), and edible Glu (Fengyizushi,
Guangzhou, China). The electric-dipole moments of the
polar molecules are summarized in Table II.

In the experiment, to exclude the influences of sample
shapes, microwave energy, and transducer position, equip-
ment composed of a transducer, a transparent plastic tube
(2 mm in diameter), and a plastic box filled with mineral oil
to couple thermoacoustic waves is made. The plastic tube
and box are examined to confirm they have no microwave
absorption. This equipment has a fixed geometry so as to
keep the ultrasonic transmission efficiency constant. The
biological polar molecules are injected in the plastic tube
and illuminated by microwaves to acquire thermoacoustic

signals, and the plastic tube is rinsed with distilled water
before each injection to keep it clean. Experimental results
are shown in Table II. Figure 3 clearly shows the dif-
ferences in thermoacoustic intensity between the various
polar molecules. From Fig. 3, we can see that the nor-
malized thermoacoustic signal intensity of polar molecules
with a larger electric-dipole moment is stronger than that
of those with a smaller electric-dipole moment.

B. Thermoacoustic imaging of arterial and venous
blood in vitro

To verify the thermoacoustic imaging capability for
blood vessels, simulated experiments in vitro are per-
formed. Four groups of mimic arterial and venous blood
vessels are studied [Fig. 4(b)]. The arterial and venous
blood come from rabbit ears (adult New Zealand white rab-
bits); 0.45 ml of blood is extracted each time and mixed
with 0.05 ml of an anticoagulant (ethylenediaminete-
traacetic acid disodium salt; Sangon Biotech, Shanghai,
China). In the experiment, the plastic tubes filled with
whole blood are illuminated with microwaves and flatted
on the sample stage. The plastic tubes are 1 cm long and
two plastic tubes are separated by 3 mm. The thermoa-
coustic signals produced are received by a transducer that
is driven by two stepper motors for the two-dimensional
scanning. The scanning time is about 2000 s (an image
with 128 × 100 pixels, a total of 100 acquisition steps

TABLE I. Parameters in the numerical calculations.

n (mol/l) NA (mol−1) εm (F/m) ε0 (F/m) kB (J/K) T (K) τD (s)

1 6.02 × 1023 80.18 8.85 × 10−12 1.38 × 10−23 293.15 1 × 10−10

024044-4



MICROWAVE-PUMPED ELECTRIC-DIPOLE . . . PHYS. REV. APPLIED 10, 024044 (2018)

TABLE II. The molecular weight, electric-dipole moments, and thermoacoustic signal intensity of various polar molecules.

Lys Arg Gly Ala Val Pro Ser Glu Thr Water

MW 146.19 174.2 75.07 89.09 117.15 115.13 105.09 180.16 119.12 18
EDM 16.2a,b 14.1a,b 11.50c 11.04c 10.80c 10.5b 10.34b 10d 9.80b 1.85e

TA 1.412 1.342 1.293 1.263 1.252 1.248 1.241 1.182 1.144 1
SD 0.045 0.036 0.011 0.017 0.036 0.015 0.021 0.031 0.026 0.009

MW, molecular weight; EDM, electric-dipole moment (debyes); TA, thermoacoustic signal intensity; SD, standard deviation.
aFrom Ref. [8].
bFrom Ref. [9].
cFrom Ref. [10].
dFrom Ref. [11].
eFrom Ref. [12].

are acquired with an average of 100 times per step). A
schematic diagram is shown in Fig. 4(a).

Figure 4(b) shows that the reconstructed thermoacous-
tic images of blood vessels. For quantitative analysis,
the dotted white lines selected in the four thermoacous-
tic reconstructed images have the same coordinates [Fig.
4(b)]. According to the statistical results from lines C1
and C2, the mean pixel value of arterial blood is 8.45%
higher than that of venous blood. From lines C3 and C4,
the mean pixel value of arterial blood is 8.53% higher than
that of venous blood [Fig. 4(c)]. The results indicate that
there are components with specific absorption in blood,
and the content of the components is different in arterial
and venous blood. In addition, the differences in absorp-
tion of arterial and venous blood can be recognized in the
thermoacoustic images. Thus, thermoacoustic deep-blood-
vessel imaging can be achieved with a spatial resolution at
the submillimeter level on a centimeter scale [2,3].

C. Thermoacoustic signals of plasma components

To obtain a detailed analysis of the thermoacoustic
signal intensity of plasma components, eight kinds of main

FIG. 3. The normalized thermoacoustic (TA) signal intensity of
the biological polar molecules in aqueous solutions (0.5 mol/l).

components that are relatively abundant or whose electric-
dipole moments are relatively large in plasma are detected
with use of the same microwave energy density with con-
centrations of 10, 20, 30, 40, 50, and 60 mg/ml in aqueous
solutions. The experimental results are shown in Fig. 5(a).
The measured components are human serum Alb (Xiya
Reagent, Linyi, China), γ -globulin (Glo) in cattle serum
(AIKE Reagent, Chengdu, China), fibrinogen (Fib) from
human plasma (Sigma-Aldrich, St. Louis, Missouri, USA),
NaCl (Macklin Biochemical, Shanghai, China), Lys, Arg,
Gly, and edible Glu. As can be seen in Fig. 5(a), the
thermoacoustic signals of the eight kinds of components
are much higher than that of water and the microwave
absorption of different components is also different.

To determine the contribution of different compo-
nents to the microwave absorption in venous blood
plasma, the thermoacoustic signal intensity of plasma
components at a concentration of 60 mg/ml [Fig.
5(a)] and that of the normal content of each com-
ponent in venous blood plasma are used. The nor-
mal content of each component in venous blood
plasma is as follows (mean ± standard deviation): Alb,
46.60 ± 0.60 mg/ml [38]; Glo, 34.00 ± 6.00 mg/ml [39];
Fib, 3.26 ± 0.93 mg/ml [40]; Glu, 0.89 ± 0.09 mg/ml [41];
Na+, 3.08 ± 0.01 mg/ml; Cl−, 3.44 ± 0.01 mg/ml [42];
Lys, 0.025 ± 0.009 mg/ml; Arg, 0.014 ± 0.005 mg/ml;
Gly, 0.021 ± 0.008 mg/ml [43]. In addition, the microwave-
absorption ability can be calculated from the thermoa-
coustic signal intensity for unit concentration. From
comparison with the normalized thermoacoustic signal
intensity of venous blood plasma, the normalized contri-
bution of venous-blood-plasma components can be cal-
culated. Figure 5(b) shows the main contribution to
microwave absorption is from polar molecules, especially
Alb and Glo.

Moreover, the microwave-absorption ability of arterial
blood is greater than that of venous blood. The crucial
reason is that arterial blood generally has higher concen-
trations of nutrients (mainly polar molecules) relative to
venous blood [44]. For instance, it is widely believed that
the content of Glu in arterial blood is 0.03–0.05 mg/ml
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(a)

(b)

(c) FIG. 4. The thermoacoustic
(TA) imaging of arterial blood
(AB) and venous blood (VB) in
vitro. (a) The TA imaging system.
(b) The TA images of mimic
AB and VB vessels in various
combinations. The inset shows
the corresponding photograph.
(c) The pixel values of lines C1,
C2, C3, and C4 in (b). AB and VB
represent the mean pixel value.

higher than in venous blood in the fasting state and the
difference increases to 0.20–0.80 mg/ml after the adminis-
tration of dextrose [45].

D. Monitoring of the concentration changes of polar
molecules in vivo

To confirm that arterial and venous blood vessels in vivo
can be distinguished by this system, a large-field-of-view
image in vivo of blood vessels in rabbit ears is examined.
Before the experiment, 2% pentobarbital sodium (Sigma-
Aldrich, St. Louis, Missouri, USA) (1 ml/kg) is slowly
injected into the ear marginal vein to narcotize the rab-
bit. Then the four legs of the rabbit are affixed to an iron
shelf and the ear is covered with ultrasonic coupling liquid
(Minhao Technology, Shenzhen, China) to reduce acoustic
mismatch, which leads to surface reflection. In the ther-
moacoustic imaging experiments, the rabbit ear is placed
under a box (no microwave absorption) that is filled with
mineral oil and the transducer is submerged in the box.

When the rabbit ear is irradiated by the pulsed microwaves,
the thermoacoustic signals produced are received by the
transducer, which is driven by two stepper motors for
the two-dimensional scanning with a field of view of
5 × 4 cm2. The experimental setup is illustrated in Fig. 6(a)
and the results are shown in Fig. 6(b). To quantitatively
analyze the microwave-absorption ability of arterial and
venous blood, Fig. 6(c) plots the intensity profile of a cross-
section image along line C in Fig. 6(b), and the maximum
pixel values of arterial and venous blood in line C can be
acquired. Figure 6(c) shows the maximum pixel values of
arterial blood vessels are 8.43% and 9.70%, respectively,
higher than those of venous blood vessels.

To verify that the thermoacoustic imaging system can
monitor the concentration changes of polar molecules in
blood in real time, the exogenous polar molecules are
injected into the venous blood vessels of a rabbit ear. In
the thermoacoustic signal experiments, Lys, Glu, and Glo
at a concentration of 60 mg/ml in venous blood plasma
solutions are slowly injected into the ear marginal venous

(a) (b) FIG. 5. The normalized ther-
moacoustic (TA) signal inten-
sity and contribution of the main
plasma components. (a) The nor-
malized TA signal intensity of
the biological molecules at differ-
ent concentrations. (b) The nor-
malized contribution from the
microwave absorption of the main
components in venous blood (VB)
plasma. The inset shows the nor-
malized TA signal intensity of VB
plasma.
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(a) (b)

(c)

(e)

(d)

Waveguide
FIG. 6. The thermoacoustic
(TA) functional imaging and TA
signal intensity of blood vessels in
vivo. (a) The experimental setup
of the TA imaging system in vivo.
The inset shows a photograph of
the iron shelf. (b) Large-field-of-
view TA imaging of arterial blood
(AB) and venous blood (VB)
vessels in the rabbit ear. The inset
shows a photograph of rabbit ear.
(c) The pixel values of line C in
(b). (d) The normalized TA signal
intensity after injection of Lys,
Glu, and Glo at a concentration of
60 mg/ml in VB plasma solutions
into the ear marginal VB vessels.
(e) Real-time TA functional
imaging of VB vessels when Lys
is injected. The scatter diagram
shows the mean pixel value of
rectangular areas.

blood vessels to observe the change of thermoacoustic sig-
nals. In Fig. 6(d), the thermoacoustic signal intensity of
venous blood is seen to increase greatly after injection
of Lys, Glu, and Glo, and then falls over time. In Fig.
6(e), the functional imaging of the venous blood vessels is
shown. When Lys is injected into the ear marginal venous
blood vessels, the thermoacoustic signals are received by
the transducer at different times. The mean pixel values of
rectangular areas are counted [scatter diagram in Fig. 6(e)].
From the results we can see that the changing trend of the
images [Fig. 6(e)] is consistent with the trend of the sig-
nals [Fig. 6(d)] when Lys is injected. These phenomena
suggest that thermoacoustic functional imaging may have

the potential for disease surveillance by monitoring the
concentration changes of polar molecules in abnormal
tissues.

E. Deep-blood-vessel imaging in vivo

The penetration of microwaves is superior to that of
visible and near-infrared light [3,46,47]; thus, thermoa-
coustic imaging could be a deep-imaging technology. To
demonstrate this imaging system can achieve deep-tissue
imaging, thermoacoustic deep-blood-vessel imaging of the
rabbit abdomen in vivo is performed. Before the experi-
ments, the rabbit is in a drugged state, and the abdominal

FIG. 7. The thermoacoustic
imaging (top) and color Doppler
ultrasound (CDUS) imaging
(bottom) of a deep blood vessel in
the rabbit abdomen. The enlarged
image on the left is a photograph
of the rabbit abdominal blood
vessel.
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area is shaved and depilated, and is covered with ultrasonic
coupling liquid to reduce acoustic attenuation. Then, the
rabbit is laid flat on the sample stage and the abdomen is
illuminated by microwaves. The transducer is attached to
the abdominal blood vessel for deep imaging. The results
are shown in Fig. 7. The four images (1, 2, 3, and 4)
correspond to four different parts of the abdominal blood
vessel. Further, color Doppler ultrasound imaging is also
displayed in Fig. 7 to support the thermoacoustic imaging.
The results demonstrate that the locations of the abdom-
inal blood vessel in color Doppler ultrasound imaging
and thermoacoustic imaging are well correlated. Moreover,
Fig. 7 indicates that this system can image deep tissue
and provide an alternative approach for thermoacous-
tic functional imaging for practical application in tumor
detection.

IV. DISCUSSION

The thermoacoustic functional imaging system based on
the microwave-pumped electric-dipole resonance absorp-
tion principle discussed in this paper can be used to image
tissues at a depth of a dozen centimeters by selection of
the appropriate microwave wavelength [3]. On the one
hand, although the tissues are irradiated by microwave
pulses, the final image is reconstructed by the ultrasound
signals, so our system can achieve the resolution of ultra-
sound imaging. On the other hand, the absorption charac-
teristics of microwave energy are obviously different in
various tissues, so the thermoacoustic imaging has high
contrast. Because of the different concentrations of polar
molecules in arterial and venous blood, we can distin-
guish arterial and venous blood vessels by thermoacoustic
imaging. Additionally, the growth of abnormal tissues may
lead to concentration changes of polar molecules [14–16].
Hence, polar molecules in blood with strong microwave
absorption lay the foundation for monitoring patients with
abnormal tissues. In summary, our system has the advan-
tages of safety, comfort, low cost, and ease of operation,
and it can also be applied for the early detection of
diseases.

Several deficiencies in the current thermoacoustic func-
tional imaging system are evident in the course of image-
quality evaluation. Firstly, only one frequency is used to
irradiate samples and thus the absorption of each compo-
nent is difficult to distinguish. A possible solution is to
use multiple or sweep microwave frequencies to excite
samples, and then find the corresponding absorption peak
and characteristic absorption waveforms of each com-
ponent to obtain the concentrations of each component.
Secondly, the in-plane resolution of 800 µm needs to be
improved. A probable solution is to use a high-frequency
detector, but the improvement of imaging resolution is
almost at the expense of imaging depth, or in other words,

the imaging depth must be reduced to obtain a high-
resolution image. Lastly, the present method shows the
ability of in vivo vascular imaging, while the speed of
data acquisition remains a challenge. More experiments
should be performed to improve the real-time vascular-
imaging-reconstruction capability using the parallel data-
acquisition system, but the problem of matching between
multiple-acquisition cards needs to be solved.

V. CONCLUSIONS

We establish a thermoacoustic functional imaging sys-
tem based on the microwave-pumped electric-dipole
resonance-absorption principle that can image in vivo
blood vessels of a rabbit ear. We reveal the specificity
of arterial and venous blood vessels on the basis of
the microwave-absorption differences of polar molecules
in blood, and in real time monitor the concentration
changes of polar molecules in blood. This system has
great potential for clinical routine disease screening by
monitoring the concentration changes of polar molecules
in blood.
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