
This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Electromagnetic–acoustic sensing for biomedical
applications

Liu, Siyu; Zhang, Ruochong; Zheng, Zesheng; Zheng, Yuanjin

2018

Liu, S., Zhang, R., Zheng, Z., & Zheng, Y. (2018). Electromagnetic–Acoustic Sensing for
Biomedical Applications. Sensors, 18(10), 3203‑. doi:10.3390/s18103203

https://hdl.handle.net/10356/89579

https://doi.org/10.3390/s18103203

© 2018 by The Author(s). Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution (CC
BY) license (http://creativecommons.org/licenses/by/4.0/).

Downloaded on 22 May 2023 22:02:43 SGT



sensors

Review

Electromagnetic–Acoustic Sensing for
Biomedical Applications

Siyu Liu , Ruochong Zhang, Zesheng Zheng and Yuanjin Zheng *

School of Electrical and Electronic Engineering, Nanyang Technological University, Singapore 639798, Singapore;
sliu023@e.ntu.edu.sg (S.L.); rzhang009@e.ntu.edu.sg (R.Z.); ZESHENG001@e.ntu.edu.sg (Z.Z.)
* Correspondence: yjzheng@ntu.edu.sg; Tel.: +65-8100-5762

Received: 31 August 2018; Accepted: 20 September 2018; Published: 21 September 2018
����������
�������

Abstract: This paper reviews the theories and applications of electromagnetic–acoustic
(EMA) techniques (covering light-induced photoacoustic, microwave-induced thermoacoustic,
magnetic-modulated thermoacoustic, and X-ray-induced thermoacoustic) belonging to the more
general area of electromagnetic (EM) hybrid techniques. The theories cover excitation of high-power
EM field (laser, microwave, magnetic field, and X-ray) and subsequent acoustic wave generation.
The applications of EMA methods include structural imaging, blood flowmetry, thermometry,
dosimetry for radiation therapy, hemoglobin oxygen saturation (SO2) sensing, fingerprint imaging
and sensing, glucose sensing, pH sensing, etc. Several other EM-related acoustic methods, including
magnetoacoustic, magnetomotive ultrasound, and magnetomotive photoacoustic are also described.
It is believed that EMA has great potential in both pre-clinical research and medical practice.

Keywords: electromagnetic-acoustics; photoacoustic; thermoacoustic; biomedical sensing

1. Introduction

Electromagnetic (EM) wave-based imaging and sensing methods have been widely used in clinical
practice. These techniques play a vital role in physiological sensing, clinical diagnosis, image-guided
treatment, and patient management. Although tremendous progress has been achieved, there are still
some fundamental limitations to these EM techniques. Among them, X-ray computed tomography
(CT) is considered to be the clinical gold standard technique for medical diagnosis [1]. Although
X-rays provide deep penetration depth and great imaging resolution, the associated ionizing radiation
damage limits its application. Optical imaging, including optical coherence tomography (OCT) [2],
diffuse optical tomography [3], near-infrared spectroscopy (NIRS) [4], and fluorescence imaging [5],
could provide high spatial resolution and high specificity for surface investigation. Nevertheless,
accurate optical focusing relies on the ballistic propagation of photons within biological tissue, limiting
the imaging depth to a few hundred micrometers (mean free path of photons) [6]. Microwave-based
sensing techniques normally probe the dielectric properties of the biological tissues in sub-GHz to
several GHz spectrum range, which provides high-contrast information on abnormal tissues [7].
On the other hand, its longer wavelength limits its spatial resolution to several mm, even processed
by advanced beamforming techniques [8]. Beyond the EM imaging modalities introduced above,
there are some other types of sensing techniques, such as magnetic resonance imaging (MRI) [9],
magnetic induction tomography (MIT) [10], electrical impedance tomography (EIT) [11], hall effect
imaging (HEI) [12], magnetic resonance electrical impedance tomography (MREIT) [13], etc. that
obtain dielectric properties by using an alternating magnetic field or varying current injections. All of
these EM-based modalities show their internal limitations and cannot meet the stringent requirements
(high sensitivity, deep penetration, high spatial resolution, real time, low cost, etc.) of modern
biomedical applications.
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Electromagnetic–acoustic (EMA) techniques have emerged with the goal of overcoming the above
limitations. By combining the merits of both EM wave-based (e.g., high-contrast/specificity) and
acoustic wave-based (e.g., high resolution and deep penetration) sensing modalities, EMA techniques
are considered to provide superior imaging performance than traditional EM methods. In EMA, the
biological tissue or exogenous contrast agent is irradiated and heated by a high-power EM field. The
localized temperature elevation causes the transient thermoelastic expansion of the tissue, and finally
ultrasonic wave emission. The image contrast is determined primarily by tissue EM properties,
while image resolution is primarily provided by the ultrasound wave. Based on the types of the EM
excitation employed (laser, microwave, magnetic field, X-ray, respectively), EMA can be classified into
light-induced photoacoustics (PA), microwave-induced thermoacoustics (TA), magnetic-modulated
thermoacoustics (MMTA), and X-ray-induced thermoacoustics (XTA), correspondingly.

As the mainstream EMA technique, the PA imaging and sensing technique is based on the
photoacoustic effect, which was first discovered by Alexander Graham Bell in 1880 [14]. Although
the study of PA technique started early in the 1970s, PA only began to be investigated for biomedical
applications in the mid-1990s [15,16]. At the same time, a microwave-based TA technique was proposed
by Kruger’s and Wang’s groups [17–21]. Inspired by the PA and TA techniques above, it is expected
that acoustic waves should also be induced by other EM excitation, e.g., X-ray and radio-frequency
magnetic excitation, leading to the emergence of XTA [22,23] and MMTA [24,25]. With the publication
of the above reports, more and more researchers became aware of the advantages of EMA and
directed their efforts to improving EMA techniques. EMA techniques witnessed a tremendous growth
in terms of development of system [26–32], reconstruction algorithm [33–37], functional imaging
capabilities [38–46], and in vivo applications [47–53]. Therefore, a short review paper like this can only
cover a limited amount of the existing literature. This article is intended to provide an overview of the
EMA techniques (covering PA, TA, MMTA, and XTA) and focus on the fundamental principles of each
technique (electromagnetically and acoustically), along with the major biomedical applications in the
last couple of years.

2. Principles

2.1. EM Absorption and Heating

The fundamental principles of the EMA can be simply described: Biological tissue or exogenous
contrast agent absorbs EM radiation energy partially, leading to localized heating, temperature
elevation, and thermoelastic expansion, which launches ultrasonic wave propagation outwards.

Interactions between EM radiation and biological tissue have been widely studied, such as
Rayleigh scattering, Raman scattering, absorption, etc. [54–56]. The most important interactions with
regard to EMA techniques are the EM absorption and scattering properties. EM absorption determines
the origin of acoustic generation and also the sensitivity, while the scattering degrades the sensing
resolution, especially for PA. Although all EMA techniques share the same acoustic propagation
mechanism with the traditional ultrasound techniques, the principles of EM absorption and heating
generation are slightly different.

2.1.1. Light-Induced Photoacoustics (PA)

In biological tissues, light transfer is dominated by scattering and diffusion [57]. Beyond the
transport mean free path, photons enter into the diffusive regime and undergo significant scattering,
making focusing based optical sensing techniques become ineffective. Therefore, pure optical
techniques with diffused light can only achieve a resolution of about 1 cm [58]. On the other hand,
in the medium containing strong photo absorbers (e.g., hemoglobin and pigment), although light
scattering broadens and attenuates light greatly, the generated PA wave provides better resolution
than the optical wave, because ultrasonic scattering is two to three orders of magnitude weaker than
optical scattering [59].
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The most commonly photo absorbers for PA imaging and sensing can be classified into
two categories based on their primary absorbing wavelengths: (1) in the visible regions
(400–700 nm), the primary absorbers for PA include hemoglobin [40,60], cytochrome [61], melanin [62],
DNA/RNA [49,63], myoglobin [64]; (2) in the near-infrared region (700–1400 nm), lipid [65,66],
glucose [45,67] are also strong absorbers for PA emission. Figure 1 summarizes the absorption
spectrum of common endogenous contrasts [68]. Among these, hemoglobin is most commonly used
for PA imaging and sensing, where the absorption contrast between blood vessels and background
tissues is more than 100. In addition, the difference of absorption spectrum between oxygenated and
deoxygenated hemoglobin makes PA intrinsically suited for spectroscopic detection, leading to wide
applications of PA functional imaging.

Figure 1. Absorption spectrum of major contrast agents in biological tissue from 200 to 1200 nm
in wavelength, including melanin, oxyhemoglobin (HbO2), deoxyhemoglobin (HbR), DNA and
RNA, lipid, bilirubin, oxy-myoglobin (MbO2), reduced myoglobin (MbR), and water. Reprinted
with permission from [68].

Two types of laser sources can be employed to generate PA signals: short pulses and
intensity-modulated continuous-wave (CW) EM laser. Although the CW-based PA method shows
wide advantages including compact system size, low cost, low power consumption, portability, short
laser pulse (nanosecond, especially) is still preferred to provide a higher signal-to-noise ratio (SNR) and
direct detection of the distance of the source through the time-resolved PA signals. Following a short
laser pulse excitation with light fluence of φ(r, t), the heating function H(r, t), defined as absorbed
energy per unit time and per unit volume, is expressed as:

H(r, t) = µa(r)φ(r, t), (1)

which serves as the source term to induce PA generation. In the equation, the absorption coefficient
µa(r) is the probability of photon absorption per unit path length.

2.1.2. Microwave-Induced Thermoacoustics (TA)

When the laser excitation is replaced by microwave, the technique is called TA. Since wavelengths
of microwaves (0.3–3 GHz) are comparable to the size of normal biological tissue, such as the breast,
the resolution of the microwave-based pure EM technique is greatly limited. However, the generated
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TA wave with sub-millimeter wavelength can enable a higher resolution, with negligible acoustic
scattering and attenuation.

The TA properties of biological tissues are related to the physiological nature of their dielectric
properties, especially the relative conductivity. In this sense, when microwave energy delivered in a
pulse that is short enough (thermal confinement), the resulting heating function is:

H(r, t) = σ(r)
〈

E2(r, t)
〉

, (2)

in which σ(r) and E(r, t) are the conductivity distribution and electrical field strength, respectively.
〈. . .〉 represents short time average operation. At 3 GHz, the electrical conductivity for normal muscle
is more than 7 times higher than that of the fat tissue [69], while most of the other soft tissues have the
conductivity in between those for muscle and fat. This wide range of values among various biological
tissues can provide a high contrast for TA sensing. Furthermore, the tissue dielectric properties were
found to highly correlate to their water content, enabling a higher TA generation from cancerous tumor
(e.g., breast tumor tissue) than surrounding tissue. Therefore, TA may potentially be used to detect
early-stage cancers.

2.1.3. X-ray-Induced Thermoacoustics (XTA)

Analogously to PA and TA, XTA is an important EMA sensing technique for medical applications,
especially associated with CT imaging and radiotherapy. Since X-rays carry enough energy to ionize
atoms and disrupt molecular bonds, the X-ray radiation is ionizing and harmful to biological tissue [1].
A high radiation dose over a short period of time can induce radiation sickness, and also give an
increased risk of cancer. Therefore, the radiation dose exposed to human body during the process of
diagnosis/therapy should be controlled carefully. With the aim of dose monitoring, XTA is developed
as a powerful sensing tool.

During X-ray radiation, X-rays can be absorbed by inner-shell electrons and generate
photoelectrons [70,71]. The Auger electrons and generated photoelectrons transfer part of their
kinetic energy to the surrounding medium to reach a thermal equilibrium. Such electron–phonon
interaction-induced energy transfer leads to temperature increase and heat deposition in the biological
tissue, as follows:

H(r, t) = µx(r)F(r, t), (3)

where µx(r) is the absorption coefficient distribution of X-ray for biological tissue, and F(r, t) represents
the X-ray fluence at location r and time t. To induce efficient XTA generation, a short X-ray pulse is
employed (e.g., 5 µs in [23]). Such an XTA wave can be detected by an ultrasound transducer for dose
calculation and mapping, which will be discussed more in the Section 3.4.

2.1.4. Magnetic Modulated Thermoacoustics (MMTA)

In TA, the penetration depth for microwave is limited to be within several centimeters [72], which
is determined by the significant EM absorption of high-water-content tissue. By employing radio
frequency (RF) magnetic stimulation, MMTA is a more energy-efficient solution for potentially deeper
penetration. Since the human body is non-magnetic and responds to magnetic field nearly as free
space, the magnetic field can penetrate tissues deeper without any absorption attenuation [24].

Heating of magnetic nanoparticles or its dispersed ferrofluid with magnetic field is thought to
be caused by a combination of the hysteresis effect, Brownian relaxation, and Néel relaxation [73].
The area within the hysteresis loop illustrates the magnetic energy delivered in the form of heat to
nanoparticles during the reversal of magnetization. By stimulating the alternating magnetic field
(AMF), the heat function can be calculated as follows: [25]

H(r, t) =
1
2

µ0χ(r)
〈

H2(r, t)
〉 ω0

2τ

1 + (ω0τ)2 , (4)
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where µ0 is the permeability of free space, ω0 is the carrier frequency of magnetic field, τ is the effective
relaxation time of the nanoparticles, and χ(r) is the localized magnetic susceptibility, which maps the
nanoparticle distribution inside biological tissue. Therefore, the magnetic-based EMA approach is
immune from large permittivity of human tissues for depositing electric energy inside tissues, enabling
a high-SNR tracking of nanoparticle motion. Such a feature can be employed to monitor nanoparticle
accumulation and magnetic hyperthermia [74].

2.2. EM Acoustic Generation

To generate EMA signals efficiently, two conditions, referred to as thermal and stress confinements,
must be satisfied [75]. Firstly, the EM pulse used to stimulate the biological tissue should have a pulse
width τ smaller than the characteristic thermal relaxation time τth so that thermal diffusion can be
neglected. Such a condition is called the thermal confinement condition. Normally, the time scale for
the heat dissipation in biological tissue by thermal conduction is about several milliseconds. In EMA,
to generate efficient MHz ultrasound signals, the time duration of the EM pulse is always from several
nanoseconds to microseconds, which is much less than the required thermal confinement relaxation
time. On the other hand, the EM pulse width should also be smaller than the time for the stress to
exit the heated region, which is commonly known as stress confinement [59]. When this condition
is satisfied, high thermoelastic pressure in the tissue can build up rapidly. For example, to achieve
a spatial resolution of 100 µm, the acoustic relaxation time is more than several tens of millisecond.
Therefore, the acoustic confinement condition can also be easily satisfied.

Upon the fulfillment of the thermal confinement and stress confinement, thermal diffusion and
fractional volume expansion can be negligible. The local pressure rise p0(r) immediately after EM
absorption can be derived as follows: [75]

p0(r) = −
β

c
∂

∂t
H(r, t), (5)

in which β is the thermal coefficient of volume expansion, and C is the specific heat capacity of the
tissue medium. Therefore, the initial EMA pressure is directly related to the spatial distribution of EM
absorption. Such acoustic transient pressure inside the tissue acts as the initial condition in the general
acoustic wave equation:

∇2 p(r, t)− 1
c2

∂2

∂t2 p(r, t) = − β

C
∂

∂t
H(r, t). (6)

The generated EMA wave propagates through the sample and is detected by an ultrasonic
transducer or transducer array at the tissue boundary. Solved by three-dimensional Green function
method [76], the EMA signal picked up by an ideal point ultrasound transducer at rd can be written
as [57]

p(rd, t) =
1

4πc2
∂

∂t

∫
dr

1
|rd − r|H(r, t− |rd − r|

c
). (7)

Equation (7) tells us that the detected acoustic pressure at spatial location rd and time t comes
from an acoustic source integrated over a spherical shell centered at rd with a radius of ct. Such a direct
relationship between generated acoustic pressure and the capabilities of EM absorption permits the
structural imaging and quantification of various physiological parameters such as the oxygenation of
hemoglobin. In addition, in the process of EM heating, the transient temperature elevation is about
several millidegrees Celsius [26], and thus will not change the properties of the biological tissue under
study, making EMA techniques suitable for wide biomedical sensing applications.

Up to now, we have discussed the generation and propagation of EMA pressure waves in tissue
with different EM excitation. In the following sections, we will review the applications of EMA
techniques in biomedicine, including imaging, sensing, and therapeutic-related methods.
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3. Biomedical Sensing Application

In this section, several biomedical applications of EMA techniques will be reviewed. These
applications are majorly focused on the biomedicine field, including structural imaging (brain imaging,
whole-body imaging, and molecular imaging), blood flowmetry, thermometry, dosimetry for radiation
therapy, hemoglobin oxygen saturation (SO2) sensing, fingerprint imaging and sensing, glucose
sensing, and pH sensing.

3.1. Structural and Molecular Imaging

3.1.1. Brain Imaging

Brain imaging has become one of the most important breakthroughs in cognitive neuroscience;
it will not just unlock the mystery of how brain works, but also provides guidance for better
diagnostics and therapeutics of neural diseases. By using different implementations and focusing
mechanism, PA brain imaging methods from microscopic to macroscopic scales have been extensively
reported [26,32,77–80]. Figure 2a shows the imaging results obtained by photoacoustic computed
tomography (PACT), a major tool for PA imaging, in which the ultrasound transducer is driven by a
computer-controlled motor to circularly scan around the rat head in the imaging plane. By stimulating
the left-side and right-side whisker, corresponding differential PA images are illustrated in Figure 2b,c,
which agree well with the vascular pattern shown in Figure 2a. Such elevation of PA amplitude in the
stimulated regions indicates increased cortical neural activity in response to whisker stimulation. Later,
instead of imaging cortical surface, PA imaging of the whole mouse brain has been demonstrated
based on the structural contrast from other chromophores [78].

Providing different contrast information, TA brain imaging has also been demonstrated through
rhesus monkey skulls [80]. Benefiting from the low absorption and diffraction from the skull, the TA
method is considered to provide superior penetration compared to the laser-based PA imaging method.
Figure 2e shows a tomographic image of the rhesus monkey brain made by the TA method. The gray
matter and cerebrospinal fluid (CSF) appear darker due to large EM absorption (more water), whereas
the white matter shows less TA generation (less water). In addition, the median fissure and the
boundary between the cerebra and cerebella can also be explicitly imaged.

Figure 2. (a) PA brain imaging of nude mouse; (b,c) PA images corresponding to left-side and right-side
whisker stimulation, respectively; (d) open-skull photograph of the rat cortical; (e) TA imaging of
rhesus monkey brain. Reprinted with permission from [26,80].
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A long-standing challenge of brain imaging is eliminating the ultrasonic distortion provided by
the skull. Such phase distortion can be alleviated by the low-pass-filtering [80]; however, this sacrifices
the imaging resolution. A potential solution is to use geometric measurements of the skull from CT or
MRI to quantify the aberration effect and then compensate for the phase shift. A more detailed review
of PA/TA brain imaging can be found in [81].

3.1.2. Whole-Body Imaging

Besides brain imaging at the organ level, EMA techniques are also suitable for whole-body
imaging for small animals. Small-animal models are widely used in biomedical research and the
whole-body imaging of small animals is a critical step in pre-clinical studies.

Brecht et al. designed a small-animal PACT system in which optical illumination is provided
by two fiber bundles from opposite directions, while PA signals are received by a 64-element curved
array [82] (see the diagram of the system in Figure 3a). Figure 3b shows a PA image of a nude mouse
acquired at 755 nm excitation wavelength. The left and right kidneys, spleen, and a partial lobe of the
liver can also be easily visualized. At another exciting wavelength, 1064 nm, with strong absorption in
both arterial and venous vasculature, the descending aorta, the abdominal aorta, and its bifurcation
into the femoral veins can be clearly imaged.

In [83], whole-body images of living zebrafish embryos were obtained with motionless volumetric
PA microscopy. Figure 3d depicts the whole zebrafish larva, with imaging depths encoded in color.
With spatially invariant resolution, structures throughout the whole fish can be clearly resolved,
whereas the imaging in conventional PA microscopy is blurry [83].

Figure 3. (a) Photograph of the whole-body PA imaging of a nude mouse; (b) whole-body PA imaging
of a nude mouse with 755 nm excitation; (c) whole-body PA imaging of a nude mouse with 1064 nm
excitation; (d) whole-body PA images of zebrafish embryos encoded with imaging depth. Reprinted
with permission from [82,83].
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Some other techniques for developing whole-body PA imaging include spectroscopic whole-body
PA imaging [84], long-term distribution of nanoparticle and drug delivery [85], and whole-body
imaging of adult zebrafish [86]. A more detailed review of whole-body imaging of small animals can
be found in [87].

3.1.3. Molecular Imaging

In the EMA imaging method, endogenous PA contrasts (e.g., DNA/RNA in cell nuclei and
hemoglobin in blood cells) and TA contrasts (e.g., high water content tissues) are normally employed
as the EMA source and contrast provider. However, they may lack the requisite biological specificity
for diagnosing applications.

EM absorption-based EMA techniques (including PA, TA, and MMTA) can be easily extended to
the molecular imaging of pathologically changed tissues (e.g., cancer cells), with the implementation
of EM-absorbent biomarkers, in which a wide range of nanoparticles and dyes are suitable for PA
molecular imaging and magnetic nanoparticles are suitable for TA and MMTA imaging [88–92]. If
the exogenous contrast agents are properly conjugated to bioactive peptides, antibodies, proteins,
and hormones, imaging contrast would be greatly improved by up to 30 dB [93]. In addition, the
molecular imaging also enables the visualization of the cellular function and tracks the dynamic
activity of the molecular process.

In particular, MMTA is intrinsically a molecular imaging method. By employing magnetic
nanoparticles, an EMA wave can only be generated from the nanoparticles, whereas the background
biological tissue acts as the free space without any magnetic response [24]. In addition, such magnetic
nanoparticles can be easily modulated by the external magnetic field to realize some attractive
capabilities, e.g., magnetic saturation [25]. Several review papers about nanoparticle-based PA/TA
molecular imaging can be found in [94,95].

3.2. Flowmetry

Blood flowmetry techniques can detect abnormal flow within an artery or blood vessel. This
can help to diagnose and treat a variety of conditions, including blood clots and poor circulation [96].
As opposed to back-scattered waves used in pure ultrasonic and optical method, EMA techniques rely
on EM absorption, offering a high contrast between vasculature and the surrounding tissues. A variety
of detection mechanisms have been reported, including Doppler Effect [97], density tracking [98],
transit time of particles [99], and flash/replenishment-based photoconversion [100]. Figure 4 shows
the results of transverse-flowing imaging based on the PA Doppler bandwidth broadening, in which
the PA spectrum is demonstrated to be broadened by the blood flow [101]. Based on the measured
Doppler bandwidth from Figure 4a,b, the transient blood velocity can be quantified and visualized
(as shown in Figure 4c,g), in which positive flow direction (the same direction as the acoustic wave
propagation) is shown in red, and the negative flow is shown in blue. In Figure 4f, it can be clearly seen
that the measured flow speed at the boundary is relatively low, which is consistent with the parabolic
velocity model in blood vessels.

Up to now, PA flow imaging has not yet been applied clinically or pre-clinically. One of the major
challenges is the limited penetration depth of light in opaque biological tissues, while conventional
ultrasound color Doppler imaging could be used in deep tissues. The combination of high-sensitivity
nanoparticles and TA/MMTA may drive the clinical translation of EMA techniques with high accuracy
and stability.

3.3. Thermometry

EMA techniques including PA/TA/MMTA have been demonstrated to noninvasively measure
tissue temperature with high sensitivity, deep penetration, and real-time capability [24,39].
Such deep-temperature sensing techniques have applications in thermotherapy (e.g., HIFU ablation,
radiofrequency ablation, photothermal therapy, etc.), in which heat is used to ablate abnormal tissue
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such as tumors. During the process of thermotherapy, to ensure only the cancerous cells are destroyed
while leaving surrounding healthy tissue unaffected, such thermometry or dosimetry with deep
penetration is of particular importance [102,103].

Figure 4. PA Doppler flowmetry. (a) PA Doppler bandwidth as a function of flow velocity; (b–f) PA
flow imaging at different velocities and directions; (g) a 3D visualization of the PA flow imaging.
Reprinted with permission from [101].

The principles for temperature sensing-based EMA techniques are quite straightforward.
The volume expansion coefficient β and the speed of sound c in Equation (5) are both
temperature-dependent and linearly proportional to the environmental temperature between 10
and 55 ◦C [104]. Therefore, the Grueneisen parameter, and thus initial acoustic pressure p0 can
be directly used for in vivo temperature sensing and mapping. Figure 5a,b shows the TA and PA
amplitude dependence of temperature elevation, respectively. The sensing accuracy is estimated to
be about 0.15 ◦C and the temporal resolution is as short as 2 s [39]. With spatial resolution provided
by mechanical scanning or ultrasound linear array [104,105], temperature thermal mapping is also
available, which provides not only temperature elevation distribution but also spatial distribution of
thermal dose deposition.

Recently, Liu et al. developed a portable PA device that integrates the optical module (CW laser
diode with collimation lens), acoustic module (ring ultrasound transducer with an acoustic coupling
layer), and back-end receiving circuit, as shown in Figure 5c–e [106]. The overall system size is
around 14 cm × 8 cm × 3 cm, which is slightly larger than a normal cell phone. In vivo testing results
demonstrated a high sensing accuracy of 0.5 ◦C, with a fast refreshing rate of 80 Hz.

3.4. Dosimetry for Radiation Therapy

Radiation therapy is a cancer treatment that uses a high-energy beam of X-ray radiation to kill
cancerous cells or slow their growth by damaging their deoxyribonucleic acid (DNA) [107]. During
X-ray radiography, both cancerous tumor and healthy tissue are susceptible to ionizing damage from
irradiation; therefore, the goal of radiation therapy is to maximize the damage to a tumor while
protecting healthy tissue to avoid unwanted side effects. In this sense, in vivo dosimetry is important
to ensure that treatment is being delivered properly, and also has great potential for the development
of adaptive radiotherapy.
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Figure 5. (a) TA temperature sensing of deionized water; (b) PA temperature sensing of ink; (c) portable
PA device for temperature measurement; (d) in vivo testing of the portable PA device; (e) results of PA
temperature measurement in vivo. Reprinted with permission from [39,106].

Many current clinical dosimetry techniques, including ion chambers (ICs), thermoluminescent
dosimeters (TLDs), and optically stimulated luminescent dosimeters (OSLDs) require a time-
consuming process, perturb the beam, or are difficult to implement [108]. The XTA technique, as a
special type of EMA techniques, is intrinsically compatible with X-ray radiation therapy [109–111].

The characteristics of XTA dosimetry were investigated in both simulation and experimental XTA
imaging for a square field at different depths [109], as shown in Figure 6. To quantitatively analyze the
XTA intensity and radiation dose, amplitude profiles were extracted from experimental and simulated
XTA images and compared to IC measured profiles. As shown in Figure 6e, a good agreement was
observed, demonstrating the potential of XTA technique for in vivo dosimetry applications. However,
this technique is still in the proof-of-concept stage and needs to be further developed towards in vivo
and clinical validation.
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Figure 6. XTA imaging of radiation dose in (a) experiment and (b) simulation at a depth of 2.4 cm. XTA
imaging of radiation dose in (c) experiment and (d) simulation at a depth of 10 cm; (e) thermodose
profile estimated by simulation, experiment and ion chamber. Reprinted with permission from [109].

3.5. Hemoglobin Oxygen Saturation (SO2) Sensing

As one of the most important applications of the PA techniques, PA spectroscopy detects the
spectrally dependent absorption characteristics of different chromophores. In blood vessels, the
absorption spectrum at visible and NIR wavelength is strongly dependent upon the concentration
of oxy-hemoglobin (HbO2) and deoxy-hemoglobin (HbR). As shown in Figure 1, the two forms of
hemoglobin have different peak absorptions in the 500–600 nm and 700–900 nm wavelength range [112].
Therefore, by acquiring PA signals at multiple wavelengths and undertaking a spectroscopic analysis,
the concentration of HbO2, HbR, and thus calculated SO2 can be quantified in a manner analogous to
conventional near-infrared spectroscopy (NIRs) [113].

The SO2 level is an essential physiological parameter that is related to a broad range of
pathophysiological processes such as angiogenesis, hypoxia, inflammatory, and cancerous growth.
Zhang et al. investigated the principle of mapping SO2 distribution by four-wavelength (570, 580,
590, and 600 nm) PA microscopy in single vessels [114]. With single-wavelength PA imaging, the
total hemoglobin concentration distribution was illustrated in Figure 7a. After images were acquired
at all four different optical wavelengths on the same region of interest (ROI), the relative HbO2 and
HbR were first calculated, and then the absolute SO2 level was calculated within the blood vessels
only, based on the vessel segmentation obtained from Figure 7a. Based on the distinct SO2 level from
normal venous and arterial blood, arteries and veins can be clearly separated, corresponding to the
red and blue portions in Figure 7b, respectively. With physiological stage changing from normoxia
to hyperoxia, a decreased SO2 level was observed (Figure 7c); from hypoxia to normoxia, the SO2

level increases significantly (Figure 7d). Such results were compared with those measured by optical
spectrophotometer in the 700–1000 nm range, which shows a good agreement with a low difference
of 4%. In [115], the SO2 distribution in the mouse brain is also studied using the pulse-width-based
method. As shown in Figure 7e, in consonance with the oxygenation microenvironment, the averaged
SO2 level in skull vessels was lower than that in cortical vessels. Recently, our group also proposed
the single-wavelength SO2 detection by combining PA and optical scattering measurement [116].
Demonstrated by an in vitro experiment on porcine blood, PA and scattered light intensity are both
linearly related to the HbO2 and HbR concentration, making it possible for SO2 to be measured with
only one laser wavelength after calibration, as shown in Figure 7f. More reports of SO2 sensing based
on the PA method can be found in [117] and the references therein.
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Figure 7. (a) PA microscopic imaging, (b) static SO2 image, (c) differential SO2 image (from hypoxia to
normoxia), and (d) differential SO2 image (from normoxia to hypoxia) of subcutaneous blood vessels
in a rat; (e) SO2 images of the mouse brain obtained by PA spectroscopic technique; (f) PA signal,
scattered optical signal, and the measured SO2 level along with pseudo-SO2 change. Reprinted with
permission from [114–116].

3.6. Fingerprint Sensing

Fingerprints with unique patterns have been used as important physical evidence in healthcare
biometrics to identify individuals over a long period. There has always been high demand for a simple,
compact, high-resolution, fast-response, cost-effective, and nondestructive method for fingerprint
detection. Inspired by PA structural imaging, Choi et al. proposed PA fingerprint detection, which
combines PA imaging with acoustic impedance imaging [43]. In this method, as the imaging was
conducted with the irradiation of the entire finger, high-voltage pulsed electronics in conventional
ultrasonic fingerprint detection are not required.

Due to different acoustic coupling conditions, the ridge and valley portions, i.e., the skin–acrylic
and skin–air–acrylic media, could be distinguished from each other by the amplitudes of the received
PA signals, as shown in Figure 8a,b. In Figure 8c–e, the fingerprint imaging results using the ultrasonic
pulse-echo impedance mismatch method, ink-press method, and PA method are presented. Although
the quality of the fingerprint image acquired by the PA method is slightly worse than that obtained
by the ultrasound method, the PA image was sufficiently detailed to allow fingerprint pattern to
be distinguished. The compact size of the PA system and potential colorimetric property of the PA
mechanism may open up a new era in fingerprint detection.
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Figure 8. PA generation from (a) valley and (b) ridge portions of the finger; fingerprint images obtained
by (c) ultrasonic pulse-echo impedance mismatch method, (d) ink-press method, and (e) PA method.
Reprinted with permission from [43].

3.7. Glucose Sensing

Blood glucose is one of the most important physiological indicators, related to a broad range of
metabolic diseases (e.g., diabetes mellitus). PA-based glucose sensing has been proposed since the
late 19th century [118]. However, the repeatability of such a method is highly susceptible to the skin
condition, which is dependent on hand washing and drying due to the high light absorption with
respect to the skin secretion products [45]. Recently, to overcome the above limitations, PA spectroscopy
using mid-infrared wavelength light has been proposed [119]. From the microscopic spatial information
of skin, the skin region where the infrared spectrum is insensitive to skin condition can be selected,
which enables reliable prediction of the blood glucose level from the PA spectroscopic signals. Figure 9
depicts the performance of the PA glucose level sensing on two different spots with and without
secretion from an eccrine sweat gland. To determine the sensing accuracy of glucose detection, Clarke’s
grid was employed (Figure 9c–d). The results demonstrated that the infrared measurement on the
non-secreting position produced a better prediction than that on the secreting position, with less effect
from skin condition.

Later, our research group also proposed PA glucose sensing by data fusion, in which both
dependencies of PA amplitude and time delay on glucose level are studied [120]. Through data
fusion on the amplitude and time delay information, the accuracy of glucose sensing increased
up to 33% in different glucose concentrations. To further develop PA glucose sensing for clinical
practice, the sensitivity and specificity of glucose detection must be improved. One potential way
is designing high-sensitivity glucose-conjugated nanoparticles as a biomarker to track the relative
glucose density [121].
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Figure 9. (a) PA measured skin glucose on the two different spots of the index finger with or without
secretion from an eccrine sweat gland compared with the reference glucose level; (b) error analysis with
varying latent variable number; (c,d) correlation between measured blood glucose and PA predicted
glucose from the spectra without (c) or with (d) the secretion from a sweat gland; (e–g) correlation
between predicted glucose concentration and reference concentration using (e) PA amplitude, (f) time
delay, and (g) data fusion. Reprinted with permission from [119,120].

3.8. PH Sensing

Optical absorption is not only determined by the structural or molecular formation itself, but also
by the environmental chemical conditions, e.g., pH level. For quantitative measurement of pH level in a
biological environment, pH-sensitive nanoprobes involving fluorescence dye (SNARF-5F), sonophoric
nanoprobes [46,122], albumin-based nanoprobes [123], or semiconducting oligomer nanoparticles [124]
are normally required.

In recently published quad-wavelength ratiometric PA imaging of pH [125], the PA amplitude
ratios between the three wavelengths (576, 584, and 600 nm) and the isosbestic point (565 nm) were
investigated. With the calibrated relationship between pH level and PA amplitude ratio (Figure 10a), PA
images of the blood phantoms buffered at different pH levels are obtained and illustrated in Figure 10b.
An example of PA imaging of pH level in different organs is also depicted in Figure 10c–g, in which
the normal tissue shows a relative higher pH level than in cancerous tumor. Figure 10c–g shows the
spatially distributed pH levels in the tumor section at different time points after injection. With the
accumulation of nanoparticles in the tumor, the nanoparticle concentration and the PA amplitude
reached a peak about 75 min after the injection.

Although the only optic-based PA technique is reported to measure pH level, the nanoprobe-based
functional imaging method can also be extended to other EMA techniques (e.g., TA and MMTA
combined with magnetic nanoparticles) for sensing other chemical-related physiological parameters
(e.g., calcium [126] and potassium [127]). From another perspective of multifunctionality, by further
combining EMA techniques with other therapeutic agents, the nanoprobe becomes the therapeutic
nanoparticle for broader biomedical applications.
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Figure 10. (a) Measured ratio of PA intensity ratios between the three wavelengths and the isosbestic
point from pH 5.8–7.7; (b) auantitative pH images of phantoms containing different concentrations
(6.6, 7.0 and 7.4); (c) PA pH image of a normal tissue; (d–g) auantitative PA pH images at different time
points after nanoprobe injection. Reprinted with permission from [125].

4. Prospects and Conclusions

Owing to their hybrid nature, EMA techniques in biomedicine offer multiple advantages over
other single wave-based sensing techniques. The most favorable is the combination of excellent
EM absorption contrast and acoustic-diffraction-limited spatial resolution, associated with low
scattering of ultrasonic waves. EMA techniques are particularly suitable for biological tissues with
inhomogeneous EM absorption but relatively homogeneous acoustical properties. Electromagnetically,
inhomogeneity of EM absorption (existence of EM absorbers) provides the sensing information
or imaging contrast, while the effect of physiological parameters on EM absorptions provides the
functional capabilities in the EMA imaging. In this sense, the spectroscopic difference between HbO2

and HbR enables SO2 sensing, the pH-sensitive spectroscopic absorption of dyes enables pH level
sensing, temperature dependence of Grüneisen parameter gives rise to the PA/TA thermometry, and so
on. Acoustically, since EMA signals are generated internally by EM absorption and are propagated
one way to the acoustic receiver, small speed variations within biological soft tissue do not affect
the sound propagation in a finite-length path very much. Therefore, although acoustic homogeneity
is preferred, EMA techniques have better tolerance to sound speed variation than conventional
ultrasound techniques that rely on round-trip ultrasonic propagation.

As well as providing structural and functional information, there is the prospect of using EMA
techniques for early cancer detection. The superior capabilities of EMA techniques for deep tissue
imaging and the broad applications in biomedical sensing can greatly contribute to cancer detection
and staging—a detailed review of cancer detection can be found in [128]. Briefly, there are two
principal approaches. Firstly, cancer/tumor generation is always accompanied by physiological
and metabolic changes (e.g., water content, oxygen saturation, vascular blood volume, etc.), which
can be monitored from some endogenous contrasts by EMA techniques. For example, during the
growth of a tumor, large amounts of oxygen and fresh nutrients need to be continuously supplied,
leading to vascularization and angiogenesis around the cancerous tissue. Therefore, the malignancy
of tumor can be determined based on the EMA imaging of microvasculature structure and the SO2

distribution [129]. Melanin, another important indicator for tumor detection (especially melanoma),
shows strong optic absorption in a wide spectral range. By employing dual-wavelength PA imaging,
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melanomas can be spectroscopically differenced from normal tissue based on the different absorption
spectrum between hemoglobin and melanin [42]. In some special situations such as breast cancer,
at the margin of the tumor, microwave absorption can increase significantly due to highly increased
ionic or water content, whereas the main component of the breast is fat, which shows little microwave
absorption response. Therefore, the detection of breast cancer by TA is feasible and also widely studied
recently [41,71,130,131]. Secondly, at the cellular level, the use of exogenous contrast in EMA has shown
great promise in its ability to detect tumor vasculature [132], circulating tumor cells (CTC) [133–135],
and micro-metastasis in sentinel lymph nodes (SNL) [136]. In PA cytometry, targeted nanoparticles are
employed to label the prostate cancer cells in human blood; therefore, CTC can be easily detected with
greatly enhanced contrast [133]. In a more recent study, labeled by magnetic nanoparticles, CTC can be
magnetically trapped by a static magnetic field and then PA imaging can track their accumulation [135].
Using magnetic nanoparticles, such magnetic modulated PA imaging is intrinsically compatible with
the MMTA method. We expect to see a combination of different EMA techniques for superior imaging
and sensing performance (e.g., cellular dynamic tracking) demonstrated in the near future.

Besides EM absorption-based EMA techniques, many other EM force-related EMA methods
including magnetoacoustic imaging with magnetic induction (MAT-MI) [137–139], magnetoacoustic
imaging of superparamagnetic iron oxide nanoparticles (MAT-SPIONs), EM-induced shear wave
imaging [140], magnetomotive ultrasound (MMUS) [141], and magnetomotive photoacoustic
(MMPA) [142] have been developed based on their respect EM properties. In MAT-MI, a time-varying
magnetic stimulation is applied to induce an eddy current in biological tissue. In the presence
of a static magnetic field, the generated Lorentz force causes transient mechanical vibration and
produces detectable ultrasound signals [137]. When the imaging objects are replaced by extraneous
magnetic nanoparticles, the generation of a magnetoacoustic wave in MAT-SPIONs relies on the
magnetic translation force [138]. In both cases, the magnetic-field-induced force serves as the acoustic
source, though MAT-MI reconstructs the electrical conductivity distribution and MAT-SPIONs map
the extraneous nanoparticles distribution. In MMUS/MMPA, a magnetic field is applied to induce
magnetic motion within magnetically labeled tissue and ultrasound/PA is used to detect the induced
tissue motion. As a hybrid phenomenon of US/PA acoustic generation and mechanical vibration,
MMUS/MMPA intrinsically includes optical/acoustic contrast and mechanical contrast. Therefore,
MMUS and MMPA can be used to estimate magnetic nanoparticles distribution and nanoparticle
displacement in response to the magnetic field. Such dual-contrast EMA sensing techniques may
further be developed for mechanical property characterization (e.g., elasticity and viscosity) and other
medical applications.

In this review, we mainly focused on EM absorption-based EMA techniques. Based on the different
EM absorption and heating mechanism, we categorized the most current EMA techniques into PA,
TA, XA, and MMTA. In terms of biomedical applications, EMA techniques have been established as a
useful tool for structural imaging (brain imaging, whole-body imaging, and molecular imaging),
blood flowmetry, thermometry, dosimetry for radiation therapy, hemoglobin oxygen saturation
(SO2) sensing, fingerprint imaging and sensing, glucose sensing, pH sensing, etc. By combining
multifunctional nanoparticles, many more physiologically characteristic parameters (thermal, chemical,
and mechanical) can be monitored by using EMA detection.

Overall, EMA is still in its infancy and has not yet been applied clinically, although many initial
studies have demonstrated the potential for applications in the biomedical field. Several research
groups are also working toward making EMA low-cost [143], stable [144], compact [145], and easy to
use [146], therefore driving its translation into clinical applications. Improvement in terms of accuracy,
sensitivity, penetration depth, reconstruction algorithm, and sensing speed will further improve the
imaging and sensing performance of EMA. Commercialized EMA systems are expected to be available
in the near future, and wide medical applications are foreseen.

Funding: This research received no external funding.



Sensors 2018, 18, 3203 17 of 23

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Hu, S.; Hoffman, E.; Reinhardt, J. Automatic lung segmentation for accurate quantitation of volumetric X-ray
CT images. IEEE Trans. Med. Imaging 2001, 20, 490–498. [CrossRef] [PubMed]

2. Drechsler, W. Optical Coherence Tomography: Technology and Applications; Springer: New York, NY, USA, 2008.
3. Corlu, A.; Choe, R.; Durduran, T.; Rosen, M.A.; Schweiger, M.; Arridge, S.R.; Schnall, M.D.; Yodh, A.G.

Three-dimensional in vivo fluorescence diffuse optical tomography of breast cancer in humans. Opt. Express
2007, 15, 6696. [CrossRef] [PubMed]

4. Villringer, A.; Planck, J.; Hock, C.; Schleinkofer, L.; Dirnagl, U. Near infrared spectroscopy (NIRS): A new
tool to study hemodynamic changes during activation of brain function in human adults. Neurosci. Lett.
1993, 154, 101–104. [CrossRef]

5. Heilemann, M.; Van De Linde, S.; Schüttpelz, M.; Kasper, R.; Seefeldt, B.; Mukherjee, A.; Tinnefeld, P.;
Sauer, M. Subdiffraction-Resolution Fluorescence Imaging with Conventional Fluorescent Probes.
Angew.‘Chem. Int. Ed. 2008, 47, 6172–6176. [CrossRef] [PubMed]

6. Wang, L.V.; Wu, H. Biomedical Optics: Principles and Imaging; Wiley-Interscience: Hoboken, NJ, USA, 2007.
7. Semenov, S.Y.; Corfield, D.R. Microwave Tomography for Brain Imaging: Feasibility Assessment for Stroke

Detection. Int. J. Antennas Propag. 2008, 2008, 1–8. [CrossRef]
8. Ku, G.; Wang, L.V. Scanning microwave-induced thermoacoustic tomography: Signal, resolution,

and contrast. Med. Phys. 2001, 28, 4–10. [CrossRef] [PubMed]
9. Tzourio-Mazoyer, N.; Landeau, B.; Papathanassiou, D.; Crivello, F.; Etard, O.; Delcroix, N.; Mazoyer, B.;

Joliot, M. Automated Anatomical Labeling of Activations in SPM Using a Macroscopic Anatomical
Parcellation of the MNI MRI Single-Subject Brain. NeuroImage 2002, 15, 273–289. [CrossRef] [PubMed]

10. Griffiths, H.; Stewart, W.R.; Gough, W. Magnetic Induction Tomography: A Measuring System for Biological
Tissues. Ann. N. Y. Acad. Sci. 1999, 873, 335–345. [CrossRef] [PubMed]

11. Grasland-Mongrain, P.; Mari, J.-M.; Chapelon, J.-Y.; Lafon, C. Lorentz force electrical impedance tomography.
Irbm 2013, 34, 357–360. [CrossRef]

12. Wen, H.; Shah, J.; Balaban, R. Hall effect imaging. IEEE Trans. Biomed. Eng. 1998, 45, 119–124. [CrossRef]
[PubMed]

13. Woo, E.J.; Seo, J.K. Magnetic resonance electrical impedance tomography (MREIT) for high-resolution
conductivity imaging. Physiol. Meas. 2008, 29, R1. [CrossRef] [PubMed]

14. Bell, A.G. On the production and reproduction of sound by light. Am. J. Sci. 1880, s3-20, 305–324. [CrossRef]
15. Kruger, R.A.; Liu, P.; Fang, Y.R.; Appledorn, C.R. Photoacoustic ultrasound (PAUS)-Reconstruction

tomography. Med. Phys. 1995, 22, 1605–1609. [CrossRef] [PubMed]
16. Hoelen, C.G.A.; Mul, F.F.M.D.; Pongers, R.; Dekker, A. Three-dimensional photoacoustic imaging of blood

vessels in tissue. Opt. Lett. 1998, 23, 648. [CrossRef] [PubMed]
17. Kruger, R.A.; Reinecke, D.R.; Kruger, G.A. Thermoacoustic computed tomography-technical considerations.

Med. Phys. 1999, 26, 1832–1837. [CrossRef] [PubMed]
18. Kruger, R.A.; Kiser, W.L.; Reinecke, D.R.; Kruger, G.A.; Miller, K.D. Thermoacoustic Molecular Imaging of

Small Animals. Mol. Imaging 2003, 2, 153535002003031. [CrossRef]
19. Wang, L.V.; Zhao, X.; Sun, H.; Ku, G. Microwave-induced acoustic imaging of biological tissues. Rev. Sci.

Instrum. 1999, 70, 3744–3748. [CrossRef]
20. Ku, G.; Wang, L.V. Scanning thermoacoustic tomography in biological tissue. Med. Phys. 2000, 27, 1195–1202.

[CrossRef] [PubMed]
21. Xu, M.; Ku, G.; Wang, L.V. Microwave-induced thermoacoustic tomography using multi-sector scanning.

Med. Phys. 2001, 28, 1958–1963. [CrossRef] [PubMed]
22. Xiang, L.; Han, B.; Carpenter, C.; Pratx, G.; Kuang, Y.; Xing, L. X-ray acoustic computed tomography with

pulsed x-ray beam from a medical linear accelerator. Med. Phys. 2012, 40, 010701. [CrossRef] [PubMed]
23. Xiang, L.; Tang, S.; Ahmad, M.; Xing, L. High Resolution X-ray-Induced Acoustic Tomography. Sci. Rep.

2016, 6, 26118. [CrossRef] [PubMed]
24. Feng, X.; Gao, F.; Zheng, Y. Modulatable magnetically mediated thermoacoustic imaging with magnetic

nanoparticles. Appl. Phys. Lett. 2015, 106, 153702. [CrossRef]

http://dx.doi.org/10.1109/42.929615
http://www.ncbi.nlm.nih.gov/pubmed/11437109
http://dx.doi.org/10.1364/OE.15.006696
http://www.ncbi.nlm.nih.gov/pubmed/19546980
http://dx.doi.org/10.1016/0304-3940(93)90181-J
http://dx.doi.org/10.1002/anie.200802376
http://www.ncbi.nlm.nih.gov/pubmed/18646237
http://dx.doi.org/10.1155/2008/254830
http://dx.doi.org/10.1118/1.1333409
http://www.ncbi.nlm.nih.gov/pubmed/11213921
http://dx.doi.org/10.1006/nimg.2001.0978
http://www.ncbi.nlm.nih.gov/pubmed/11771995
http://dx.doi.org/10.1111/j.1749-6632.1999.tb09481.x
http://www.ncbi.nlm.nih.gov/pubmed/10372181
http://dx.doi.org/10.1016/j.irbm.2013.08.002
http://dx.doi.org/10.1109/10.650364
http://www.ncbi.nlm.nih.gov/pubmed/9444846
http://dx.doi.org/10.1088/0967-3334/29/10/R01
http://www.ncbi.nlm.nih.gov/pubmed/18799834
http://dx.doi.org/10.2475/ajs.s3-20.118.305
http://dx.doi.org/10.1118/1.597429
http://www.ncbi.nlm.nih.gov/pubmed/8551984
http://dx.doi.org/10.1364/OL.23.000648
http://www.ncbi.nlm.nih.gov/pubmed/18084605
http://dx.doi.org/10.1118/1.598688
http://www.ncbi.nlm.nih.gov/pubmed/10505871
http://dx.doi.org/10.1162/15353500200303109
http://dx.doi.org/10.1063/1.1149986
http://dx.doi.org/10.1118/1.598984
http://www.ncbi.nlm.nih.gov/pubmed/10841427
http://dx.doi.org/10.1118/1.1395037
http://www.ncbi.nlm.nih.gov/pubmed/11585227
http://dx.doi.org/10.1118/1.4771935
http://www.ncbi.nlm.nih.gov/pubmed/23298069
http://dx.doi.org/10.1038/srep26118
http://www.ncbi.nlm.nih.gov/pubmed/27189746
http://dx.doi.org/10.1063/1.4918582


Sensors 2018, 18, 3203 18 of 23

25. Kellnberger, S.; Rosenthal, A.; Myklatun, A.; Westmeyer, G.G.; Sergiadis, G.; Ntziachristos, V.
Magnetoacoustic Sensing of Magnetic Nanoparticles. Phys. Rev. Lett. 2016, 116, 108103. [CrossRef]
[PubMed]

26. Wang, X.; Pang, Y.; Ku, G.; Xie, X.; Stoica, G.; Wang, L.V. Noninvasive laser-induced photoacoustic
tomography for structural and functional in vivo imaging of the brain. Nat. Biotechnol. 2003, 21, 803–806.
[CrossRef] [PubMed]

27. Zhang, H.F.; Maslov, K.; Stoica, G.; Wang, L.V. Functional photoacoustic microscopy for high-resolution and
noninvasive in vivo imaging. Nat. Biotechnol. 2006, 24, 848–851. [CrossRef] [PubMed]

28. Maslov, K.; Zhang, H.F.; Hu, S.; Wang, L.V. Optical-resolution photoacoustic microscopy for in vivo imaging
of single capillaries. Opt. Lett. 2008, 33, 929–931. [CrossRef] [PubMed]

29. Yao, J.; Maslov, K.I.; Puckett, E.R.; Rowland, K.J.; Warner, B.W.; Wang, L.V. Double-illumination photoacoustic
microscopy. Opt. Lett. 2012, 37, 659–661. [CrossRef] [PubMed]

30. Wang, L.; Zhang, C.; Wang, L.V. Grueneisen Relaxation Photoacoustic Microscopy. Phys. Rev. Lett. 2014, 113.
[CrossRef] [PubMed]

31. Xiang, L.; Wang, B.; Ji, L.; Jiang, H. 4-D Photoacoustic Tomography. Sci. Rep. 2013, 3, 1113. [CrossRef]
[PubMed]

32. Tang, J.; Coleman, J.E.; Dai, X.; Jiang, H. Wearable 3-D Photoacoustic Tomography for Functional Brain
Imaging in Behaving Rats. Sci. Rep. 2016, 6, 25470. [CrossRef] [PubMed]

33. Xu, M.; Wang, L. Time-domain reconstruction for thermoacoustic tomography in a spherical geometry.
IEEE Trans. Med. Imaging 2002, 21, 814–822. [PubMed]

34. Xu, Y.; Feng, D.; Wang, L. Exact frequency-domain reconstruction for thermoacoustic tomography. I. Planar
geometry. IEEE Trans. Med. Imaging 2002, 21, 823–828. [PubMed]

35. Xu, Y.; Xu, M.; Wang, L. Exact frequency-domain reconstruction for thermoacoustic tomography. II.
Cylindrical geometry. IEEE Trans. Med. Imaging 2002, 21, 829–833. [PubMed]

36. Mohajerani, P.; Kellnberger, S.; Ntziachristos, V. Fast Fourier backprojection for frequency-domain
optoacoustic tomography. Opt. Lett. 2014, 39, 5455–5458. [CrossRef] [PubMed]

37. Liu, S.; Feng, X.; Gao, F.; Jin, H.; Zhang, R.; Luo, Y.; Zheng, Y. GPU-accelerated two dimensional synthetic
aperture focusing for photoacoustic microscopy. APL Photonics 2018, 3, 026101. [CrossRef]

38. Fang, H.; Maslov, K.; Wang, L.V. Photoacoustic Doppler Effect from Flowing Small Light-Absorbing Particles.
Phys. Rev. Lett. 2007, 99, 184501. [CrossRef] [PubMed]

39. Pramanik, M.; Wang, L.V. Thermoacoustic and photoacoustic sensing of temperature. J. Biomed. Opt. 2009,
14, 054024. [CrossRef] [PubMed]

40. Wang, X.; Xie, X.; Ku, G.; Wang, L.V.; Stoica, G. Noninvasive imaging of hemoglobin concentration and
oxygenation in the rat brain using high-resolution photoacoustic tomography. J. Biomed. Opt. 2006, 11,
024015. [CrossRef] [PubMed]

41. Ku, G.; Fornage, B.D.; Jin, X.; Xu, M.; Hunt, K.K.; Wang, L.V. Thermoacoustic and Photoacoustic Tomography
of Thick Biological Tissues toward Breast Imaging. Technol. Cancer Res. Treat. 2005, 4, 559–565. [CrossRef]
[PubMed]

42. Zhou, Y.; Xing, W.; Maslov, K.I.; Cornelius, L.A.; Wang, L.V. Handheld photoacoustic microscopy to detect
melanoma depth in vivo. Opt. Lett. 2014, 39, 4731–4734. [CrossRef] [PubMed]

43. Choi, W.Y.; Park, K.K. Fingerprint imaging of dry finger using photoacoustics. J. Acoust. Soc. Am. 2017, 141,
EL205–EL209. [CrossRef] [PubMed]

44. Hickling, S.; Hobson, M.; Naqa, I.E. Characterization of X-ray Acoustic Computed Tomography for
Applications in Radiotherapy Dosimetry. IEEE Trans. Radiat. Plasma Med. Sci. 2018, 2, 337–344. [CrossRef]

45. Kottmann, J.; Rey, J.; Sigrist, M. Mid-Infrared Photoacoustic Detection of Glucose in Human Skin: Towards
Non-Invasive Diagnostics. Sensors 2016, 16, 1663. [CrossRef] [PubMed]

46. Chatni, M.R.; Yao, J.; Danielli, A.; Favazza, C.P.; Maslov, K.I.; Wang, L.V. Functional photoacoustic microscopy
of pH. J. Biomed. Opt. 2011, 16, 100503. [CrossRef] [PubMed]

47. Yang, J.-M.; Favazza, C.; Chen, R.; Yao, J.; Cai, X.; Maslov, K.; Zhou, Q.; Shung, K.K.; Wang, L.V. Simultaneous
functional photoacoustic and ultrasonic endoscopy of internal organs in vivo. Nat. Med. 2012, 18, 1297–1302.
[CrossRef] [PubMed]

48. Zhang, Q.; Liu, Z.; Carney, P.R.; Yuan, Z.; Chen, H.; Roper, S.N.; Jiang, H. Non-invasive imaging of epileptic
seizuresin vivousing photoacoustic tomography. Phys. Med. Biol. 2008, 53, 1921–1931. [CrossRef] [PubMed]

http://dx.doi.org/10.1103/PhysRevLett.116.108103
http://www.ncbi.nlm.nih.gov/pubmed/27015511
http://dx.doi.org/10.1038/nbt839
http://www.ncbi.nlm.nih.gov/pubmed/12808463
http://dx.doi.org/10.1038/nbt1220
http://www.ncbi.nlm.nih.gov/pubmed/16823374
http://dx.doi.org/10.1364/OL.33.000929
http://www.ncbi.nlm.nih.gov/pubmed/18451942
http://dx.doi.org/10.1364/OL.37.000659
http://www.ncbi.nlm.nih.gov/pubmed/22344139
http://dx.doi.org/10.1103/PhysRevLett.113.174301
http://www.ncbi.nlm.nih.gov/pubmed/25379919
http://dx.doi.org/10.1038/srep01113
http://www.ncbi.nlm.nih.gov/pubmed/23346370
http://dx.doi.org/10.1038/srep25470
http://www.ncbi.nlm.nih.gov/pubmed/27146026
http://www.ncbi.nlm.nih.gov/pubmed/12374318
http://www.ncbi.nlm.nih.gov/pubmed/12374319
http://www.ncbi.nlm.nih.gov/pubmed/12374320
http://dx.doi.org/10.1364/OL.39.005455
http://www.ncbi.nlm.nih.gov/pubmed/26466296
http://dx.doi.org/10.1063/1.5005145
http://dx.doi.org/10.1103/PhysRevLett.99.184501
http://www.ncbi.nlm.nih.gov/pubmed/17995411
http://dx.doi.org/10.1117/1.3247155
http://www.ncbi.nlm.nih.gov/pubmed/19895126
http://dx.doi.org/10.1117/1.2192804
http://www.ncbi.nlm.nih.gov/pubmed/16674205
http://dx.doi.org/10.1177/153303460500400509
http://www.ncbi.nlm.nih.gov/pubmed/16173826
http://dx.doi.org/10.1364/OL.39.004731
http://www.ncbi.nlm.nih.gov/pubmed/25121860
http://dx.doi.org/10.1121/1.4976193
http://www.ncbi.nlm.nih.gov/pubmed/28372075
http://dx.doi.org/10.1109/TRPMS.2018.2801724
http://dx.doi.org/10.3390/s16101663
http://www.ncbi.nlm.nih.gov/pubmed/27735878
http://dx.doi.org/10.1117/1.3644495
http://www.ncbi.nlm.nih.gov/pubmed/22029342
http://dx.doi.org/10.1038/nm.2823
http://www.ncbi.nlm.nih.gov/pubmed/22797808
http://dx.doi.org/10.1088/0031-9155/53/7/008
http://www.ncbi.nlm.nih.gov/pubmed/18364547


Sensors 2018, 18, 3203 19 of 23

49. Yao, D.-K.; Maslov, K.; Shung, K.K.; Zhou, Q.; Wang, L.V. In vivo label-free photoacoustic microscopy of cell
nuclei by excitation of DNA and RNA. Opt. Lett. 2010, 35, 4139–4141. [CrossRef] [PubMed]

50. Jin, X.; Xu, Y.; Wang, L.V.; Fang, Y.R.; Zanelli, C.I.; Howard, S.M. Imaging of high-intensity focused
ultrasound-induced lesions in soft biological tissue using thermoacoustic tomography. Med. Phys. 2004, 32,
5–11. [CrossRef] [PubMed]

51. Wang, X.; Chamberland, D.L.; Carson, P.L.; Fowlkes, J.B.; Bude, R.O.; Jamadar, D.A.; Roessler, B.J. Imaging
of joints with laser-based photoacoustic tomography: An animal study. Med. Phys. 2006, 33, 2691–2697.
[CrossRef] [PubMed]

52. Pan, D.; Pramanik, M.; Senpan, A.; Ghosh, S.; Wickline, S.A.; Wang, L.V.; Lanza, G.M. Near infrared
photoacoustic detection of sentinel lymph nodes with gold nanobeacons. Biomaterials 2010, 31, 4088–4093.
[CrossRef] [PubMed]

53. Zemp, R.; Song, L.; Bitton, R.; Shung, K.; Wang, L. Realtime Photoacoustic Microscopy of Murine
Cardiovascular Dynamics. Opt. Express 2008, 16, 18551–18556. [CrossRef] [PubMed]

54. Barnes, F.S.; Greenebaum, B. Handbook of Biological Effects of Electromagnetic Fields; CRC Press: Boca Raton, FL,
USA, 2007.

55. Taroni, P.; Pifferi, A.; Torricelli, A.; Comelli, D.; Cubeddu, R. In vivo absorption and scattering spectroscopy
of biological tissues. Photochem. Photobiol. Sci. 2003, 2, 124–129. [CrossRef] [PubMed]

56. Adey, W.R. Tissue interactions with nonionizing electromagnetic fields. Physiol. Rev. 1981, 61, 435–514.
[CrossRef] [PubMed]

57. Jacques, S.L. Optical properties of biological tissues: A review. Phys. Med. Biol. 2013, 58, 5007. [CrossRef]
58. Vo-Dinh, T. Biomedical Photonics Handbook; CRC Press/Taylor & Francis Group: Boca Raton, FL, USA, 2015.
59. Wang, L.V. Tutorial on Photoacoustic Microscopy and Computed Tomography. IEEE J. Sel. Top. Quantum

Electron. 2008, 14, 171–179. [CrossRef]
60. Danielli, A.; Maslov, K.; Favazza, C.P.; Xia, J.; Wang, L.V. Nonlinear photoacoustic spectroscopy of

hemoglobin. Appl. Phys. Lett. 2015, 106, 203701. [CrossRef] [PubMed]
61. Zhang, C.; Zhang, Y.S.; Yao, D.-K.; Xia, Y.; Wang, L.V. Label-free photoacoustic microscopy of cytochromes.

J. Biomed. Opt. 2013, 18, 020504. [CrossRef] [PubMed]
62. Longo, D.L.; Stefania, R.; Aime, S.; Oraevsky, A. Melanin-Based Contrast Agents for Biomedical Optoacoustic

Imaging and Theranostic Applications. Int. J. Mol. Sci. 2017, 18, 1719. [CrossRef] [PubMed]
63. Yao, D.-K. Optimal ultraviolet wavelength for in vivo photoacoustic imaging of cell nuclei. J. Biomed. Opt.

2012, 17, 056004. [CrossRef] [PubMed]
64. Lin, L.; Yao, J.; Li, L.; Wang, L.V. In vivophotoacoustic tomography of myoglobin oxygen saturation. J. Biomed.

Opt. 2015, 21, 061002. [CrossRef] [PubMed]
65. Sangha, G.S.; Phillips, E.H.; Goergen, C.J. In vivo photoacoustic lipid imaging in mice using the second

near-infrared window. Biomed. Opt. Express 2017, 8, 736–742. [CrossRef] [PubMed]
66. Cao, Y.; Kole, A.; Hui, J.; Zhang, Y.; Mai, J.; Alloosh, M.; Sturek, M.; Cheng, J.-X. Fast assessment of lipid

content in arteries in vivo by intravascular photoacoustic tomography. Sci. Rep. 2018, 8, 2400. [CrossRef]
[PubMed]

67. Christison, G.B.; Mackenzie, H.A. Laser photoacoustic determination of physiological glucose concentrations
in human whole blood. Med. Biol. Eng. Comput. 1993, 31, 284–290. [CrossRef] [PubMed]

68. Duck, F.A. Physical Properties of Tissue: A Comprehensive Reference Book; Institute of Physics and Engineering
in Medicine: York, UK, 2012.

69. Bowen, T.; Chen, C.X.; Liew, S.C.; Lutz, W.R.; Nasoni, R.L. Observation of ultrasonic emission from edges of
therapeutic X-ray beams. Phys. Med. Biol. 1991, 36, 537–539. [CrossRef] [PubMed]

70. Garcia, M.E.; Pastor, G.M.; Bennemann, K.H. Theory for the Photoacoustic Response to X-ray Absorption.
Phys. Rev. Lett. 1988, 61, 121–124. [CrossRef] [PubMed]

71. Nie, L.; Xing, D.; Zhou, Q.; Yang, D.; Guo, H. Microwave-induced thermoacoustic scanning CT for
high-contrast and noninvasive breast cancer imaging. Med. Phys. 2008, 35, 4026–4032. [CrossRef] [PubMed]

72. Piao, D.; Towner, R.A.; Smith, N.; Chen, W.R. Magnetothermoacoustics from magnetic nanoparticles by short
bursting or frequency chirped alternating magnetic field: A theoretical feasibility analysis. Med. Phys. 2013,
40, 063301. [CrossRef] [PubMed]

73. Yao, J.; Wang, L.V. Photoacoustic microscopy. Laser Photonics Rev. 2013, 7, 758–778. [CrossRef] [PubMed]

http://dx.doi.org/10.1364/OL.35.004139
http://www.ncbi.nlm.nih.gov/pubmed/21165116
http://dx.doi.org/10.1118/1.1829403
http://www.ncbi.nlm.nih.gov/pubmed/15719948
http://dx.doi.org/10.1118/1.2214166
http://www.ncbi.nlm.nih.gov/pubmed/16964846
http://dx.doi.org/10.1016/j.biomaterials.2010.01.136
http://www.ncbi.nlm.nih.gov/pubmed/20172607
http://dx.doi.org/10.1364/OE.16.018551
http://www.ncbi.nlm.nih.gov/pubmed/18958134
http://dx.doi.org/10.1039/b209651j
http://www.ncbi.nlm.nih.gov/pubmed/12664972
http://dx.doi.org/10.1152/physrev.1981.61.2.435
http://www.ncbi.nlm.nih.gov/pubmed/7012860
http://dx.doi.org/10.1088/0031-9155/58/14/5007
http://dx.doi.org/10.1109/JSTQE.2007.913398
http://dx.doi.org/10.1063/1.4921474
http://www.ncbi.nlm.nih.gov/pubmed/26045627
http://dx.doi.org/10.1117/1.JBO.18.2.020504
http://www.ncbi.nlm.nih.gov/pubmed/23370407
http://dx.doi.org/10.3390/ijms18081719
http://www.ncbi.nlm.nih.gov/pubmed/28783106
http://dx.doi.org/10.1117/1.JBO.17.5.056004
http://www.ncbi.nlm.nih.gov/pubmed/22612127
http://dx.doi.org/10.1117/1.JBO.21.6.061002
http://www.ncbi.nlm.nih.gov/pubmed/26719943
http://dx.doi.org/10.1364/BOE.8.000736
http://www.ncbi.nlm.nih.gov/pubmed/28270980
http://dx.doi.org/10.1038/s41598-018-20881-5
http://www.ncbi.nlm.nih.gov/pubmed/29402963
http://dx.doi.org/10.1007/BF02458048
http://www.ncbi.nlm.nih.gov/pubmed/8412382
http://dx.doi.org/10.1088/0031-9155/36/4/011
http://www.ncbi.nlm.nih.gov/pubmed/1904585
http://dx.doi.org/10.1103/PhysRevLett.61.121
http://www.ncbi.nlm.nih.gov/pubmed/10038709
http://dx.doi.org/10.1118/1.2966345
http://www.ncbi.nlm.nih.gov/pubmed/18841854
http://dx.doi.org/10.1118/1.4804056
http://www.ncbi.nlm.nih.gov/pubmed/23718611
http://dx.doi.org/10.1002/lpor.201200060
http://www.ncbi.nlm.nih.gov/pubmed/24416085


Sensors 2018, 18, 3203 20 of 23

74. Fortin, J.-P.; Wilhelm, C.; Servais, J.; Ménager, C.; Bacri, J.-C.; Gazeau, F. Size-Sorted Anionic Iron Oxide
Nanomagnets as Colloidal Mediators for Magnetic Hyperthermia. J. Am. Chem. Soc. 2007, 129, 2628–2635.
[CrossRef] [PubMed]

75. Gusev, V.E.; Karabutov, A.A. Laser Optoacoustics; American Institute of Physics: New York, NY, USA, 1993.
76. Kinsler, L.E. Fundamentals of Acoustics; Wiley: New York, NY, USA, 2000.
77. Hu, S.; Maslov, K.; Tsytsarev, V.; Wang, L.V. Functional transcranial brain imaging by optical-resolution

photoacoustic microscopy. J. Biomed. Opt. 2009, 14, 040503. [CrossRef] [PubMed]
78. Li, L.; Xia, J.; Li, G.; Garcia-Uribe, A.; Sheng, Q.; Anastasio, M.A.; Wang, L.V. Label-free photoacoustic

tomography of whole mouse brain structures ex vivo. Neurophotonics 2016, 3, 035001. [CrossRef] [PubMed]
79. Estrada, H.; Huang, X.; Rebling, J.; Zwack, M.; Gottschalk, S.; Razansky, D. Virtual craniotomy for

high-resolution optoacoustic brain microscopy. Sci. Rep. 2018, 8, 1459. [CrossRef] [PubMed]
80. Xu, Y.; Wang, L. Rhesus monkey brain imaging through intact skull with thermoacoustic tomography.

IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2006, 53, 542–548. [PubMed]
81. Yao, J.; Wang, L.V. Photoacoustic brain imaging: from microscopic to macroscopic scales. Neurophotonics

2014, 1, 011003. [CrossRef] [PubMed]
82. Brecht, H.-P.; Su, R.; Fronheiser, M.; Ermilov, S.A.; Conjusteau, A.; Oraevsky, A.A. Whole-body

three-dimensional optoacoustic tomography system for small animals. J. Biomed. Opt. 2009, 14, 064007.
[CrossRef] [PubMed]

83. Yang, J.; Gong, L.; Xu, X.; Hai, P.; Shen, Y.; Suzuki, Y.; Wang, L.V. Motionless volumetric photoacoustic
microscopy with spatially invariant resolution. Nat. Commun. 2017, 8, 780. [CrossRef] [PubMed]

84. Jeon, M.; Kim, J.; Kim, C. Multiplane spectroscopic whole-body photoacoustic imaging of small animals
in vivo. Med. Biol. Eng. Comput. 2014, 54, 283–294. [CrossRef] [PubMed]

85. Su, R. Three-dimensional optoacoustic imaging as a new noninvasive technique to study long-term
biodistribution of optical contrast agents in small animal models. J. Biomed. Opt. 2012, 17, 101506. [CrossRef]
[PubMed]

86. Ma, R.; Distel, M.; Deán-Ben, X.L.; Ntziachristos, V.; Razansky, D. Non-invasive whole-body imaging of
adult zebrafish with optoacoustic tomography. Phys. Med. Biol. 2012, 57, 7227–7237. [CrossRef] [PubMed]

87. Xia, J.; Wang, L.V. Small-Animal Whole-Body Photoacoustic Tomography: A Review. IEEE Trans. Biomed.
Eng. 2014, 61, 1380–1389. [PubMed]

88. Li, W.; Chen, X. Gold nanoparticles for photoacoustic imaging. Nanomedicine 2015, 10, 299–320. [CrossRef]
[PubMed]

89. Nagaoka, R.; Tabata, T.; Yoshizawa, S.; Umemura, S.-I.; Saijo, Y. Visualization of murine lymph vessels using
photoacoustic imaging with contrast agents. Photoacoustics 2018, 9, 39–48. [CrossRef] [PubMed]

90. Zerda, A.D.L.; Zavaleta, C.; Keren, S.; Vaithilingam, S.; Bodapati, S.; Liu, Z.; Levi, J.; Smith, B.R.;
Ma, T.-J.; Oralkan, O.; et al. Carbon nanotubes as photoacoustic molecular imaging agents in living mice.
Nat. Nanotechnol. 2008, 3, 557–562. [CrossRef] [PubMed]

91. Qin, H.; Yang, S.; Xing, D. Microwave-induced thermoacoustic computed tomography with a clinical contrast
agent of NMG2[Gd(DTPA)]. Appl. Phys. Lett. 2012, 100, 033701. [CrossRef]

92. Nie, L.; Ou, Z.; Yang, S.; Xing, D. Thermoacoustic molecular tomography with magnetic nanoparticle contrast
agents for targeted tumor detection. Med. Phys. 2010, 37, 4193–4200. [CrossRef] [PubMed]

93. Chen, Y.-S.; Yoon, S.J.; Frey, W.; Dockery, M.; Emelianov, S. Dynamic contrast-enhanced photoacoustic
imaging using photothermal stimuli-responsive composite nanomodulators. Nat. Commun. 2017, 8, 15782.
[CrossRef] [PubMed]

94. Wu, D.; Huang, L.; Jiang, M.; Jiang, H. Contrast Agents for Photoacoustic and Thermoacoustic Imaging: A
Review. Int. J. Mol. Sci. 2014, 15, 23616–23639. [CrossRef] [PubMed]

95. Weber, J.; Beard, P.C.; Bohndiek, S.E. Contrast agents for molecular photoacoustic imaging. Nat. Methods
2016, 13, 639–650. [CrossRef] [PubMed]

96. Hallenbeck, J.M.; Dutka, A.J.; Tanishima, T.; Kochanek, P.M.; Kumaroo, K.K.; Thompson, C.B.;
Obrenovitch, T.P.; Contreras, T.J. Polymorphonuclear leukocyte accumulation in brain regions with low
blood flow during the early postischemic period. Stroke 1986, 17, 246–253. [CrossRef] [PubMed]

97. Brunker, J.; Beard, P. Erratum: Erratum: Acoustic resolution photoacoustic Doppler velocimetry in
blood-mimicking fluids. Sci. Rep. 2016, 6, 23881. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/ja067457e
http://www.ncbi.nlm.nih.gov/pubmed/17266310
http://dx.doi.org/10.1117/1.3194136
http://www.ncbi.nlm.nih.gov/pubmed/19725708
http://dx.doi.org/10.1117/1.NPh.3.3.035001
http://www.ncbi.nlm.nih.gov/pubmed/29181425
http://dx.doi.org/10.1038/s41598-017-18857-y
http://www.ncbi.nlm.nih.gov/pubmed/29362486
http://www.ncbi.nlm.nih.gov/pubmed/16555762
http://dx.doi.org/10.1117/1.NPh.1.1.011003
http://www.ncbi.nlm.nih.gov/pubmed/25401121
http://dx.doi.org/10.1117/1.3259361
http://www.ncbi.nlm.nih.gov/pubmed/20059245
http://dx.doi.org/10.1038/s41467-017-00856-2
http://www.ncbi.nlm.nih.gov/pubmed/28974681
http://dx.doi.org/10.1007/s11517-014-1182-6
http://www.ncbi.nlm.nih.gov/pubmed/25115270
http://dx.doi.org/10.1117/1.JBO.17.10.101506
http://www.ncbi.nlm.nih.gov/pubmed/23223982
http://dx.doi.org/10.1088/0031-9155/57/22/7227
http://www.ncbi.nlm.nih.gov/pubmed/23075767
http://www.ncbi.nlm.nih.gov/pubmed/24108456
http://dx.doi.org/10.2217/nnm.14.169
http://www.ncbi.nlm.nih.gov/pubmed/25600972
http://dx.doi.org/10.1016/j.pacs.2018.01.001
http://www.ncbi.nlm.nih.gov/pubmed/29707478
http://dx.doi.org/10.1038/nnano.2008.231
http://www.ncbi.nlm.nih.gov/pubmed/18772918
http://dx.doi.org/10.1063/1.3678022
http://dx.doi.org/10.1118/1.3466696
http://www.ncbi.nlm.nih.gov/pubmed/20879580
http://dx.doi.org/10.1038/ncomms15782
http://www.ncbi.nlm.nih.gov/pubmed/28593942
http://dx.doi.org/10.3390/ijms151223616
http://www.ncbi.nlm.nih.gov/pubmed/25530615
http://dx.doi.org/10.1038/nmeth.3929
http://www.ncbi.nlm.nih.gov/pubmed/27467727
http://dx.doi.org/10.1161/01.STR.17.2.246
http://www.ncbi.nlm.nih.gov/pubmed/3961835
http://dx.doi.org/10.1038/srep23881
http://www.ncbi.nlm.nih.gov/pubmed/27097107


Sensors 2018, 18, 3203 21 of 23

98. Yao, J.; Maslov, K.I.; Wang, L.V. In vivo Photoacoustic Tomography of Total Blood Flow and Potential Imaging
of Cancer Angiogenesis and Hypermetabolism. Technol. Cancer Res. Treat. 2012, 11, 301–307. [CrossRef]
[PubMed]

99. Liang, J.; Zhou, Y.; Maslov, K.I.; Wang, L.V. Cross-correlation-based transverse flow measurements using
optical resolution photoacoustic microscopy with a digital micromirror device. J. Biomed. Opt. 2013, 18,
096004. [CrossRef] [PubMed]

100. Li, P.-C.; Huang, S.-W.; Wei, C.-W.; Chiou, Y.-C.; Chen, C.-D.; Wang, C.-R.C. Photoacoustic flow measurements
by use of laser-induced shape transitions of gold nanorods. Opt. Lett. 2005, 30, 3341–3343. [CrossRef]
[PubMed]

101. Yao, J. Transverse flow imaging based on photoacoustic Doppler bandwidth broadening. J. Biomed. Opt.
2010, 15, 021304. [CrossRef] [PubMed]

102. Yao, J.; Ke, H.; Tai, S.; Zhou, Y.; Wang, L.V. Absolute photoacoustic thermometry in deep tissue. Opt. Lett.
2013, 38, 5228–5231. [CrossRef] [PubMed]

103. Alhamami, M.; Kolios, M.C.; Tavakkoli, J. Photoacoustic detection and optical spectroscopy of high-intensity
focused ultrasound-induced thermal lesions in biologic tissue. Med. Phys. 2014, 41, 053502. [CrossRef]
[PubMed]

104. Shah, J.; Park, S.; Aglyamov, S.; Larson, T.; Ma, L.; Sokolov, K.; Johnston, K.; Milner, T.; Emelianov, S.Y.
Photoacoustic imaging and temperature measurement for photothermal cancer therapy. J. Biomed. Opt. 2008,
13, 034024. [CrossRef] [PubMed]

105. Landa, F.J.O.; Deán-Ben, X.L.; Sroka, R.; Razansky, D. Volumetric Optoacoustic Temperature Mapping in
Photothermal Therapy. Sci. Rep. 2017, 7, 9695. [CrossRef] [PubMed]

106. Liu, S.; Feng, X.; Ruochong, Z.; Zheng, Y. Portable photoacoustic system for noninvasive blood temperature
measurement. In Proceedings of the 2018 IEEE International Symposium on Circuits and Systems (ISCAS),
Florence, Italy, 27–30 May 2018.

107. Hossain, M.; Su, M. Nanoparticle Location and Material-Dependent Dose Enhancement in X-ray Radiation
Therapy. J. Phys. Chem. C 2012, 116, 23047–23052. [CrossRef] [PubMed]

108. Mijnheer, B.; Beddar, S.; Izewska, J.; Reft, C. In vivo dosimetry in external beam radiotherapy. Med. Phys.
2013, 40, 070903. [CrossRef] [PubMed]

109. Hickling, S.; Lei, H.; Hobson, M.; Léger, P.; Wang, X.; Naqa, I.E. Experimental evaluation of x-ray acoustic
computed tomography for radiotherapy dosimetry applications. Med. Phys. 2017, 44, 608–617. [CrossRef]
[PubMed]

110. Tang, S.; Nguyen, D.H.; Zarafshani, A.; Ramseyer, C.; Zheng, B.; Liu, H.; Xiang, L. X-ray-induced acoustic
computed tomography with an ultrasound transducer ring-array. Appl. Phys. Lett. 2017, 110, 103504.
[CrossRef]

111. Hickling, S.; Hobson, M.; Naqa, I.E. Feasibility of X-ray Acoustic Computed Tomography as a Tool for
Noninvasive Volumetric In Vivo Dosimetry. Int. J. Radiat. Oncol. Biol. Phys. 2014, 90, S843. [CrossRef]

112. Maslov, K.; Zhang, H.F.; Wang, L.V. Effects of wavelength-dependent fluence attenuation on the noninvasive
photoacoustic imaging of hemoglobin oxygen saturation in subcutaneous vasculature in vivo. Inverse Probl.
2007, 23, S113. [CrossRef]

113. Colak, S.; Mark, M.V.D.; Hooft, G.T; Hoogenraad, J.; Linden, E.V.D.; Kuijpers, F. Clinical optical tomography
and NIR spectroscopy for breast cancer detection. IEEE J. Sel. Top. Quantum Electron. 1999, 5, 1143–1158.
[CrossRef]

114. Zhang, H.F.; Maslov, K.; Sivaramakrishnan, M.; Stoica, G.; Wang, L.V. Imaging of hemoglobin oxygen
saturation variations in single vesselsin vivousing photoacoustic microscopy. Appl. Phys. Lett. 2007, 90,
053901. [CrossRef]

115. Yao, J.; Wang, L.; Yang, J.-M.; Maslov, K.I.; Wong, T.T.W.; Li, L.; Huang, C.-H.; Zou, J.; Wang, L.V. High-speed
label-free functional photoacoustic microscopy of mouse brain in action. Nat. Methods 2015, 12, 407–410.
[CrossRef] [PubMed]

116. Gao, F.; Peng, Q.; Feng, X.; Gao, B.; Zheng, Y. Single-Wavelength Blood Oxygen Saturation Sensing With
Combined Optical Absorption and Scattering. IEEE Sensors J. 2016, 16, 1943–1948. [CrossRef]

117. Cao, F.; Qiu, Z.; Li, H.; Lai, P. Photoacoustic Imaging in Oxygen Detection. Appl. Sci. 2017, 7, 1262. [CrossRef]

http://dx.doi.org/10.7785/tcrt.2012.500278
http://www.ncbi.nlm.nih.gov/pubmed/22417060
http://dx.doi.org/10.1117/1.JBO.18.9.096004
http://www.ncbi.nlm.nih.gov/pubmed/24002191
http://dx.doi.org/10.1364/OL.30.003341
http://www.ncbi.nlm.nih.gov/pubmed/16389825
http://dx.doi.org/10.1117/1.3339953
http://www.ncbi.nlm.nih.gov/pubmed/20459226
http://dx.doi.org/10.1364/OL.38.005228
http://www.ncbi.nlm.nih.gov/pubmed/24322224
http://dx.doi.org/10.1118/1.4871621
http://www.ncbi.nlm.nih.gov/pubmed/24784408
http://dx.doi.org/10.1117/1.2940362
http://www.ncbi.nlm.nih.gov/pubmed/18601569
http://dx.doi.org/10.1038/s41598-017-09069-5
http://www.ncbi.nlm.nih.gov/pubmed/28851968
http://dx.doi.org/10.1021/jp306543q
http://www.ncbi.nlm.nih.gov/pubmed/23393610
http://dx.doi.org/10.1118/1.4811216
http://www.ncbi.nlm.nih.gov/pubmed/23822404
http://dx.doi.org/10.1002/mp.12039
http://www.ncbi.nlm.nih.gov/pubmed/28121381
http://dx.doi.org/10.1063/1.4978049
http://dx.doi.org/10.1016/j.ijrobp.2014.05.2417
http://dx.doi.org/10.1088/0266-5611/23/6/S09
http://dx.doi.org/10.1109/2944.796341
http://dx.doi.org/10.1063/1.2435697
http://dx.doi.org/10.1038/nmeth.3336
http://www.ncbi.nlm.nih.gov/pubmed/25822799
http://dx.doi.org/10.1109/JSEN.2015.2510744
http://dx.doi.org/10.3390/app7121262


Sensors 2018, 18, 3203 22 of 23

118. Quan, K.M.; Christison, G.B.; Mackenzie, H.A.; Hodgson, P. Glucose determination by a pulsed photoacoustic
technique: An experimental study using a gelatin-based tissue phantom. Phys. Med. Biol. 1993, 38, 1911–1922.
[CrossRef] [PubMed]

119. Sim, J.Y.; Ahn, C.-G.; Jeong, E.-J.; Kim, B.K. In vivo Microscopic Photoacoustic Spectroscopy for Non-Invasive
Glucose Monitoring Invulnerable to Skin Secretion Products. Sci. Rep. 2018, 8, 1059. [CrossRef] [PubMed]

120. Zhang, R.; Gao, F.; Feng, X.; Liu, S.; Kishor, R.; Luo, Y.; Zheng, Y. Noninvasive photoacoustic measurement
of glucose by data fusion. Analyst 2017, 142, 2892–2896. [CrossRef] [PubMed]

121. Wu, J.; Williams, G.; Li, H.; Wang, D.; Wu, H.; Li, S.; Zhu, L.-M. Glucose- and temperature-sensitive
nanoparticles for insulin delivery. Int. J. Nanomed. 2017, 12, 4037–4057. [CrossRef] [PubMed]

122. Ray, A.; Yoon, H.K.; Lee, Y.E.K.; Kopelman, R.; Wang, X. Sonophoric nanoprobe aided pH measurement
in vivo using photoacoustic spectroscopy. Analyst 2013, 138, 3126–3130. [CrossRef] [PubMed]

123. Chen, Q.; Liu, X.; Chen, J.; Zeng, J.; Cheng, Z.; Liu, Z. A Self-Assembled Albumin-Based Nanoprobe for In
Vivo Ratiometric Photoacoustic pH Imaging. Adv. Mater. 2015, 27, 6820–6827. [CrossRef] [PubMed]

124. Miao, Q.; Pu, K. Semiconducting oligomer nanoparticle as activatable photoacoustic probe with amplified
brightness for in vivo imaging of pH. Nanomed. Nanotechnol. Biol. Med. 2018, 14, 1856. [CrossRef]

125. Jo, J.; Lee, C.H.; Kopelman, R.; Wang, X. In vivo quantitative imaging of tumor pH by nanosonophore
assisted multispectral photoacoustic imaging. Nat. Commun. 2017, 8, 471. [CrossRef] [PubMed]

126. Roberts, S.; Seeger, M.; Jiang, Y.; Mishra, A.; Sigmund, F.; Stelzl, A.; Lauri, A.; Symvoulidis, P.; Rolbieski, H.;
Preller, M.; et al. Calcium Sensor for Photoacoustic Imaging. J. Am. Chem. Soc. 2017, 140, 2718–2721.
[CrossRef] [PubMed]

127. Lee, C.H.; Folz, J.; Zhang, W.; Jo, J.; Tan, J.W.Y.; Wang, X.; Kopelman, R. Correction to Ion-Selective
Nanosensor for Photoacoustic and Fluorescence Imaging of Potassium. Anal. Chem. 2017, 89, 13674–13674.
[CrossRef] [PubMed]

128. Mehrmohammadi, M.; Yoon, S.J.; Yeager, D.; Emelianov, S.Y. Photoacoustic Imaging for Cancer Detection
and Staging. Curr. Mol. Imaging 2013, 2, 89–105. [CrossRef] [PubMed]

129. Hysi, E.; Wirtzfeld, L.A.; May, J.P.; Undzys, E.; Li, S.-D.; Kolios, M.C. Photoacoustic signal characterization of
cancer treatment response: Correlation with changes in tumor oxygenation. Photoacoustics 2017, 5, 25–35.
[CrossRef] [PubMed]

130. Ji, Z.; Lou, C.; Yang, S.; Xing, D. Three-dimensional thermoacoustic imaging for early breast cancer detection.
Med. Phys. 2012, 39, 6738–6744. [CrossRef] [PubMed]

131. Wang, X.; Bauer, D.R.; Witte, R.; Xin, H. Microwave-Induced Thermoacoustic Imaging Model for Potential
Breast Cancer Detection. IEEE Trans. Biomed. Eng. 2012, 59, 2782–2791. [CrossRef] [PubMed]

132. Li, M.-L.; Wang, J.C.; Schwartz, J.A.; Gill-Sharp, K.L.; Stoica, G.; Wang, L.V. In-vivo photoacoustic microscopy
of nanoshell extravasation from solid tumor vasculature. J. Biomed. Opt. 2009, 14, 010507. [CrossRef]
[PubMed]

133. Viator, J.A.; Gupta, S.; Goldschmidt, B.S.; Bhattacharyya, K.; Kannan, R.; Shukla, R.; Dale, P.S.; Boote, E.;
Katti, K. Gold Nanoparticle Mediated Detection of Prostate Cancer Cells Using Photoacoustic Flowmetry
with Optical Reflectance. J. Biomed. Nanotechnol. 2010, 6, 187–191. [CrossRef] [PubMed]

134. Galanzha, E.; Zharov, V. Circulating Tumor Cell Detection and Capture by Photoacoustic Flow Cytometry in
Vivo and ex Vivo. Cancers 2013, 5, 1691–1738. [CrossRef] [PubMed]

135. Galanzha, E.I.; Shashkov, E.V.; Kelly, T.; Kim, J.-W.; Yang, L.; Zharov, V.P. In vivo magnetic enrichment and
multiplex photoacoustic detection of circulating tumour cells. Nat. Nanotechnol. 2009, 4, 855–860. [CrossRef]
[PubMed]

136. Akers, W.J.; Kim, C.; Berezin, M.; Guo, K.; Fuhrhop, R.; Lanza, G.M.; Fischer, G.M.; Daltrozzo, E.;
Zumbusch, A.; Cai, X.; et al. Noninvasive Photoacoustic and Fluorescence Sentinel Lymph Node
Identification using Dye-Loaded Perfluorocarbon Nanoparticles. ACS Nano 2010, 5, 173–182. [CrossRef]
[PubMed]

137. Liu, S.; Zhang, R.; Luo, Y.; Zheng, Y. Magnetoacoustic microscopic imaging of conductive objects and
nanoparticles distribution. J. Appl. Phys. 2017, 122, 124502. [CrossRef]

138. Emerson, J.F.; Chang, D.B.; Mcnaughton, S.; Jeong, J.S.; Shung, K.K.; Cerwin, S.A. Electromagnetic acoustic
imaging. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2013, 60, 364–372. [CrossRef] [PubMed]

139. Mariappan, L.; Li, X.; He, B. B-Scan Based Acoustic Source Reconstruction for Magnetoacoustic Tomography
with Magnetic Induction (MAT-MI). IEEE Trans. Biomed. Eng. 2011, 58, 713–720. [CrossRef] [PubMed]

http://dx.doi.org/10.1088/0031-9155/38/12/014
http://www.ncbi.nlm.nih.gov/pubmed/8108491
http://dx.doi.org/10.1038/s41598-018-19340-y
http://www.ncbi.nlm.nih.gov/pubmed/29348411
http://dx.doi.org/10.1039/C7AN00743D
http://www.ncbi.nlm.nih.gov/pubmed/28726878
http://dx.doi.org/10.2147/IJN.S132984
http://www.ncbi.nlm.nih.gov/pubmed/28603417
http://dx.doi.org/10.1039/c3an00093a
http://www.ncbi.nlm.nih.gov/pubmed/23598348
http://dx.doi.org/10.1002/adma.201503194
http://www.ncbi.nlm.nih.gov/pubmed/26418312
http://dx.doi.org/10.1016/j.nano.2017.11.310
http://dx.doi.org/10.1038/s41467-017-00598-1
http://www.ncbi.nlm.nih.gov/pubmed/28883396
http://dx.doi.org/10.1021/jacs.7b03064
http://www.ncbi.nlm.nih.gov/pubmed/28945084
http://dx.doi.org/10.1021/acs.analchem.7b04696
http://www.ncbi.nlm.nih.gov/pubmed/29185713
http://dx.doi.org/10.2174/2211555211302010010
http://www.ncbi.nlm.nih.gov/pubmed/24032095
http://dx.doi.org/10.1016/j.pacs.2017.03.003
http://www.ncbi.nlm.nih.gov/pubmed/28393017
http://dx.doi.org/10.1118/1.4757923
http://www.ncbi.nlm.nih.gov/pubmed/23127067
http://dx.doi.org/10.1109/TBME.2012.2210218
http://www.ncbi.nlm.nih.gov/pubmed/22851231
http://dx.doi.org/10.1117/1.3081556
http://www.ncbi.nlm.nih.gov/pubmed/19256687
http://dx.doi.org/10.1166/jbn.2010.1105
http://www.ncbi.nlm.nih.gov/pubmed/20738074
http://dx.doi.org/10.3390/cancers5041691
http://www.ncbi.nlm.nih.gov/pubmed/24335964
http://dx.doi.org/10.1038/nnano.2009.333
http://www.ncbi.nlm.nih.gov/pubmed/19915570
http://dx.doi.org/10.1021/nn102274q
http://www.ncbi.nlm.nih.gov/pubmed/21171567
http://dx.doi.org/10.1063/1.5003920
http://dx.doi.org/10.1109/TUFFC.2013.2572
http://www.ncbi.nlm.nih.gov/pubmed/23357910
http://dx.doi.org/10.1109/TBME.2010.2094618
http://www.ncbi.nlm.nih.gov/pubmed/21097372


Sensors 2018, 18, 3203 23 of 23

140. Grasland-Mongrain, P.; Souchon, R.; Cartellier, F.; Zorgani, A.; Chapelon, J.Y.; Lafon, C.; Catheline, S. Imaging
of Shear Waves Induced by Lorentz Force in Soft Tissues. Phys. Rev. Lett. 2014, 113. [CrossRef] [PubMed]

141. Mehrmohammadi, M.; Oh, J.; Mallidi, S.; Emelianov, S.Y. Pulsed Magneto-motive Ultrasound Imaging Using
Ultrasmall Magnetic Nanoprobes. Mol. Imaging 2011, 10, 7290–2010. [CrossRef]

142. Qu, M.; Mallidi, S.; Mehrmohammadi, M.; Truby, R.; Homan, K.; Joshi, P.; Chen, Y.-S.; Sokolov, K.;
Emelianov, S. Magneto-photo-acoustic imaging. Biomed. Opt. Express 2011, 2, 385–396. [CrossRef] [PubMed]

143. Zhong, H.; Duan, T.; Lan, H.; Zhou, M.; Gao, F. Review of Low-Cost Photoacoustic Sensing and Imaging
Based on Laser Diode and Light-Emitting Diode. Sensors 2018, 18, 2264. [CrossRef] [PubMed]

144. Yao, J.; Wang, L.V. Sensitivity of photoacoustic microscopy. Photoacoustics 2014, 2, 87–101. [CrossRef]
[PubMed]

145. Upputuri, P.K.; Periyasamy, V.; Kalva, S.K.; Pramanik, M. A High-performance Compact Photoacoustic
Tomography System for In Vivo Small-animal Brain Imaging. J. Vis. Exp. 2017. [CrossRef] [PubMed]

146. Schellenberg, M.W.; Hunt, H.K. Hand-held optoacoustic imaging: A review. Photoacoustics 2018, 11, 14–27.
[CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1103/PhysRevLett.113.038101
http://www.ncbi.nlm.nih.gov/pubmed/25083665
http://dx.doi.org/10.2310/7290.2010.00037
http://dx.doi.org/10.1364/BOE.2.000385
http://www.ncbi.nlm.nih.gov/pubmed/21339883
http://dx.doi.org/10.3390/s18072264
http://www.ncbi.nlm.nih.gov/pubmed/30011842
http://dx.doi.org/10.1016/j.pacs.2014.04.002
http://www.ncbi.nlm.nih.gov/pubmed/25302158
http://dx.doi.org/10.3791/55811
http://www.ncbi.nlm.nih.gov/pubmed/28671657
http://dx.doi.org/10.1016/j.pacs.2018.07.001
http://www.ncbi.nlm.nih.gov/pubmed/30073147
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Principles 
	EM Absorption and Heating 
	Light-Induced Photoacoustics (PA) 
	Microwave-Induced Thermoacoustics (TA) 
	X-ray-Induced Thermoacoustics (XTA) 
	Magnetic Modulated Thermoacoustics (MMTA) 

	EM Acoustic Generation 

	Biomedical Sensing Application 
	Structural and Molecular Imaging 
	Brain Imaging 
	Whole-Body Imaging 
	Molecular Imaging 

	Flowmetry 
	Thermometry 
	Dosimetry for Radiation Therapy 
	Hemoglobin Oxygen Saturation (SO2) Sensing 
	Fingerprint Sensing 
	Glucose Sensing 
	PH Sensing 

	Prospects and Conclusions 
	References

