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Abstract

Photoacoustics has been broadly studied in biomedicine, for both human and small animal tissues.
Photoacoustics uniquely combines the absorption contrast of light or radio frequency waves with
ultrasound resolution. Moreover, it is non-ionizing and non-invasive, and is the fastest growing new
biomedical method, with clinical applications on the way. This article provides a brief review of
recent developments in photoacoustics in biomedicine, from basic principles to applications. The
emphasized areas include the new imaging modalities, hybrid detection methods, photoacoustic
contrast agents, and the photoacoustic Doppler effect, as well as translational research topics.

1. Introduction

The photoacoustic (PA) effect, also called optoacoustic or thermoacoustic (TA) effect, refers
to the generation of acoustic waves from an object being illuminated by pulsed or modulated
electromagnetic (EM) radiation, including optical and radio frequency (RF) waves or
microwaves. This effect was first reported by Alexander Graham Bell in 1880, who found that
audio waves can be generated from objects illuminated by chopped sunlight [1]. However,
research on the PA effect made little progress for about 80 years after its discovery, primarily
due to the lack of appropriate light sources. It was not until the 1970s that photoacoustics
regained interest, after L. B. Kruezer reported its application in detecting gas constituents by
using a laser-induced PA effect [2]. Photoacoustics has since been widely implemented in
physics, chemistry, biology, engineering, and medicine [3,4].

Although the applications of the PA effect in biomedicine began in the 1970s [5], progress was
slow until the last decade of the 20th century, when many pioneering works demonstrated the
PA effect in optically scattering media and biological tissue [6,7,8,9,10]. Photoacoustics in
biomedicine combines the merits of optical and acoustical methods: sensitive optical
absorption contrast and low acoustic scattering in soft tissue. Using safe illumination sources,
the PA effect can be applied to in vivo biological tissues. In addition, optical absorption,
including RF wave absorption, is highly related to molecular constitution and formation. Thus,
PA signals contain functional and molecular information. The history of PA in biomedicine
can be traced in SPIE proceedings [11,12,13,14,1°,16,17,18,19].

Although most high-resolution pure optical detection methods are capable of detecting optical
absorption, they primarily depend on detecting the variation in the reflected light. They are
generally much less sensitive to optical absorption than PA detection [20]. In addition, PA
detection can also take advantage of the penetration of diffused light to detect signals from
deeper regions.

A primary PA application in biomedicine is photoacoustic tomography (PAT). The past decade
has seen fast developments in both theoretical reconstruction algorithms and innovative
imaging techniques, and PAT has been implemented in imaging different tissues, from



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Li and Wang

Page 2

centimeter-large breast tumors to several micrometer-large single red blood cells (RBC). PAT
now provides structural, functional, and molecular imaging. In addition to imaging, the PA
effect is also studied to monitor temperature, the chemical environment, and particle flow. As
the technique has matured, translational research has become widely carried out.

PAT can be combined with current biomedical imaging and detection modalities, such as
ultrasound and optical methods, providing multi-function detection. In addition, the hybrid
methods are important for quantitative PAT.

Several review papers on the the PA effect in biomedicine have been published [21,22,20],
covering fundamental principles, imaging modalities, and reconstruction algorithms. PA
mechanism and applications are also discussed in book chapters [23,24]. In this article, brief
introductions are given to those already covered topics, and we then focus on more recent
developments. The article starts from the generation of PA signals in tissue, including the wave
equation, biological optical absorbers, and the propagation of EM and acoustic waves in tissue.
Then, we discuss current PAT modalities and image reconstruction algorithms. After that, we
review PA contrast agents and molecular imaging, and discuss hybrid modalities, and other
PA applications in biomedicine. Finally, the translational research is reviewed, followed by a
summary. Throughout the article, representative recent works are illustrated.

2. The photoacoustic effect

2.1. Generation of PA signals

The fundamental principle of the PA effect can be simply described: An object absorbs EM
radiation energy, the absorbed energy converts into heat, and the temperature of the object
increases. As soon as the temperature increases, thermal expansion takes place, generating
acoustic pressure in the medium. However, a steady thermal expansion (time invariant heating)
does not generate acoustic waves, thus, the heating source is required to be time-variant.

Two types of EM sources generate PA signals: EM pulses and intensity—modulated continuous-
wave (CW) EM waves. Although both types of source can be implemented in biomedicine,
short EM pulses are mostly used because they provide a higher signal-to-noise ratio (SNR) and
permit directly detecting the distance of the PA source through the time-resolved signals. In
the following, the EM source always refers to a short EM pulse, being either optical or RF,
unless otherwise noted.

2.1.1. EM absorption in biomedicine—All matters are composed of charged particles,
such as nuclei, electrons, and ions. Even charge—neutral molecules or atoms contain equal
amounts of oppositely charged particles. Electromagnetic waves interact with these charged
systems by elastic scattering, Raman scattering, absorption, etc. In an absorption interaction,
the absorbed energy can be transformed into heat or consumed in a chemical reaction (like
photosynthesis). It can also be re-emitted as, for example, fluorescence. Only the portion that
is turned into heat leads to the PA effect. In most cases of diagnostic PA detection, the heating
effect dominates the absorption interaction. The fluorescence effect is important only when
the radiation source is in the ultraviolet or violet (UV/V) spectrum [25], which is out of the
source spectrum used in most of PA applications in biomedicine. Moreover, the radiation
intensity used in PA detection is below the safety limit, guaranteeing no chemical reactions in
the tissue. The absorption ability depends on the molecular constitution, ion density,
environmental condition, EM wavelength, EM polarization, etc. Details of the absorption
mechanism are out of the scope of this paper.

Although the absorption spectrum of most of living tissues present a continuous pattern, the
absorption value can be highly sensitive to the wavelength, as shown in Fig. 1. Thus,
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photoacoustics are intrinsically suited for spectroscopic detection. Typical biological absorbers
include blood, melanosomes, water, etc.

The hemoglobin molecule is the primary absorber in the blood. There are two kinds of
hemoglobin molecules in blood: oxygenated hemoglobin (HbO,) and deoxygenated
hemoglobin (Hb), which have different absorption characteristics. Fig. 1(a) shows the
dependence of their molar extinction coefficients on the illumination wavelength. The blood
in living tissues generally contains a mixture of Hb and HbO,, thus, the absorption coefficient
g of the blood at position r can be calculated by [26]

Ha(A,1)=2.303 X [&,,(D[HDI(X)+&,,, (D[HDO®)], )

where ) is the wavelength, ey, and enpo, are Hb and HbO, molar extinction coefficients
(cm~1M™1), respectively, and [Hb] and [HbO,] are molar concentrations of two kinds of
hemoglobin (mol/L), respectively. Although the total hemoglobin concentration, [Hb]+
[HbO,], is relatively constant in the normal adult blood (typical value is 2.33x103 mol/L),
the absorption coefficient of blood depends not only on the wavelength, but also on the ratio
of concentrations between Hb and HbO». In physiology, the hemoglobin oxygen saturation
(SO»), defined by

[HbO; |

SOy= 2
2" Hb]+[HbO, | @)

describes the relative concentration of the two kinds of hemoglobin. Therefore, the artery blood
and vein blood usually have different optical absorption coefficients due to their differences
in SO,.

Figure 1(b) provides the absorption coefficients of cutaneous melanosomes, blood and water
[26, 27]. Here, we calculated the light absorption of blood by averaging the absorption
coefficients of artery and vein bloods, with the assumption that the artery and vein bloods
contain 95% and 65% of SO, respectively. Human body contains about 75% of water and 7%
of blood. The melanosome is the most common pigment in tissue, especially in the skin. It
contains light-absorbing molecules, called melanin. The concentration of melanin in the
melanosome can vary up to 10 times, so does the absorption ability. The approximate spectral
dependence of the absorption characteristic of melanosome in the skin is given by S. Jacques
as [28]

pa=1.7 x 10" x 1734, ®)

where A is in nm and i is in cm™1. Blood, melanosome and water play important roles in EM
absorption by biological tissues.

In addition to endogenous absorbers in tissue, exogenous absorbers also exist, such as contrast
agents, artificial implants, and foreign bodies from trauma. We will discuss the application of
contrast agents in Section 5.

2.1.2. Wave equation—The EM pulse used to generate PA pressure wave usually has a

pulse width, , so short that thermal diffusion can be neglected. This condition is called the
thermal confinement condition [21,20], i.e.,
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d2

T<Th=775—
4D (4)

where 14, is the thermal confinement threshold, d; is the characteristic dimension (targeted
spatial resolution), and D is the thermal diffusivity (~ 0.14 mm?/s for tissue [29]). For instance,
a 50 um spatial resolution has a threshold i, ~ 4.5 ms. A typical laser source used in PAT has
a pulse width of ~ 10 ns. Under this condition, PA pressure generated in an acoustically
homogenous and non-viscous medium is described by [30,31]

1 9? B 0
V2 ’ = T3 A ’ = __H ’ ’
p(x,1) 22 30 p(r,1) C, i (r,1) (5)

where H(r, t) is a heating function defined as the thermal energy converted at spatial position
r and time t by the EM radiation per unit volume per unit time, Cy, is the isobaric specific heat
in J/(K - kg), B is the isobaric volume expansion coefficient in K1, vg is the acoustic speed

(v2=1/p«,, and ks is the adiabatic compressibility in Pa ).

The amount of generated heat by tissue is generally proportional to the strength of the radiation.
Explicit expressions of the heating function for optical and RF illumination are:

Ua(r)D(r,1) (for optical illumination)
o(r)<EX(r,7)>  (for RF illumination). ©)

H(r,1)= {

Here, py and @ are the absorption coefficient and the optical radiation fluence rate, respectively,
and ¢ and E are the conductivity and the electrical field strength, respectively. <--- > represents
short-time averaging [32]. RF heating is also often denoted by the specific absorption rate
(SAR), and the relationship between H(r, t) and SAR is

H (r,)=p(r) - SAR(T, 7). )

In many cases, the EM pulse is so short that not only the thermal diffusion but also the volume
expansion of the absorber during the illumination period is negligible. This condition is referred
to as the acoustic stress confinement, i.e.,

c
T<T.§'! =
Uy (8)

where 1 is the stress confinement threshold, which is generally less than ty,. Under both
thermal and stress confinement conditions, heating time can be treated as a delta function, i.e.,
H(r, t) = A(r)3(t). Therefore, the initial pressure pg of the absorber at location r after absorbing
EM energy can be calculated by [20]

o) = hA®m)
= Zaw

= TA(r), (9)
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where «; is the isothermal compressibility, C, is isochoric specific heat, A(r) is the absorbed
energy density (specific optical absorption) that is transformed into heat at location r, and T" is
defined as the Grueneisen parameter (dimensionless). For soft tissue at room temperature, p ~
4x 1074 K™, Cp~4x103J/Kkg - K, and vs ~ 1.5 x 103 m/s, thus T ~ 0.25. The Grueneisen
coefficient changes with temperature. Thus, the PA technique can be used to monitor
temperature [33].

Equation (9) can be used to estimate the initial pressure after a short EM pulse illumination.
For instance, if a blood vessel is illuminated by a pulsed laser with a wavelength of 800 nm
and at a fluence of 20 mJ/cm?, with the known absorption coefficient at this wavelength (p5 ~
4.3 cm™1), the heat deposition density A ~ 9 x 10* J/m3, leading to py ~ 2.2 x 10 Pa (200
mbar). However, the pressure arriving at the ultrasonic detector is generally much less than its
initial value, which will be explained later.

2.2. Forward solution

The wave equation of the PA wave generation can be solved by using a Green function
approach. The general Green function in an infinite homogenous and non-viscous medium

satisfies

A
U

2
s

z,
o012

G(r,t;x/, 1)=—-6(r —r)o(t -1,
(10)

which can be solved as

G, t;x’, t")=

ot —t —|r—r'|/vy)
4rlr — 1’| ' (1)

With this Green function, the PA wave equation can be solved for p:

p(r,1)

Vs
, , o B HE 1)
fdt fdr G(r,t;x’,t )Cp 7
/
P 4 r—r’
8 fdr’ | OHG -2
47GC [l'*l"| ot

B 4 7_1 /4 Ir—r/|
4nC, ot dr |r_r/‘H(r )1 Uy )-

(12)

For a short EM pulse that satisfies the acoustic stress confinement, the heating process can be
treated approximately as a Dirac delta function, i.e., H(r’,t") = A(r')d(t’). Substituting it into Eq.

(12) yields

p(r,1)

B 0.1 7 A (v _ et
e 5 o Jar’Aah)s - )

Lo (ger comvse  irl
A 1 “Sffdl‘ Po(r’)s(1 vy )| (13)

where pg is the initial pressure defined in Eq. (9).

Equation (13) tells us that the detected pressure at spatial location r and time t comes from
sources over a spherical shell centered at r with a radius of vgt, as shown in Fig. 2(a). Figure
2(b) is a typical example of the PA wave from a spherical source, centered at rg with radius
a and spatially uniformly excited by a delta EM pulse. The spherical absorber produces initial
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pressure po(r) = AgU(a — |r — rg|), where Ag is the amplitude of the initial pressure and U(X) is
the step function, with U(x) = 1 when x > 0, and U(x) = 0 when x < 0. The analytical solution
for the acoustic pressure, at rg and time t, emitted from this spherical source is

pro,)=AoU(a — IR — v,|)(R — vst)/(2R) , (14)

where R = |rg — rg| [31]. Figure 2(b) plots the pressure wave detected at a distance of 20 mm
from an uniform spherical source with a radius of 2.0 mm. The calculation assumes an acoustic
speed of 1.5 mm/s and a unit initial pressure.

Here, we further use the example in Fig. 2(b) to address several characteristic properties of the
pressure wave generated in PA effect. First, although the initial pressure is always positive,
the pressure wave generally has both positive and negative amplitudes, i.e., a bipolar shape.
Fig. 2(b) shows a typical “N-shape” PA profile. Second, the pressure value of the PA wave at
the distance far from the source is approximately proportional to the size of the source object,
but inversely proportional to the distance from the source object. The decay with distance
explains why the detected pressure from a spherical source is much weaker than its initial
pressure value, since the detection distance can be very large (up to the order of 100) compared
with the PA source size. Third, temporal width of the PA signal from a single target is
proportional to its size, in other words, the smaller object the more higher frequency
components in the generated PA signal spectrum.

In addition to pressure, the velocity potential ¢,, is also frequently used, defined as follows,

) ;dt’ p(r, 1)

B 7 _1 . [r—r’|
B, [dr o H = ),

¢u(r,1)

(15)

For a delta pulse, we have

B Irfr,l
dr’A(x")6(t — =—).
4nCpust f U (16)

Gu(r, 1)=

4rCpuqt

If we define L(T- D= ¢, 1) then

L(r,1)= [dr’ A(t)é(t - ﬂ) un

which is in fact an integral of the specific optical absorption over a spherical shell with radius
vst. Mathematically, Eq. (17) represents the spherical Radon transformation. Thus, the
corresponding reconstruction algorithm becomes an inverse spherical Radon transformation,
as will be discussed in the next section.

2.3. Propagation of EM and ultrasonic waves in tissue

The generation of PA pressure is discussed in Section 2.1. The forward solution is provided
for a homogenous and non-viscous medium, which is not the case in actual tissues. Now, we
briefly describe how the EM radiation field reaches the PA source and how the PA wave
propagates in the tissue before it is detected by the ultrasonic transducer.

Phys Med Biol. Author manuscript; available in PMC 2010 May 18.
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As discussed before, two EM spectral regions are mostly used to generate PA waves: optical
and RF waves. The propagations of these two EM waves in tissue are different. For light, the
propagation is usually modeled by the radiative transfer equation (RTE) [24], involving the
scattering coefficient pis (~ 100 cm™1 in scattering tissues), the absorption coefficient p,
(cm™1), and phase function. Another very useful parameter is the reduced scattering coefficient

/1:. (~ 10 cm~Lin scattering tissues). Although the RTE does not have exact analytical solutions
generally, it can be solved by Monte Carlo simulations, or under the diffusion approximation
[24]. Detailed discussions of light transport in clear and turbid media are given in [24]. Here,
two useful equations of the fluence rate, within the ballistic regime and in the diffusive regime,
with plane wave illumination are provided:

D(z)=Dpe H*(in the ballistic regime)
O(z) ~ Dpe </ /3(in the diffusive regime), (18)

where @ is the illumination fluence, z is the depth, and .= \/3,ua(,ua+,u:). As seen in the
second line of Eq. (18), light attenuation depends on both scattering coefficient (;1:) and
absorption coefficient (). Although g is much smaller than ,u: in scattering tissue, the

wavelength dependence of ,u: is significantly smoother compared to that of i, over the visible
and NIR spectral region. Thus, the absorption by the tissue plays an important role for the
variations in the illumination depth, and consequently the detection depth of PA detection.
From Fig. 1, water, blood, and melanin all have high absorption in the UV/blue region, and
water also has high absorption in the IR region. Therefore, the appropriate optical spectrum
for PA technique to detect deeper than the ballistic light regime (~ 1 mm in the turbid tissue)
is from ~ 500 nm to NIR.

Since wavelengths of RF waves (including microwaves) are comparable to the size of the
illuminated tissue, such as the breast, the EM diffraction effect dominates the propagation.
Unlike light propagation in tissue, RF propagation depends not only on the tissue’s dielectric
properties, but also on the RF polarization state, antenna design, and environmental conditions
[34,35]. It is generally needed to numerically solve Maxwell’s equations with boundary
conditions [34]. Numerical solvers for Maxwell’s equations include the finite-difference time-
domain (FDTD) method [36,34], discrete dipole approximation (DDA) method [37], etc. RF
diffraction not only affects the global distribution of the EM field inside the tissue, but also
causes image distortion if the absorber size is comparable with the RF wavelength in tissue
[32].

Unlike light, which suffers strong scattering during the propagation in tissue, acoustic waves
have much lower (2~3 orders smaller) scattering coefficients. In most cases, the scattering of
the acoustic waves can be ignored for PA wave propagation in soft tissue. In addition, the
generated PA pressure is on the order of mbars, where the nonlinear effect can also be safely
ignored. However, the attenuation of the acoustic wave can not be always ignored, especially
at high frequencies, or in highly absorptive acoustic media, such as the skull. For soft tissue
and frequencies used in ultrasound medical imaging, the attenuation coefficient can be
estimated as —0.3 dB/cm-MHz, an averaged value suggested by the Federal Drug
Administration (FDA) 501(k) [38]. The attenuation coefficient of high frequency ultrasound
waves varies with tissue and the individual, and can be high as —3 dB/cm-MHz [39,40]. In
addition, since ultrasound attenuation increases with frequency, tissue works as a low-pass
filter for ultrasound, which reduces spatial resolution for deeper objects. Thus, not only the
amplitude, but also the temoral profile of a PA pressure wave is changed by ultrasound

Phys Med Biol. Author manuscript; available in PMC 2010 May 18.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Li and Wang

Page 8

attenuation. In general, a higher resolution of the PAT system detects higher frequency
ultrasound waves, leading to a shallower detection depth due to higher acoustic absorption.

Both ultrasound attenuation and EM absorption affect the PA detection depth. Compensations
for the attenuations of EM and acoustic waves are important in quantitative PA studies. In
addition, appropriately selecting radiation wavelength and acoustic detection bandwidth is also
important for quantitative study of highly absorptive objects. For instance, Sivaramakrishnan
et al. demonstrated that the quantitative study of blood SO, by photoacoustic microscopy
requires that the ultrasonic transducer’s center wavelength must be shorter than the light
penetration depth in blood, if the diameter of the blood vessel is greater than the penetration
depth [41].

Moreover, the acoustic speed may also vary with tissue. Although acoustic heterogeneity
should be considered in PA studies, photoacoustics can tolerate it better than pure ultrasound
detection can. The PA pressure travels only one-way, instead of round-trip.

2.4. Radiation safety

To guarantee safe PA application in living humans, the radiation strength of the EM
illumination must follow the safety limits set by American National Standards Institute (ANSI)
[42], Institute of Electrical and Electronics Engineers (IEEE) [43], and FDA [44].

RF heating is measured as SAR in units of W/kg. According to the IEEE standards, at
frequencies between 100 kHz and 6 GHz in a controlled environment, i.e., where the person
is aware of the potential for exposure, the maximum SAR must be less than 0.4 W/kg averaged
over the whole body, and the spatial peak SAR must be below 8.0 W/kg averaged over any 1
g of tissue. The SARSs are averaged over any 6 minute interval. The FDA standards are more
relaxed than the IEEE counterparts.

The ANSI laser safety standards [42] depend on the optical wavelength, pulse duration,
exposure duration, and exposure aperture. ANSI has standards for laser exposure to the eye
and skin. However, only a few PA applications for the eye have been reported. Table 1 shows
the the maximum permissible exposure (MPE) values for the skin in the visible and NIR
spectra. This table presents the MPE for three exposure durations. The ANSI requirement
states, “For repetitive-pulse lasers the MPEs for skin exposure are applied as follows: Exposure
of the skin shall not exceed the MPE based upon a single-pulse exposure, and the average
irradiance of the pulse train shall not exceed the MPE applicable for the total pulse train,
duration T.” [42]. Consider, for instance, a pulsed laser source that generates repeated pulses
of 532 nm wavelength and 5-ns pulse width, which shine on the same location of the skin, with
a 1.0-cm? illumination area, for more than 10 s. In this case, the safety standard requires not
only that each single pulse energy must be less than the MPE(), which dictates a value of 20
mJ. Also, the averaged power must be less than the MPE(®), which dictates a value of 200 mW.
Therefore, the maximum pulse energy in this application is 20 mJ at 10 Hz repetition rate, but
only 10 mJ at 20 Hz. By comparison, for the same condition where the wavelength is changed
to 800 nm, the maximum pulse energies are 31.7 mJ at 10 Hz and 15.8 mJ at 20 Hz. In addition
to long period exposure, photoacoustic microscopy now uses fast raster scanning techniques,
in which the same location of skin is illuminated for less than 10 s. The safety limit for raster
scanning laser in the 400-700 nm spectrum is derived according to MPE(@), as follows:

E x VF <275 x 1021d>* (A/N)*4, (19)

where E is the pulse energy in mJ, F is the repetition rate in Hz, d denotes the diameter of the
illumination spot in cm, A denotes the scanning step size in cm, and N is the number of pulses
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at each spot. The laser safety standards for other spectra, such as ultraviolet spectrum, or for
illumination in eyes, can also be found in ANSI documents [42].

2.5. Signal processing

Due to noise and the limited bandwidth of a PA detection system, the recorded PA signal is
modified from its original pressure profile. Without signal precessing, the reconstruction
images might suffer low SNR or low resolution. Signal processing includes denoising and
deconvolution.

Random noise can be minimized by signal averaging from multiple data acquisitions, at the
expense of data acquisition time. However, signal averaging time is also limited by
physiological changes in the tissue, such as tissue movement due to breaths or heart beats.
Thus, the averaged raw data can still contain significant noise. There are several ways to further
reduce the noise level from the raw data, such as the use of “moving averaging” and frequency
filtering. “Moving averaging” works like a low-pass filter: it is suitable for suppressing high
frequency noises when the signal itself contains primarily low frequency components.
Frequency filtering can substantially suppress the noise level if the noise spectrum has limited
overlap with the real PA pressure profile spectrum. As mentioned, the spectrum of the PA
signal depends on the size of the target. In many cases, PA targets have different sizes, and
signals from multiple targets can be superposed, leading to a broadband PA signal. Thus, the
“moving averaging” method can smear out sharp changes in the original signal, and the
frequency filtering method can potentially discard useful frequency components overlapped
with noise. Both drawbacks reduce the image quality.

Over the past several decades, the wavelet method has become an important tool in signal
processing, including wavelet-based denoising [45,46]. Wavelet denoising optimally preserves
the useful signal and substantially suppress the noise level. Unlike Fourier transformation,
wavelet transformation decomposes the time-domain signal into a series of scalable modulated
window functions (basis functions) with different coefficients. These wavelet window
functions are derived from a single mother wavelet by translation and scaling. Since
coefficients corresponding to the white random noise are relatively small, wavelet denoising
is generally achieved by thresholding small values of coefficients and then performing inverse
wavelet transformation. Although many wavelet-based denoising algorithms and various
mother functions have been developed, their performance can differ significantly for a given
data set and depend on the experience of the user, which leads to a more complicated data
analysis. Thus, it is desirable to develop an algorithm suited for PA signal processing. For
instance, since a typical PA profile has a bipolar “N” shape, an “N-shape” function would be
a good candidate for the mother function [47]. More background about wavelets and their
applications in signal processing can be found in many books and journal papers [48,45,49,
50,46]. Several researchers have already implemented wavelet denoising methods in PA signal
processing [51,52,53,47].

In addition to the noise, the finite bandwidth of the detection system distorts the profile of the
recorded signal from that of the arriving pressure wave on the detector’s surface. Directly using
the raw data in the image reconstruction can result in both image distortion and non-physical
negative reconstructed initial pressure values, although the latter can be caused by other reasons
such as limited views as well. For an ideal point detector, the detected signal is the convolution
of the acoustic pressure and the system impulse response,

pa(r, 1)=p(r,1) *ds(1), (20)
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where py(r, t) is the recorded signal by a point detector at location r and time t, “*” represents
the temporal convolution operation, and ds(t) is the detection system’s impulse response. Thus,
in the frequency domain, the initial pressure can be derived as

ﬁd(r9 (,U)
ds(w) (21)

pr, w)=

Theoretically, the original PA pressure profile can be calculated by inversely Fourier
transforming p(r,m). However, Eq. (21) can not be directly used due to the presence of noise
and the detection system’s limited bandwidth; otherwise, the noise signal would be magnified.
Practically, deconvolution employs the zero routine, Wiener deconvolution, and other
techniques. Eq. (22) gives two sample formulas for Wiener deconvolution and zero routine.

lds(@)P1py (r.w)P+o7
ds(w)py(r.w)
ds(w)*+6% °

P, w)= [M P4(r,w), (Wiener deconvolution)

pr, w)= (zero routine)

(22)

where d;(w) is the complex conjugate of d};(co), and o, and 8 are two small-value threshold
parameters that represent the noise variance of the detection system. Deconvolution methods
have been used in PA image reconstruction [54,55].

Up to now, we have discussed the generation and propagation of PA pressure waves in tissue,
EM radiation safety, and data processing. In the following chapters, we will review PA
applications in biomedicine, including imaging and sensing, as well as their translational
research.

3. PAT modalities

3.1. PACT

Over the past decade, various innovative forms of PAT have been developed. Based on the
methods used in forming PA images, we classify the major current PAT modalities into three
categories:

i. PA computed tomography (PACT) relies on the computed image reconstruction to
obtain images.

ii. PAmicroscopy (PAM) uses a positively focused ultrasonic transducer and detects the
PA signal coming primarily from the focal zone of the transducer. Each detection
gives a 1D image. Depending on the method used to determine the lateral resolution,
there are two types of PAM: acoustic-resolution PAM (AR-PAM) and optical-
resolution PAM (OR-PAM).

iii. PAT using an acoustic lens system is analogous to an optical imaging system, except
for replacing the optical lens with an acoustic lens. Acoustic pressures are measured
on the imaging plane.

Each imaging type has its advantages and applications. In the following, we give brief
introductions to each modality, as well as typical examples.

PA computed tomography is often simply called PAT. If the illumination source is RF, it also
refers to thermoacoustic tomography (TAT). PACT is widely studied due to its flexibility.
Various types of acoustic detectors are used, including single-element transducers, acoustic
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arrays, integrated transducers (line or large plane), virtual point transducers (ring-based or high-
NA-based transducers), etc.

The scanning single-element finite size flat transducer, due to its simplicity and high sensitivity,
is widely used in PAT [56,57]. Although commercial flat transducers are available with high
sensitivity, most of them have limited acquisition angles, limiting the field of view [58]. A
partial solution is to add a negatively focused lens over the flat transducer to achieve a wider
acquisition angle [58].

Instead of using transducers made of piezoelectric materials, optical methods can be used to
provide high sensitivity acoustic detection at high frequencies [59,60]. Zhang et al. developed
an imaging system based on a planar Fabry-Perot film sensing interferometer (FPI) [59], as
shown in Fig. 3. The arrival of acoustic pressure modulates the optical thickness of the film,
changing the reflectivity of the Fabry-Perot mirror. A focused CW laser beam is shone on the
film. The variation in the reflected light intensity is converted to pressure, measuring PA
pressure at the focal spot. Scanning the focused laser over the film is equivalent to scanning a
single-element transducer with an active area the size of the focal spot. Because the film is
transparent to the PA illumination light, this imaging system is well suited for reflection mode
detection.

In addition to scanning transducers that are much smaller than the region of interest, large
planar and line detectors have also been studied. A large planar detector can be a piezoelectric
plate much larger than the object to be imaged [61]. A line detector can be an optical fiber-
based Fabry—Perot interferometer or a Mach—Zehnder interferometer [62]. Fig. 4 shows the
setup for a line detector by using a Mach-Zehnder interferometer developed by Paltauf et al.
[62], where the laser beam splits into one reference beam (away from the sample) and one
signal beam (closer to the sample). The signal beam serves as the line ultrasonic detector. PA
pressure waves slightly change the refractive index of water along the beam and the optical
path, causing variation in the detected signal. From the variation, the integral of pressure along
the line detector can be inversely obtained. Mathematically, under certain detection geometries,
both large planar and line detectors can use the inverse Radon transformation to achieve exact
image reconstruction.

Scanning a single transducer over the object can be time-consuming, thus an acoustic array is
desirable. The array in a commercial ultrasound imaging system has been used to detect PA
signals [63,64]. Some also added optical fibers on the acoustic array to deliver light, forming
a hand-held PAT system [65]. In addition to these commercial arrays, array systems specially
designed for PAT have also been developed. Zemp et al. presented a high frequency
piezoelectric transducer array system for PAT [66,67]. This system has 48 elements with a
center frequency at 30 MHz, providing a B-scan acquisition rate of 50 frames/s. High resolution
has been also achieved. Gamelin et al. also developed a PAT system with a 5-cm diameter full-
ring array having 512 elements with a center frequency at 5 MHz [68], each cylindrically
focused.

3.1.1. Reconstruction algorithms——Both the imaging speed and image quality of PAT
rely on the reconstruction algorithms. We present a brief introduction to reconstruction
algorithms because details are available in other literatures [21,69]. Only the delta EM pulse
illumination is considered because the pressure wave generated using a finite width EM pulse
corresponds to the convolution of the pulse profile with the pressure wave generated by a delta
EM pulse [21].

If the medium is acoustically homogenous, non-dispersive and nonviscous, reconstructing the
initial pressure in the source from data collected by scanning point detectors is called the inverse
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spherical Radon transformation, which is discussed in [21,22]. Finch et al. [70] and Kunyansky
[71] both derived exact reconstruction formulations for spherical detection surface based on
the inverse spherical Radon transformation. Kostli et al. derived an exact reconstruction
algorithm for planar detection [72]. Xu and Xu et al. provided three exact reconstruction
formulas, based on the mathematical techniques used for ultrasonic reflectivity imaging [73],
for spherical, cylindrical, and planar detection surfaces [74,75,76]. Later on, a universal
reconstruction formulation for these three geometries was also provided by Xu and Wang.
[77,78], whose time-domain formulation is expressed as

)

1
p{)’”(r):g— [.aQ | 2p(xq. 1) - 21
0 1=Irg—1l/v, (23)

ap(rg, 1)
ot

where dQ=dS /|r — rq|* - [ng - (r — rq)/Ir — rg|listhe infinitesimal solid angle at ry with respect
to the reconstruction point r, and Qg = [d<Q. For spherical and cylindrical detection geometries,
Qg = 4m; for a planar detection geometry, Q = 2x. Recently, Kunyansky provided an exact
series solution solving the inversion of the spherical Radon transformation for any close
detection surfaces which have explicit Dirichlet Laplacian eigenfunctions [79]. His work
extends the exact analytical solutions available for more detection surfaces, including cubes,
spheres, ellipsoids, etc. Up to now, there have been no exact analytical solutions valid for
arbitrary detection surfaces except those aforementioned. Moreover, Burgholzer et al.
presented an exact numerical reconstruction algorithm over an arbitrary surface [80], based on
the time-reversal concept [81]. Because an ideal point detector never exists in practice, Xu et
al. discussed the effects of the transducer’s finite aperture and finite bandwidth on spatial
resolution [82].

Using integrated large detectors of planar and line shapes can take advantage of the existing
inverse Radon transformation to reconstruct PA image, as discussed in [83,84,62]. However,
exact reconstructions are also only valid for specific scanning geometries: the large planar
detector scans tangentially over a sphere that encloses the object; and the line detector scans
perpendicularly around a circle or along an infinite long line.

Exact reconstruction algorithms require either enclosed detection surfaces (such as an sphere),
or unbounded open surfaces (such as an infinite plane or an cylinder), which are generally
impossible in practice. Many approximate reconstruction algorithms have been provided in
both frequency-domain and time-domain formulations, and they are practically implemented
in PAT. The most simple algorithm is delay and sum (also called synthetic aperture), which is
borrowed from ultrasound imaging. Delay and sum is a simple back-projection algorithm,
projecting time-domain original PA signals back into the imaging region over spherical shells
centered at each detection position and summing them together. In the approximation that the
object is located near the scanning center and far from the detector, filtered back-projection
reconstruction algorithms have been derived based on the inverse Radon transformation [85].
Approximate algorithms have been also derived from the rigorous analytical reconstruction
algorithms; for example, one can neglect the first term in the bracket of Eq. (23) if the source-
detector distance is much greater than the interested acoustic wavelengths [77]. More detailed
discussion can be found in [21].

In comparison to the temporal frequency, the frequency-domain reconstruction can be
implemented more efficiently by using k-space methods for a planar and a linear scanning
geometry [72,86,87]. Zhang et al. used this reconstruction method and obtained high quality
images [59].
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In practical in vivo PA imaging, both the PA detection area and the number of PA measurements
are limited, which results in incomplete data. As a result, image artifacts are generated by using
the previously mentioned analytical reconstruction algorithms. The artifacts can become
significant when PA measurement locations are sparsely distributed. Iterative reconstruction
methods can reduce artifacts and increase the image quality [88], at the expense of
reconstruction time. In addition, real tissues might be acoustically heterogeneous, so assuming
an uniform acoustic speed in such tissues will degenerate the resolution. An extreme case is
the reconstruction of PA sources in the brain from detected signals over a thick skull, where
the back-projection method with an uniform speed assumption generates severe artifacts [89].
Therefore, numerical iterative reconstruction has gained more and more interest. Phantom
simulations and experiments have demonstrated the iterative method can significantly improve
the image quality [90]. Moreover, the iterative algorithm can also use prior knowledge to
increase the reconstruction speed and accuracy, as well as a smaller number of measurements.
For instance, if the PA image is known to be “sparse” with prior knowledge, Provost and Lesage
implemented the so-called compressed sensing (CS) iterative method [91], which was initially
developed for magnetic resonance imaging (MRI), in PAT [92]. They demonstrated that the
CS method makes it possible to dramatically reduce the number of PA measurements needed
for a given PA image quality. Another advantage of the iterative method is that it can combine
the acoustic wave equation and the radiative transfer equation (RTE) to achieve quantitative
PA reconstruction [93,94].

Unlike PACT, which depends on reconstruction algorithms to form images, PA microscopy,
by using a positively focused ultrasonic transducer, detects PA pressure waves coming
primarily from the focal zone [23]. Although the axial resolution is derived from the time-
resolved detection, the lateral resolution can be determined either by acoustic focusing or
optical focusing.

3.2.1. AR—-PAM—Optical focusing becomes extremely difficult or impossible beyond the
ballistic regime, where multiple scattering dominate the light propagation in tissue. Thus, pure
optical high resolution imaging methods are limited within the ballistic or quasi-ballistic
regime, which is ~ 1 mm below the skin.

Because acoustic scattering is small compared to optical scattering, focusing acoustic waves
is easier in optically scattering biological tissues. AR-PAM uses a positively focused ultrasonic
detector, which substantially suppresses signals generated outside the focal zone. Based on this
method, for PA sources within the focal zone, AR-PAM can image deeply into the diffusive
regime, with high lateral resolution of the acoustic focal width. In addition, the axial resolution
can be derived from the time-resolved signal, with the resolution determined by the detector’s
bandwidth. Thus, detection with each laser pulse can provide a 1D image. By scanning the
transducer over 1D and 2D regions, 2D B-scan and 3D images can be obtained.

Based on the relative position of the illumination head and ultrasonic detection head to the
tissue, AR-PAM can work in both reflection mode, where these two heads are on the same
side of the tissue, and transmission mode, where they are on opposite sides. Practically,
reflection mode is more convenient for in vivo imaging. In reflection mode AR-PAM, bright
field illumination could suffer from strong acoustic reverberations due to strong absorption
near the surface, where considerable melanin may exist. The strong PA pressure waves
generated by these strong absorbers can reverberate inside the detection system, such as the
acoustic lens used in the focused transducer, and thus overshadow later arriving weak PA
signals. In 2005, Maslov et al. introduced dark-field confocal AR-PAM [95], a design which
mitigates the problem. Dark—field AR-PAM can achieve 45 pm lateral resolution and 3 mm
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imaging depth at 50 MHz ultrasonic frequency, providing a powerful imaging tool for
subcutaneous tissues. A typical image acquired by dark—field AR—-PAM is shown in Fig. 5,
where amelanoma in amouse was imaged in vivo. Later on, Song and Wang. developed another
version of AR-PAM [96], which uses a lower frequency transducer to image deeper at reduced
resolution. The imaging depth can reach several centimeters, useful for imaging internal
organs.

The image quality within the adjacent out-of-focus region can be improved by using a synthetic-
aperture focusing technique (SAFT) plus coherent factor (CF) weighting. Both methods have
been previously used in ultrasound imaging. Li introduced SAFT + CF into PAM data
processing, using a virtual point concept [98]. SAFT treats the transducer’s focal point as a
virtual point detector, and the CF weighting significantly increases the lateral resolution.

3.2.2. OR-PAM—According to the scalability of PAT, higher resolution AR-PAM can be
achieved by using higher center frequency ultrasonic transducers. However, high frequency
acoustic waves are attenuated severely in tissue [39], which can limit the imaging depth of
AR-PAM even shallower than that of pure optical imaging methods. For instance, to image a
5-um capillary, AR-PAM needs to use a transducer with a center frequency of about 300 MHz.
However, the attenuation of an acoustic wave at 300 MHz is about — 80 dB/mm in tissue, and
the detectable PA signal only travel less than 500 pm.

Within the ballistic regime, light focusing is feasible. Instead of using higher frequency
transducers, OR-PAM uses optical focusing to provide the lateral resolution, while the axial
resolution is still derived from the time-resolved PA signals. Maslov et al. developed the first
OR-PAM system [99]. Their system has already achieved 5 um lateral resolution and 15 um
axial resolution. The detection head of the system is shown in Fig. 6(a), and small capillaries
in the mouse ear have been successfully imaged in vivo, as shown in Fig. 6(b). The lateral
resolution of OR-PAM can be further increased by using a higher NA objective lens or a shorter
illumination laser wavelength.

Unlike AR-PAM, which takes advantage of diffused light to image deeper tissues, OR-PAM
has a similar imaging depth as high resolution pure optical imaging methods. But OR-PAM
has a much higher image contrast in imaging the microvasculature or other strong light
absorbers in tissue than these optical methods. The extremely small light absorption in
surrounding tissues provides OR-PAM with an almost dark background. However, optical
scatterers, such as different cells, exist almost everywhere within tissue. In order to have a high
quality microvasculature image, pure optical imaging methods usually use fluorescence from
exogenous dyes.

The high optical scattering in the skin significantly limits the imaging depth of OR-PAM.
However, eyes are potential targets for OR-PAM, owing to their low light scattering. Kong
et al. developed another OR-PAM with a long focal length [100], targeting applications in
imaging eye tissues, such as the retina.

The idea of using optical focusing to detect signals from regions smaller than the acoustic
resolution was also used by Zharov et al. in their PA flow cytometry (PAFC)[101]. They
detected signals from single cells passing through the optical focal zone. Details of PAFC are
described in 7.3.

3.3. PAT based on an acoustic lens system

Analogous to imaging by using an optical lens, imaging can also be achieved by using an
acoustic lens. There are several advantages to PAT using the acoustic lens: (a) no image
reconstruction is needed; (b) the transducer array can be put at the imaging plane to achieve
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real-time detection; and (c) the acoustic lens can project the the initial PA pressure distribution
from the optically turbid medium to an optically clear medium, where optical detection can be
applied.

Niederhauser et al. were the first to present a PAT system based on a 4f acoustic lens system
with optical detection [102], which used a 30 ns flash light as the illumination source, and
detected the signal by a CCD. Later on, Chen et al. [103] used a linear ultrasonic array placed
at the image plane of a 4f lens to acquire the PA image. The array has 64 elements centered at
1.0 MHz, and the system has a lateral resolution ~ 3 mm. Image quality and resolution are
limited by the array, the acoustic lens aperture, and lens aberrations.

Overall, we have discussed three types of PAT: PACT, PAM, and acoustic-lens-based PAT.
Since just a few works have reported on the last type, here we will compare only the first two
types. PACT is the most versatile PA imaging modality. Various detectors and system designs
have been developed. Since each ultrasonic detector used in PACT detects PA signals coming
from a wide region, PACT is especially suitable to image a large area. In addition, by using
ultrasonic arrays, PACT can provide realtime imaging. The image quality of PACT is highly
affected by the detection geometry and reconstruction algorithms. In comparison, PAM
provides high resolution imaging primarily for targets within the acoustic focal zone. Although
PACT can image the same region with the same resolution as PAM by using a high frequency
array, PAM has no discretization artifacts, whereas PACT generally has reconstruction
artifacts. In addition, PAM is currently implemented with single-element ultrasonic transducers
and therefore is much less expensive than array-based PACT. However, the imaging speed of
PAM is restricted by the mechanical scanning speed and the laser repetition rate, which makes
it challenging for PAM to image a large area in real time.

The classification of three types of imaging modalities in this chapter is by no means exclusive.
There are various designs of acoustic detectors, as well as various detection methods. For
example, Kolkman et al. presented a double-ring acoustic sensor [104], which, like PAM,
acquires 1D images at each detection, but also uses a computational algorithm to correlate the
signals detected by the two ring detectors. As another example, SAFT used in PAM also
reconstructs the value of a single pixel from multiple PA measurements.

In addition to previously discussed PAT methods that use short EM pulses as the illumination
source, intensity modulated continuous wave (CW) lasers can also serve as the illumination
sources. For example, Telenkov and Mandelis presented a frequency-domain version of PAM
[105], shown in Fig. 7. In their setup, the laser power is modulated by linearly chirping the
frequency. Detected PA signals are processed by using either correlation processing or
heterodyne mixing. The frequency-domain modulation provides the same axial resolution as
that of the pulsed source, with the same bandwidth. With a sweep bandwidth of 4 MHz, this
system can achieve axial resolution less than 1.0 mm, and the lateral resolution is determined
by the ultrasound focusing. Recently, Maslov and Wang [106] demonstrated another method,
modulating the laser power at a fixed frequency. The advantage for single frequency
modulation PAM compared with frequency—swept PAM is that the SNR can be increased by
using a narrow band transducer, which has a resonance frequency the same as the modulation
frequency. However, without frequency sweeping, no axial resolution for a planar feature is
provided. The advantages of using intensity-modulated CW lasers include inexpensive
illumination sources and narrow-band detection. More studies in this direction are expected.

4. Functional imaging and PA spectroscopy

PAT is based on the absorption properties of the target. Since optical or RF absorption in tissue
is highly sensitive to biological activities, such as metabolism, PAT is suitable for functional
imaging. Moreover, by using multiple wavelengths, spectroscopic PAT can reveal more
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functional information about the tissue. Although there are many potential absorbers as
described in Sec. 2.1.1, most PA functional imaging research targets the blood vessel.

In 2003, Wang et al. demonstrated that PAT can image cortical neural activities during whisker
stimulation of a rat by detecting changes in PA signals from the cortex vasculature [56]. In the
same work, they also demonstrated the detection of blood volume changes from hyperoxia to
hypoxia in a rat cerebral cortex. Yang et al. studied changes in mouse cerebral cortex blood
flow induced by either carotid artery occlusion or drug stimulation by acetazolamide (ACZ)
[107]. Zemp et al. reported real-time imaging of murine cardiovascular dynamics by PAT
[108].

4.1. PA spectroscopy

Based on the optical absorption contrast, PA spectroscopy detects the spectrally dependent
absorption characteristics of different tissues. An important PA functional imaging application
is SO, imaging using spectroscopic PAT. SO, is a very important physiological parameter
which is closely related to the local metabolic rate. For instance, the region of a tumor generally
has an abnormally low SO, value. Thus, measuring SO5 distribution helps to detect tumors. If
the Grueneisen parameter is constant and the light penetration depth is greater than the vessel
diameter, the PA signal amplitude from the same vessel is proportional to the product of the
blood absorption coefficient and the local fluence ¢(X, r). The blood absorption coefficient
also depends on [Hb] and [HbO5], as shown in Eq. (1). Spectroscopic PAT, using multiple
wavelengths (A1, Ao -+, Ap), forms images of the distribution of EM energy deposition (A(A,
r)). If the local fluence is known, the [Hb] and [HbO,] of a blood vessel at position r can be
calculated by using least-squares fitting, which is described in [109], as follows.

[Hb] T an -yl
[ [HbO,] ](,)_(M M) MK, 00
where
€ (A1) aHbOZ(/ll) A(A1,1)/é(A1,1)
M=| : , K= : :
SH[, (/in) "3]-]],02 (/{H) A(/l”, r)/(p(/lllv r) (25)

Finally, SO, is computed by substituting the calculated [Hb] and [HbO,] into Eq. (2).

Without calibrating the local spectrally dependent fluence, ¢(A, r), SO, can be estimated
approximately. For instance, Kruger et al. imaged small animals at multiple NIR wavelengths
to calculate the blood oxygenation levels in different types of tissues [110]. Stantz et al. also
studied the SO, distribution inside a tumor [111]. In addition, except for the absolute value,
the relative differences in SO, between nearby vessels can be reliably calculated without local
fluence compensation, as discussed in [112].

Accurate quantitative studies of the absolute SO, generally requires the information about local
fluence [112]. It is still challenging to obtain spectrally dependent fluence in vivo. There are
no universal optical parameters valid for all tissues, thus the local fluence varies from case to
case. Invasive methods include putting a spectrally neutral or spectrally calibrated optical
absorber under the skin close to the field of interest [109,112]. By measuring the amplitude of
the generated PA signal from this absorber at multiple wavelengths, spectrally dependent
fluence can be estimated relatively to each other. Several in vivo functional imaging studies
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that have used this approach have been undertaken. For example, by using multiple
wavelengths in PACT, Li et al. studied oxygen saturation changes due to the tumor in the
cerebral cortex of a nude mouse [113]. Wang et al. studied the SO, changes in a rat cerebral
cortex [114]. As mentioned, PAM currently provides higher resolution than PACT. Zhang et
al. demonstrated functional imaging by using multiple wavelengths in a dark-field PAM system
[115,97,109]. Fig. (8) presents an in vivo SO, image of subcutaneous blood vessels of a rat,
showing hypoxia, normoxia, and hyperoxia states. Furthermore, OR-PAM can study SO at
the capillary level.

Noninvasive methods generally requires the solution of the coupled radiative transfer equation
(RTE) and PA wave equation at multiple wavelengths, which is normally solved by iterative
algorithms [94,116]. Prior knowledge and assumptions are usually required to ensure a unique
solution. For example, Laufer et al. presented a model-based inversion scheme to recover the
concentration of tissue chromophores. They used a finite-element method to solve the RTE,
and the prior knowledge in their model includes the spectrally dependent molar absorption
coefficients of lipid, water, and the anisotropy parameter of the tissue scattering. Recently, Cox
et al. reviewed different iterative methods that are implemented in PAT [117].

All previously mentioned quantitative PA detection methods are based on the linear
relationship between the amplitudes of the fluence and the PA pressure. However, quantitative
detection can also be achieved by using the non-linear relationship between the EM energy
deposition and the absorption coefficient. For a simple example, if a pencil beam shines
perpendicularly to the blood vessel surface with a fluence of ®q(1), the EM energy deposition
along the beam in the vessel is approximately

A@)=p(D)Dp()e HD7 | (26)

where P, (}) is the spectrally dependent absorption coefficient, and z is the traveling depth of
the pencil beam. The exponential-decay term in Eq. (26) presents a nonlinear dependence of
A(2) on pa(1). The absorption coefficient can be derived from either the reconstructed A(z) or
the PA pressure profile according to Eq. 13. This method requires the prior knowledge of the
geometry and illumination condition of the absorber. The geometry can be derived from the
PA detection or from the prior knowledge. Although the illumination condition can be
noninvasively obtained from the solution of RTE as described before, it can be well estimated
in some cases. For instance, when a small absorber deeply lies in the diffused light region, the
illumination over it is almost uniform. This method was used by Petrov et al., who monitored
SO, changes in the human large internal jugular vein (1JV), which has a diameter of about 10
— 20 mm, by using three different wavelengths [118]. It is also described by Laufer et al. in
their in vitro measurements of SO, [119]. However, it is challenging to apply this method to
measuring SO, in small blood vessels that cannot be resolved.

Many normal and abnormal tissues have spectrally dependent EM absorption characteristics.
For instance, Sethuraman et al. used multiple wavelengths to target lipids in their intravascular
photoacoustic imaging system [120]. More research is expected in exploring different natural
targets for PA spectroscopic biomedical detection. In addition, PA spectroscopic detection are
widely used to detect various contrast agents, as discussed in Section 5.

5. PA contrast agents and molecular imaging

5.1. PA contrast agents

A PA signal is sensitive to the optical absorption of the target, thus optical contrast with high
absorption can be used to increase the sensitivity and specificity. Different contrast agents,
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including dyes and nanoparticles [121,122,123,124,125,126], have been studied. As we have
discussed, NIR light sources are generally used for PA to detect deep in tissue, thus, contrast
agents with high absorption in the NIR spectral region are highly desirable. In practical
applications, the contrast agent can be administered into circulation systems, including blood
and lymph circulations, or it can be directly injected at the tissue area of interest.

Contrast agents in the circulation of blood or lymph can increase the PA signal. A typical
example is indocyanine green (ICG), a dye approved by FDA. ICG has high absorption in the
NIR spectral region, and it has already been proved to increase the PA signal when it is injected
in blood vessels [125]. Most recently, methyline blue was used as the contrast agent to detect
the sentinel lymph node (SLN) [127], as seen in Fig. 9. The advantage of using dyes is that
many dyes are non-toxic. However, dyes, without binding to other chemicals, often suffer from
a short circulation time, limiting their applications in long-term PA monitoring.

Compared with dyes, nanoparticles possess a high and tunable absorption spectrum, and longer
circulation time. The absorption peak is tunable by changing the shape and size of the particle.
In addition, nanoparticles can be used to target certain diseases by bio-conjugating them with
proteins, such as antibodies. Recently, Zerda et al. presented carbon nanotubes as a PA contrast
agent [128]. In their study, single-walled carbon nanotubes, 1-2 nm in diameter and 50-300
nm in length, were conjugated with cyclic Arg—-Gly—-Asp (RGD) peptides to target mice bearing
tumors. The PA increase of tumor by the bio-conjugated carbon nanotubes is eight-fold higher
than that of the pure carbon nanotubes.

Among different nanoparticles, gold nanoparticles are favored in optical imaging due to their
exceptional optical properties in the visible and NIR spectral ranges, including scattering,
absorption and photoluminescence. Three types gold nanoparticles have been studied as PA
contrast agents: nanorods [129,130,131,132], nanoshells [124] and nanocages [126]. Even
without bio-conjugation, small gold nanoparticles (60-400 nm diameter) tend to accumulate
in the tumor site due to the enhanced vascular permeability and retention caused by tumor.
However, potential toxicity limits gold nanoparticles’ in vivo applications. So far, none of the
gold nanoparticles have been approved by FDA.

Most PA contrast agents are designed for absorbing laser, especially in the NIR spectral range.
However, RF contrast agents are also desirable due to the superior penetration depth of RF in
the body. Recently, researchers have begun to study the RF contrast agents. Nie et al did a
preliminary study on the TAT contrast agent by using magnetic microspheres made of carbonyl
iron [133]. Pramanik et al also presented a dual-functional contrast agent, made of the single
wall carbon nanotube (SWNT), working in both optical and RF regimes [134]. We expect more
new developments in this direction.

5.2. PA molecular imaging

By using PA contrast agents, PA molecular imaging can be achieved based on two major
mechanisms: (a) Certain contrast agents change their optical or RF absorption properties
triggered by changes in the molecular level; (b) Contrast agents with specific absorption spectra
are bio-conjugated with certain proteins, targeting specific molecules.

Using the first mechanism, Li et al. imaged the expression of lacZ gene [135] by employing a
sensitive chromogenic assay, 5-bromo-4-chloro-3-indolyl-B-D-galactoside (X-gal), which is

optically transparent before the lacZ expression and turns dark blue after the expression. With
ared illumination source (A = 650 nm), the PA image clearly depicted the lacZ expression area.

The second molecular imaging mechanism, bio-conjugation, has also been used. Li et al.
imaged the human U87 glioblastoma tumor, which was implanted stereotactically in a young
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adult immunocompromised nude mouse, with a bio-conjugated dye called IRDye800 [113].
Zerda et al. used bio-conjugated carbon nanotubes to target mice tumour [128]. Gold
nanoparticles, conjugated with antibodies, have also been used to image different cancers, as
described previously.

6. Hybrid method

PAT does not replace any current biomedical imaging methods, however, it complements
current methods. Because PAT combines optics and ultrasound, integrating PAT with either
optical or ultrasound imaging methods is of interest.

Since they have already been equipped ultrasonic detectors, PAT systems can be made to
acquire ultrasonic images in pulse-echo mode. Therefore, PAT can potentially provide not only
PA images of endogenous absorbers, such as small blood vessels, but also ultrasound images
of mechanical structures, indicating the boundaries of organs. As mentioned, commercial
ultrasound detectors have been applied in PAT, such as hand-held arrays, as the PA detector
while optical fibers are used to deliver light. A typical setup, used by Niederhauser et al.
[65], is shown in Fig. 10, which used a 64-element commercial ultrasound array. This system
can image several millimeters below the skin with 0.4 mm and 0.3 mm lateral and axial
resolutions, respectively. Sethuraman et al. [136] used a high-frequency intravascular
ultrasound (IVUS) imaging catheter to acquire intravascular PA (IVPA) images. This IVPA
is intended to detect atherosclerosis. However, their system uses an external illumination
source, which limits the application. A prototype photoacoustic endoscope system with
integrated light delivery was recently developed by Yang et al. [137]. Ex vivo and in situ
experiments demonstrated that this PA endoscope, working at 42 MHz ultrasonic center
frequency, has a 3 mm imaging depth. Depending on the distance of the target, the radial and
transverse resolutions are about 50-100 pm and 200-600 pm, respectively.

PAT and diffuse optical imaging also form a synergistic hybrid imaging modality. Although
PAT can image into the diffused light region with high resolution, its signal is proportional to
the local fluence, as in Eq. (9), so the quantitative imaging of tissue absorption requires
information about the fluence value. Diffuse optical imaging, like diffuse optical tomography
(DOT), can retrieve the fluence distribution but with low resolution of small absorbers. Thus,
PAT can accurately provide the location and shape of the absorber to be used in DOT
reconstruction, and DOT can provide local fluence information for PAT. Numerical iterations
by PAT and DOT have the potential to provide a 3D image containing both absorption and
scattering distribution information. Similarly, PAT also helps fluorescence molecular imaging
(FMI) by providing the background absorption map, as done by Razansky and Ntziachristos
[138].

With the emergence of high resolution OR-PAM, PAT has the potential to combine with other
high resolution optical imaging methods. For instance, by combining OR-PAM with OCT or
confocal microscopy, both light scattering and absorption characteristics of the target at high
resolution can be achieved.

7. Other photoacoustic sensing

We have discussed PA applications in imaging vasculature structures, melanoma, and other
cancerous diseases. PA detection can also be used to sense or image temperature change, cell
identity, chemical environmental changes, particle flow velocity, etc.
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7.1. Temperature monitoring

Real-time monitoring of temperature increase is important not only for the safety and efficiency
of thermal therapy, but also for studying biological activities in tissue, such as the metabolic
rate. Current methods to measure temperature in vivo include invasive thermocouples, and non-
invasive methods, such as infrared thermography [139], ultrasound imaging [140,141], and
magnetic resonance imaging (MRI) [142,143]. Although infrared thermography can give high
sensitivity and realtime detection, it provides only superficial temperature measurement.
Ultrasound can measure deep into tissue, but it has relatively low sensitivity and accuracy.
MRI has high sensitivity, but it has poor temporal resolution, which limits its application in
real time monitoring.

Temperature measurement based on the PA effect has the potential to be a non-invasive high
sensitivity method for real time monitor of deep tissue and in vivo. As discussed in Sec 2.1.2,
the PA pressure is proportional to the Grueneisen parameter I', which depends on the
temperature. Thus, once the relation between the Grueneisen parameter and the temperature is
known, temperature can be derived from the PA pressure amplitude. Although this relation can
be complex, an approximately linear empirical equation describes this relation within a narrow
temperature range, as follows:

I'=A+BT, (27)

where T is the temperature and A and B are coefficients that vary from tissue to tissue [144].
Higher order terms will be added in Eq. (27) in cases beyond the linear region. Phantom and
ex vivo experiments have demonstrated that the PA method can monitor sub-degree changes
in temperature [144,33,145].

7.2. Monitoring the chemical environment

Optical absorption is not only determined by the molecular formation itself, but also affected
by environmental chemical conditions. Ashkenazi et al. detected the lifetime of a fluorophore’s
excited state affected by the environmental oxygen concentration [146]. The basic principle is
shown in Fig. 11. Fluorescence lifetime imaging is important for quantitative measure of
oxygen concentration, providing valuable information to diagnose cancer. However, traditional
fluorescence lifetime detection suffers from low resolution. Thus, the PA method can
potentially provide ultrasound resolution for fluorescence lifetime imaging. In addition, other
biochemical information could be detected by choosing appropriate sensitive dyes.

7.3. Biological cell detection

Detecting living biological cells in vivo or in vitro is important for diagnosing and treating
several diseases, such as tumor metastasis.

Weight et al. [147] detected live melanoma cells in vitro flowing through a tube, where the
isolated melanoma cells were suspended in a 1.8% saline solution. The PA signal is generated
by shining a pulsed laser beam on the melanoma cells and detected using a focused ultrasonic
transducer. In addition, the aforementioned PAFC, developed by Zharov et al. [148,101], have
been demonstrated to detect single cells and bacteria that are bio-conjugated with contrast
agents. Fig. 12 demonstrates the mechanism of PAFC, where the pulsed laser beam is focused
on the circulation system, with a width of approximately 6 um. The PA pressure is generated
as the target passes through the focused pulsed laser beam and absorbs the EM energy. The
advantages of PAFC include high sensitivity, and high specificity by binding interested cells
with different contrast agents and using spectroscopic detection.
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7.4. Photoacoustic flowmetry

If the absorber moves during the PA process, the PA signal changes. By monitoring the changes
in the signal, the speed and orientation of the moving absorber can be detected. Either the PA
Doppler (PAD) method and and the M-mode method can be used.

The Doppler effect has been widely used in detecting the speed of moving objects, such as in
Doppler ultrasound, Doppler radar detection, and Doppler optical coherent tomography. All
these methods are based on the frequency shift in the reflected signal caused by the moving
object. In PA Doppler, the detected signal is not the reflected illumination waves; instead, it is
the PA signal emitted by the object itself. In other words, PA Doppler is based on the frequency
shift in the emitted PA signal from a moving source. Fang et al. [149] first reported the PA
Doppler effect. They used a continuous illumination source with intensity modulation as given

by

I(t)=I [ 1+cos 2nfon)]/2, (28)

where |j is the peak intensity and fj is the modulation frequency.

The Doppler frequency shift fppp is

\%
fp,xD =f0 C_COS(H) s
A

(29)

where V is the absorber velocity, cp is the acoustic velocity in the medium, and 6 is the relative
angle between the detection direction and particle velocity as shown in Fig. 13. They used the
lock-in technique to detect the frequency shift. In addition, the lock-in technique also provides
the ability to determine the flow direction. PAD has the potential to detect blood flow in
microvasculature. However, PAD can not detect speed information from absorbers moving
perpendicular to the detection direction, the same as in other Doppler detection methods.

Fang and Wang also developed the M-mode PA flowmetry, which borrows an idea from M-
mode ultrasound, measuring the traveling time of an absorber passing through a certain region,
such as the focal zone of the transducer [150]. This method is good at detecting flow which is
perpendicular to the detection direction.

8. Translational research

Photoacoustics has achieved great success in phantom and animal studies. Currently, more and
more research is targeting its clinical applications in humans. Here, we present several works
that involve in vivo and ex vivo human tissues.

8.1. Breast imaging

Breast cancer is the most common cancer in women and the second leading cause of cancer
death in women. In the U.S., one in eight women will develop breast cancer in her life. The
cure and survival of breast cancer highly depend on how early it is diagnosed and treated.
Current routine screening methods are X-ray mammography and ultrasound. However, besides
its ionizing hazard, X-ray mammaography does not easily detect tumors in dense breasts. In
addition, early, small, nonpalpable breast tumors have less acoustic contrast, making them hard
to detect by ultrasound. Moreover, ultrasound detection results also depend on the experience
and skills of the operator. Thus, innovative breast imaging methods, which are sensitive to the
early stage of cancer, are in great need.
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As mentioned, the development of tumor is generally accompanied by angiogenesis. In
addition, the malignant breast tumor tissue can have higher dielectric conductivity [151], likely
due to an increase in water content. Both blood and water are good PA absorbers, as we
discussed before. Thus, it has long been shown that breast cancer tissue can be detected by
both PAT and TAT. PAT is sensitive to tumor-related vasculature, such as angiogenesis, and
to hemorrhagic infiltration; TAT is sensitive to abnormal high dielectric conductivity in
cancerous tissue. In addition, spectroscopic PAT can detect cancer’s hypoxic characteristic,
because the tumor region has lower SO, than healthy tissue.

PAT images the breast by using NIR, which can penetrate breast tissue ~ 5 centimeters. Two
laser-based PAT breast imaging systems have been developed by researchers at Fairway
Medical Technologies Inc. [47] and by Manohar, et al. [152], as shown in Fig. 14(a) and (b),
respectively. Laser wavelengths used in these systems are 757 nm and 1064 nm. Both systems
have been used in clinical study and have demonstrated that PAT can detect breast tumors that
are missed by X-ray mammography [47,153]. For instance, Oraevsky et al. used the first system
and successfully detected a breast cancer that was missed by X-ray mammography [154,47],
as shown in Fig. 15.

Breast tumors usually have higher conductivity values than normal breast fat tissue. Thus, RF
absorption in breast tumor can be much higher than in normal tissue, especially in breasts with
high adipose concentration [157,158]. Currently, two TAT systems have been developed by
Kruger et al. [155] and by L. V. Wang and G. Ku [159], as shown in Fig. 14(c) and (d),
respectively. The latter system can also integrate PAT by switching the illumination source
between RF waves and laser [156]. Clinical study results from Kruger et al.’s system show
TAT signal enhancement in the tumor region [155].

Besides sensitive ultrasonic detectors, other factors need to be considered in developing a PA
breast imaging system, including EM radiation delivery and image reconstruction. Due to the
light scattering and RF diffraction, the EM radiation fields are generally non-uniform in the
breast, which affects the dynamic range and SNR of the PA signal. Using broad illumination
as in [47] can generate relatively uniform EM radiation within a section of the breast. Also,
mildly compressing the breast can mitigate the problem by reducing the breast thickness, as
done in [153]. Moreover, EM shielding is helpful [160] to reduce the direct EM interference
between the EM radiation field and the ultrasonic detection system. In addition to EM delivery,
the shape of the breast makes it hard or impossible to detect PA pressure waves traveling toward
the chest. Thus, the image reconstruction belongs to a limited-view case. To reduce the
reconstruction artifacts, new algorithms are being developed. For instance, Patch demonstrated
that the unmeasured PA pressure that propagates toward the chest wall can be estimated from
the detected data [161]. Iterative methods can also play an important role here. Moreover,
image distortion due to the the variance in sound speed is also under studying [162]. We expect
that improvements in both techniques and image reconstruction algorithms will foster clinical
applications of PA breast imaging.

PAT also aids in breast cancer monitoring and treatment. For instance, sentinel lymph node
biopsy is an important method to determine the stage of breast cancer. The traditional method
to find the sentinel lymph node is by using a radioactive tracer and methylene blue dye. Both
radioactive tracer and methylene blue will be accumulated in the sentinel lymph node. Then,
a hand held Geiger counter is used to estimate the rough location of the node. However, this
method not only has radiative hazard, but also has a poor spatial resolution. As mentioned, by
using laser wavelength at the peak absorption spectrum of methylene blue, PAT can image the
sentinel lymph node with high resolution [127], enabling minimally invasive methods to
needle-biopsy the node.
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8.2. Skin tissue study

Based on ballistic reflected photons, high resolution optical imaging methods have a confined
imaging depth up to one transport mean free path, which is ~1.0 mm in the skin. However,
skin related diseases, such as burn wounds, melanoma, and port-wine stains, can be more than
1 mm below the skin. In addition, pure optical imaging methods are not sensitive to the
absorption, limiting their application in imaging blood microvasculature. PAT overcomes these
limits with high resolution.

PAT, especially PAM, is a promising tool to image and detect skin cancer. It has demonstrated
the ability to achieve high quality in vivo subcutaneous microvasculature images of human
skin [97]. By using multiple wavelengths, the oxygen saturation in blood vessels can be
detected, which is highly related to tumor hypoxia. In addition, PAT can also aid in port-wine
stain treatment by locating blood vessels and melanin in tissue [51,163].

Burn injuries have been studied by several researchers using PA techniques [164,165]. Zhang
et al. imaged acute thermal burns using the PAM [164], which provides high resolution of burn
wounds.

8.3. Brain imaging

Current high resolution brain imaging methods include X-ray computed tomography (CT),
MRI, and ultrasound. However, CT uses ionizing radiation and MRI uses a strong magnetic
field, and both methods are costly. Ultrasonography can only be used in pediatric brain imaging,
and then only before closure of the fontanel. In addition, functional brain images are provided
by functional MRI (fMRI), electroencephalography (EEG), magnetoencephalography (MEG),
positron emission tomography (PET), single photon emission computed tomography (SPET)
and diffuse optical tomography (DOT). Only fMRI, PET and SPET can provide high resolution.
But fMRI is expensive and has a low temporal resolution, and PET and SPET use radioactive
contrast agents.

Relying on functionally sensitive EM contrast and one-way ultrasonic transportation, PAT has
a great potential as a low-cost, real-time and functionally sensitive brain imaging modality.
PAT has achieved great success in imaging small animal brains [114,166,167], which have
thin skulls. Although a thick skull strongly attenuates and distorts PA pressure waves, PA
signals can be detected through a thick skull, based on preliminary experiments on monkey
heads and human skull phantoms [89,168].

Because the skull of an infant is much thinner than that of an adult, with an average thickness
of 1.3 mm, both light and acoustic waves can penetrate it with less attenuation, enabling
transcranial PA imaging. Wang et al. [169] first studied ex vivo transcranial PAT over a
neonatal skull. They used part of a neonatal skull covering fresh canine brain tissue, which has
similar optical properties to the human brain. Then, 50 um diameter tubes filled with canine
blood were buried at different depths under the skull, as shown in Fig. 16(a). The skull was
illuminated by laser with a wavelength of 850 nm, and the generated PA pressure was detected
by a 5-MHz center frequency 1-inch focal length ultrasonic transducer. Their results
demonstrated the PA signals generated from up to 21 mm beneath the skull can be detected,
as shown in Fig. 16(b,c). They intend to apply this technique to detect brain hypoxia-ischemia
cerebral injury. In addition, ultrasound imaging uses the fontanel as a “ultrasonic window” for
neonatal brain imaging, and PAT can also take advantage of this window.

Brain imaging of deep tissue or imaging through a thick skull, such as a human skull, is still
challenging. The human adult skull has a thickness of about 5 mm. The thick skull not only
attenuates illumination intensity and acoustic waves, but also diffracts acoustic waves due to
velocity mismatch and mode conversion. Reconstructed images can be blurred strongly without
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appropriate correction [89]. Advanced reconstruction algorithms need to be developed by
considering the skull bone’s acoustic characteristics, which can be measured by other methods,
such as CT.

Many tissues have the potential to be PA targets, such as peripheral joint tissues, which were
recently imaged by Wang etal. [170,57]. In addition, many more translational research projects
are being carried out in animal and phantom experiments. We expect more human tissue types
to be studied by PA techniques.

9. Summary and discussion

Photoacoustics in biomedicine combines the acoustic detection and EM absorption contrast.
The PA signal can be generated using either an EM pulse or an intensity-modulated CW source.
Most PA illumination uses the optical region (visible to NIR), and the RF region (including
microwaves). The PA signal depends on several variables, such as the absorption ability (the
absorption coefficient or dielectric constants), target shape, illumination intensity, and the
ultrasound attenuation in medium. Endogenous biological absorbers include blood, melanin,
water, etc. Recorded PA signals generally require data processing, including denoising and
deconvolution, to recover the original PA pressure.

PAT plays an important role in PA applications. In this article, we categorized the most current
PAT into three classes based on their detection methods. The resolution of PAT is scalable,
ranging from sub-millimeters to 15 um, by choosing transducers with different center
frequencies and bandwidth. The lateral resolution can be further improved to reach optical
resolution (in order of micrometers), by using optical focusing, imaging superficial objects
within the optical quasiballistic regime [24]. Both exact and approximate reconstruction
algorithms have been developed for PA computed tomography.

PAT can provide not only structural imaging, but also functional imaging by using
spectroscopic imaging. In addition, combining PAT with other current biomedical imaging
methods forms multi-functional imaging modalities.

PA contrast agents have been extensively studied, including dyes and nanoparticles. Contrast
agents can improve the sensitivity and specificity of PA detection. In order to detect deeper
into scattering tissue, contrast agents with high absorption in the NIR region are desirable.
Moreover, contrast agents enable PA molecular imaging.

Many more physiology characteristic parameters (thermal, chemical, and mechanical
parameters), can be monitored by using PA detections. We emphasized on the newly
discovered PA Doppler effect in this article. Unlike other Doppler effects caused by frequency
changes in the reflected radiation waves by moving objects, PA Doppler effect is caused by
the movement of emitters.

Overall, PA techniques for biomedicine are maturing. They have been widely used to study
both animal and human tissues. Recently, more and more research focuses on clinical
applications. Commercialized PA systems are expected to be available in the near future, and
wide clinical PA applications are foreseen.
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Figure 1.

(Color online) (a) Molar extinction coefficients of oxygenated and de-oxygenated hemoglobin;
(b) absorption coefficients of melanosomes, blood (at SO,=80% and total hemoglobin
concentration of 2.33 x 1073 mol/L), and water.
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Photoacoustic pressure from a spherical source
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(a) The PA waves detected by a point detector at a certain time t come from sources over a
spherical shell centered at the detector position and a radius of vgt. (b) An example of the
pressure generated by an uniform spherical PA source.
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Figure 3.

Schematic of FP sensor head. The sensing structure comprises a 38 um polymer (Parylene C)
film spacer sandwiched between two dichroic mirrors, forming an FPI. The latter overlays a
PMMA backing stub that is wedged to eliminate parasitic interference between light reflected
from its upper surface and the FPI. Reprinted with permission from Ref. [59]
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Experimental setup for photoacoustic tomography with a Mach-Zehnder interferometer as
acoustic line detector. BS, beam splitter; M, mirror; BPD, balanced photodetector; L, lens; BF,
bandpass filter. Reprinted with permission from Ref. [62]
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Figure 5.

(Color online) In vivo imaging of a subcutaneously inoculated B16-melanoma in an
immunocompromised nude mouse using fPAM at 584 nm and 764 nm. (a) Photograph of the
melanoma. (b) A composite of the two maximum amplitude projection (MAP) images
projected along the z axis, where an MAP image is formed by projecting the maximum
photoacoustic amplitudes along a direction to its orthogonal plane. Here, blood vessels are
pseudocolored red in the 584-nm image and the melanoma is pseudo-colored brown in the 764-
nm image. As many as six orders of vessel branching can be observed in the image, as indicated
by numbers 1-6. (c) Three dimensional rendering of the melanoma from the data acquired at
764 nm. Two MAP images at this wavelength projected along the x and y axes are shown on
the two side walls, respectively. The composite image shown in (a) is redrawn at the bottom.
The top surface of the tumor is 0.32 mm below the skin surface, and the thickness of the
melanoma is 0.3 mm. (d) An enlarged cross-sectional (B-scan) image of the melanoma parallel
with the z-x plane at the location marked with a dashed line in (a). (¢) Hematoxylin-and-eosin
(HE) stained section at the same marked location. M, melanoma. Reprinted by permission from
Macmillan Publishers Ltd: [Nature Biotechnology] [97], copyright (2006)
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Figure 6.

(@) Schematic of the OR-PAM system. a, Condenser lens; b, pinhole; ¢, microscope objective;
d, ultrasonic transducer; e, correcting lens; f, isosceles prism; g, acoustic lens; h, silicon oil.
(b) In vivo OR-PAM image of microvasculature in a nude mouse ear. CL, capillary, and SG,
sebaceous gland. Reprinted with permission from [99].
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Schematic diagram of the frequency-domain PA imaging system with a frequency-swept laser

source. AOM-acousto-optic modulator, L-lenses, M—mirror, T—-ultrasonic transducer.

Reprinted with permission from [105].

Phys Med Biol. Author manuscript; available in PMC 2010 May 18.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Li and Wang

Page 41

=
2
B
:
E -
O 075 085 085 N\ \
S0, . \
e
— "
o ~a: Yain 18 0 ;-:":'l’]
= Artery Change of 50, '

Hypoxia Normoxia Hyperoxia

Figure 8.

(Color online) PAM imaging of variations in SO, in single subcutaneous blood vessels in a
200 g Sprague Dawley rat in vivo. (a) Structural image reflecting the total hemoglobin
concentration acquired at the 584 nm optical wavelength under hyperoxia. (b) Static SO, image
within the marked region in panel A under normoxia, where arteries and veins are
pseudocolored red and blue, respectively, based on the imaged SO, values. (c) Image of the
SO, changes from normoxia to hypoxia (hypoxia value-normoxia value). (d) Image of SO,
changes from normoxia to hyperoxia (hyperoxia value-normoxia value). (e) Typical imaged
values of SO, in venous and arterial bloods under all three physiological states, where different
trends of variation are observed. [This results relies on invisive methods to measure local
fluence rate]. Reprinted with permission from [109]. Copyright (2007), American Institute of
Physics.
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Figure 9.

(Color online) Noninvasive in vivo photoacoustic MAP images of the SLN in a rat. (A)
Photograph with hair removed before photoacoustic imaging. (B) Photograph with skin
removed after photoacoustic imaging. (C) Control photoacoustic image without methylene
blue injection. Bright parts represent optical absorption, here, blood vessels. x and y denote B-
scan and 3-D imaging. (D) After-injection photoacoustic image. Reprinted with permission
from [127].
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Figure 10.

Combined optoacoustic and ultrasound real-time imaging setup. Short laser pulses are
delivered through a fiber to the illumination system consisting of a lens, a prism and two
mirrors. The illumination system images the core of the fiber around the transducer onto a
homogeneously illuminated spot on the skin. The light penetrates into the highly scattering
tissue and is absorbed in blood vessels, resulting in ultrasound transient generation
(thermoelastic effect). The ultrasound transients propagate back to the skin surface, through
the transparent acoustic coupling pad onto the ultrasound transducer. The signals of 64
transducer elements are simultaneously recorded with an ultrasound system and passed onto a
computer. The computer reconstructs an absorption distribution image and displays it on a
screen with a repetition rate of 7.5 Hz. One single laser pulse is enough to get a complete image
on the screen in less than 100-ms reconstruction time. Classical echo ultrasound images can
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also be acquired for side by side comparison or for mixed mode imaging. Reprinted with
permission from [65] (©2005 IEEE).
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Figure 11.

Basic principle of photoacoustic lifetime measurement of a phosphorescent oxygen sensitive
dye. Dye molecules at ground state (open circles) are excited at t=0 (closed circles) by a short
laser pulse of wavelength A1 (532 nm in this paper). The dye molecule is excited to its first
singlet state (S1) and then to a triplet state (T1) by internal system crossing. This process is
relatively efficient (quantum yield of 50% for PtOEP dye) and occurs on a time scale of
picoseconds. The population of the T1 excited state then decays back to the ground state via
phosphorescence and quenching by collisions with oxygen molecules. The decay rate is
relatively slow ~ 50 ps for PtOEP) and depends on oxygen concentration in the environment.
A probe pulse (at 740 nm in this paper) fired at t=t generates a photoacoustic response due to
optical absorption corresponding to the T1 to T2 transition. The absorption is transient because
of the decay of the population of the T1 state. The amplitude of the photoacoustic signal
generated at different delay times t is used to measure the decay rate of the T1 excited state
population. Reprinted with permission from [146].
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Figure 12.
(Color online) Principle of PA detection of single absorbing targets in blood flow in vivo.
Reprinted with permission from [101].
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Figure 13.

(Color online) Schematic for photoacoustic Doppler shift. The small light-absorbing particle
moving along the velocity vector is illuminated by modulated continuous-wave light. Ko, V
and K represent the directions of laser illumination, velocity of the absorber and acoustic
waves, respectively. Reprinted figure with permission from [149]. Copyright (2007) by the
American Physical Society.
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Figure 14.

Several designs of breast imaging systems based on the PA effect. (a) Schematic diagram of
LOIS-64. [This system uses a 64-element arc array to detect the PA signal. The laser, at 757
nm wavelength, illuminates the breast from one side.] Reprinted with permission from [47].
(b) Schematic of the Photoacoustic Mammaoscope. [This system used a 590-element ultrasonic
transducer matrix to detect PA signals. The laser, at 1064 wavelength, illuminates the breast
on the opposite side of the breast.] Reprinted with permission from [152]. (c) Schematic of
thermoacoustic CT scanner for breast imaging. Sixty-four transducers are arrayed on a 0.18-
inch- (0.5-cm)-thick, hemispheric, acrylonitrile-butadiene-styrene plastic bowl (14-inch [36-
cm] diameter). The locations of the transducers are indexed by the angles u and f. Transducers
1 and 64 are shown. UHF energy at 434 MHz was provided by a 2.8-inch-(8-cm)-diameter,
water-filled, cylindric wave guide. The imaging bowl is rotated about the wave guide by means
of a belt drive and stepper motor (not shown). The imaging bowl and wave guide are filled
with deionized water and placed inside a water-filled cylindric tank with a top coincident with
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the top of the examination table. Reprinted with permission from [155]. (d) An integrated
microwave horn antenna and optics. Reprinted with permission from [156].
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Figure 15.

Example of the clinical images showing the breast cancer: (a) mediolateral mammography, (b)
ultrasonic, and (c) mediolateral optoacoustic images. High contrast of the object in the OA
image implies the advanced angiogenesis indicative of a malignant tumor. Reprinted with
permission from [47]
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Figure 16.

(a) Geometry of reflection mode transcranial photoacoustic imaging of brain. (b) PA signals
from a vessel embedded in fresh canine brain tissue beneath the infant skull. The distance
between the vessel and the skull is 177mm. (c) PA signals from the same vessel at the distance
of 21mm. Reprinted from [169], with permission from Elsevier.
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Table 1

MPE for skin exposure to a laser beam at 400-1400 nm

Wavelength & (nm)  pmpe() (maiem?)  MPEM) (maiem?)  MPE®) (mwicm?)

400-700 20 1100t0-25 200
700-1050 20x102(:-700)/1000  110Qx102(-700//1000{0.25  9Qx1(2(A-700)/1000
1050-1400 100 5500t0-25 1000

Time tis in seconds
W19 <1< 10775;
(2)10*7 s<t<10s;

(3)t >10s.
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