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Abstract
Photoacoustic imaging, also referred to optoacoustic imaging, is an emerging optical imaging technique that is 

capable of providing both structural and functional optical information of tissues up to several centimeters deep with 
scalable ultrasound resolution. The combination of ultrasound spatial resolution and intrinsic rich optical contrast in 
cancer / inflammatory tissues allow photoacoustic imaging a promising early detection tool in diagnostic medicine. 
At the same time, the availability of various optical absorbing nanostructures extensively studied in targeted drug 
delivery extends the capability of photoacoustic imaging to theranostic medicine, where functionalized nanostructures 
provide photoacoustic imaging contrast and targeting moieties / drug carrier for targeted drug delivery. In this paper, 
we provide a review of the photoacoustic imaging technique for studies in diagnostic and theranostic medicine. The 
technical consideration for photoacoustic imaging systems and reconstruction algorithms of structural / quantitative 
photoacoustic imaging have been introduced. A review of the photoacoustic imaging in breast cancer detection and 
osteoarthritis evaluation is included in the section of photoacoustic applications in diagnostic medicine, where patient 
subjects have been already recruited and photoacoustically evaluated. At the end of this paper, a brief review of 
optical controlled drug release and photoacoustic evaluation is presented as a view to the effort of combining laser 
induced photoacoustic imaging with laser controlled drug delivery / release in theranostic medicine. 

Introduction
Photoacoustic imaging, also referred to optoacoustic imaging, is a 

hybridized imaging technique to visualize rich optical contrast in bio-
logical tissues with scalable ultrasonic resolution, by detecting outgoing 
broadband ultrasound signals generated from laser illuminated bio-
logical tissues [1-3]. Unlike ionizing radiation based modalities such as 
plain radiography, computed tomography (CT) and positron emission 
tomography (PET), only low energy photon and ultrasound wave are 
involved in photoacoustic imaging. For example, the photon energy of 
visible/near infrared light for photoacoustic imaging is only about 2eV 
while the energy of typical x-ray for radiography is about 10-100keV. 
As such, photoacoustic imaging is a safe optical imaging approach, par-
ticularly promising for frequent-use situation such as in routine exami-
nation or preventive examination. 

Pure optical imaging methods, such as optical coherent tomography 
(OCT), fluorescent imaging and different kinds of optical microscopy, 
have been extensively used or studied in biomedicine to image cellular 
and biological structures or activities. These optical imaging methods 
take the merits of spectroscopic feature of light and tissue-light inter-
action, the intrinsic optical contrasts (scattering, absorption, refractive 
index, polarization, etc) rich in biological tissues, the availability of ex-
ogenous agents and biological techniques for contrast enhancement, 
cells labeling/targeting, molecular imaging and gene expression. With-
in the first millimeter depth, pure optical imaging methods utilize the 
short wavelength of coherence light and provide highly resolved images 
for biomedical studies in both cellular and biological scale. However, 
beyond millimeter depth, which is one photonic transport mean free 
path, photons in biological tissues are strongly scattered, restraining the 
spatial resolution of pure optical imaging methods for most biomedical 
applications where deeper tissue imaging in relatively high resolution 
is required. For example, diffuse optical tomography (DOT) has been 
extensively studied for detection of deep tissue abnormalities such as 
breast cancer and neonatal brain hemorrhage, it spatial resolution is 
limited between 3mm to 5mm for typical centimeter imaging depth [7]. 
The relative low spatial resolution hampers the DOT approach from 
further clinical application and diminishes its potential in diagnostic 

medicine, although rich optical scattering/absorption contrast together 
with key physiological changes (hemoglobin, oxygenation, etc) has 
been observed during early cancer development and hemorrhage onset. 

In contrary to strong optical scattering in biological tissues, ultra-
sound scattering is two to three orders weaker in biological tissues [8,9], 
therefore ultrasound wave is capable of providing enhanced signal to 
noise ratio (SNR) and higher spatial resolution over diffusive photon 
wave for objects located deep in biological tissues. By detecting ultra-
sound signals generated from lighted biological tissues, the hybridized 
photoacoustic imaging provides ultrasonically resolved optical absorp-
tion feature of biological tissues instead of mechanical properties such 
as tissue density in ultrasonography. For example, different optical ab-
sorbing organs (livers, kidney, spinal cord, etc) in a nude mouse and 
the optical absorption map of a human finger joint, which are both 
centimeter deep, can be visualized in sub millimeter resolution with 
photoacoustic imaging [10,11] and higher resolution up to 100 micron 
has been achieved for photoacoustic imaging of high optical absorbing 
blood networks in a rat brain [12,13]. As one of the key optical biomark-
ers in tumor detection, optical absorption provided by photoacoustic 
imaging is an independent imaging contrast absent from other imaging 
modalities such as ultrasonography, x-ray based radiography, OCT and 
Magnetic resonance imaging (MRI). The optical absorption biomarker 
is highly sensitive to tumor/rheumatoid development and can be as 
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high as 3:1 between normal tissues and tumor tissues in near infrared 
region. Furthermore, tissue optical absorption comes from different 
molecular components (oxy-hemoglobin, deoxy-hemoglobin, fat, lip-
ids, water, etc), which have different absorption spectrum in typical 
optical diagnostic/therapeutic window (visible/near infrared light). By 
using multi-spectral light, physiological/functional parameters (hemo-
globin concentration, oxygenation, water content, etc) can be further 
revealed to quantify tumor angiogenesis and hypoxia state, which are 
key biological markers for tumor development and critical for molecu-
lar tumor imaging and evaluation of targeted cancer treatment. In the 
past decade, thousands of papers have been reported to advance single- 
or multi-spectral photoacoustic imaging techniques and applications of 
photoacoustic imaging to diagnostic medicine, chemistry and genet-
ics. Up to now, photoacoustic imaging has shown its potential to detect 
breast / oral / prostate / ovarian cancer, to assess vascular / skin / ocular 
/ lymphatic diseases, to monitor epilepsy in small animals, to image 
finger joints and arthritis, to visualize fluorescent proteins, to evaluate 
exogenous contrast agents in molecular cancer imaging, to detect cir-
culating tumour cells, to image biomarker in small animal model, etc.
[10-13], [14-41]. In this paper, we provide a review of the photoacoustic 
imaging technique for studies in diagnostic and theranostic medicine. 
The technical consideration for photoacoustic imaging systems and 
reconstruction algorithms of structural / quantitative photoacoustic 
imaging will be introduced in section of “The Principle and System of 
Photoacoustic Imaging” and section of “Reconstruction Algorithms of 
Photoacoustic Imaging”. Photoacoustic detection of breast cancer and 
arthritis will be discussed in section of “Photoacoustic Applications in 
Diagnostic Medicine” for possible photoacoustic applications in diag-
nostic medicine, followed by a brief review of optical controlled drug 
release and photoacoustic evaluation in section of “Photoacoustic Ap-
plication in Theranostic Medicine” in this paper. 

The rinciple and System of Photoacoustic Imaging
The fundamental physics beneath photoacoustic imaging is photo-

acoustic effect [1-3], where optical energy is converted into acoustic en-
ergy as a result of optical absorption and thermal expansion. As shown 
in the schematic of photoacoustic effect used for photoacoustic imaging 
in biomedicine (Figure 1), biological tissues are lighted by nanosecond 
laser pulses, which leads to the localized rapid temperature rise (several 
millidegrees) and the generation of wideband ultrasound pulses due to 
thermal expansion. The light excited ultrasound pulses propagate in the 
biological tissues and can be detected on a boundary surrounding the 
biological tissues by typical ultrasonic transducers used in ultrasonog-
raphy.

For pulse mode photoacoustic generation propagating in soft tis-
sues at room temperature, the thermal diffusion during the incident 
nanoseconds pulses is only around ten microns and is ignorable for 
most biomedical applications [42]. Therefore, only considering the 
thermal expansion mechanism, the photoacoustically generated acous-
tic field in tissue is described by the following wave equation:
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Where c is the speed of acoustic wave in the tissue; β is the thermal 
expansion coefficient; Cp is the specific heat at constant pressure; I(t) 
is the temporal profile of laser pulse. ( , )p r t  is the generated acoustic 
pressure wave and ( )Φ

r  is the optical energy absorbed in the tissue, 
which is the product of tissue absorption coefficient ( )µ 

a r  and optical 
fluence ( )rφ

 .

The major task in photoacoustic imaging is to recover the structural 
maps of deposited optical energy ( )Φ

r or quantitative distribution of 
absorption coefficient ( )µ 

a r  in biological tissues from the governing 
equation (1), by acquiring the generated and propagated ultrasound 
wave ( , )p r t with a photoacoustic imaging system. A prototype of 
photoacoustic imaging system to generate the photoacoustic signals in 
biological tissues and acquire the ultrasound signals for further image 
reconstruction can be illuminated with a developed system as shown in 
Figure 2. A typical photoacoustic imaging system is composed of light-
ing system, signal detecting system, object placement system and com-
puter control system. A pulsed laser beam generated from a high power 
solid state laser (Yd: YAG, Ti: Sapphire, etc) is guided and expanded 
to illuminate the objects of interest. The duration of the laser pulse is 
around 10ns, which limit thermal diffusion and ultrasonic propagation 
to 10-15 microns during the pulse. The repetition rate of the pulse is 
around 10-50Hz for typical photoacoustic imaging systems. Although 
higher repetition rate is beneficial for real-time imaging or tissue dy-
namics study, thermal superheating of tissues may occur for pulse over 
100Hz [3]. The wavelength of the laser is variable from 532 to 1064 
nm for maximized absorption of endogenous / exogenous targets and 
deeper tissue penetration in most reported studies, although UV light 
has also been used to image cell nuclei [43]. The laser pulse is guided 
by a lens-mirror system or optical fibers and is expanded to uniformly 
illuminate the tissues to be imaged in most applications, however the 
recently developed photoacoustic endoscope and optical-resolution 
microscope require very small laser spot or highly focused laser spot in 
stead of an area laser beam [43-49]. Due to laser safely, the light incident 

Figure 1: Schematic of photoacoustic effect.
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Figure 2: Schematic of photoacoustic imaging system. Reproduced with 
permission (Figure 1 of Reference 42).
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on the tissue surface should be controlled below 22mJ/cm2. Although 
high power solid state laser is commonly used in photoacoustic imag-
ing, much smaller and cheaper diode laser can also be used as a light-
ing source in certain applications [38,50,51], which may greatly reduce 
the cost of the photoacoustic imaging system and make it eligible for a 
carry-on diagnostic system in special situations such as point of care. 

For photoacoustic imaging systems, the most critical part is the 
detecting system, which can be an ultrasound detecting array in an op-
timized geometry or a single broadband transducer controlled by step 
motors. In theory, the spatial resolution of the photoacoustic imaging 
system depends on both the detecting geometry and the transducer per-
formance, where the axial (in-depth) and lateral spatial resolutions of a 
transducer are limited by its bandwidth and aperture size, respectively 
[52]. The ideal detecting system for photoacoustic imaging should be 
with broadband point detectors along a closed detecting surface sur-
rounding tissues of interest, which allows the ultrasound signals from 
each acoustic source --optical absorber-- detectable at every bound-
ary point without signal distortion. However, all ultrasound detectors 
in reality have finite-size active element and limited bandwidth, and 
only part of a closed detecting surface might be available in most real 
applications due to the limited access to certain surface of the objects 
(phantom, tissue, animal, organ, etc) to be imaged. The loss of a closed 
detecting surface results in incomplete data set for reconstruction pro-
cedure (limited view) and the reality of finite-size and limited band-
width transducer result in the inevitable loss of lateral spatial resolution 
and possible loss of axial spatial resolution, if the bandwidth of the gen-
erated photoacoustic signals is not fully covered by the bandwidth of 
the detecting transducer. Besides, very small aperture or miniaturized 
transducer always result in greatly reduced signal sensitivity and dete-
riorated SNR level as well as elevated cost in the photoacoustic imag-
ing system. As such, flat transducers with finite aperture size combined 
with optimized detecting geometry were commonly used in practice as 
an optimized photoacoustic imaging solution for moderate SNR level 
and cost at the expense of acceptably reduced lateral spatial resolution 
[11-14].

Analytical study [52] has shown that limited bandwidth of trans-
ducer restrains the spatial resolution (both axial and lateral) of pho-
toacoustic imaging to around 0.6-0.8λc, where λc is the wavelength of 
transducer high cutoff frequency cf . The loss of low frequency com-
ponents in detected photoacoustic signals does not blur the objects but 
may result in oscillating artifacts surrounding the reconstructed objects. 
It is worth to note that the above spatial resolution limitation is under 
the assumption that the high cutoff frequency of generated photoacous-
tic signals is higher than the transducer high cutoff frequency, other-
wise cf  should be the high cutoff frequency of photoacoustic signals to 
calculate the real spatial resolution limitation. For flat transducer with a 
diameter A, the limitation of lateral spatial resolution in a spherical de-
tecting geometry gradually change from 0 to A when the object moves 
from the spherical center to the detecting location, while the lateral 
spatial resolution in a planar detecting geometry is always limited by 
A everywhere in the imaging region. The lateral spatial resolution in 
a cylindrical detecting geometry is the combination between that in 
spherical and planar detecting geometry, which means that it gradually 
change from 0 to A when the object moves from the cylindrical axis 
to the cylindrical surface and it remains A along the cylindrical axis. 
Compared to the lateral spatial resolution, the finite size of transducer 
can have a negligible effect on the axial resolution if the transducer size 
is much smaller than the detecting distance off the imaging center, since 
it is proportional to 0.25A2 but inversely proportional to the distance 

of the detector from the imaging center. Previous experimental study 
[42] has also confirmed that a flat transducer in the spherical detecting 
provides volumetrically enhanced spatial resolution over cylindrical 
detecting geometry. 

Cylindrical or spherical focused ultrasound transducer, the lateral 
resolution of which depends on the focal diameter of the transducer, 
has been adopted in certain photoacoustic applications to improve the 
lateral spatial resolution around the focal zone in the imaging plane/
volume [12,34], particularly for near field photoacoustic imaging where 
targets of interest are very close to the detecting surface resulting in 
limited signal acceptance on the detecting surface and extremely wors-
ened lateral spatial resolution with a flat transducer. In photoacoustic 
microscopy, spherical focal transducer seems the only option to achieve 
extremely high lateral spatial resolution (~100 microns), although the 
lateral spatial resolution drops quickly outside the focal zone and the 
raster scanning procedure is generally slow (one raster scan line cor-
responds only one pixel in the image). As same as in ultrasonography, a 
phase controlled ultrasound array [53,54] provide multiple focal zones 
or variable focal zone to improve lateral spatial resolution for target lo-
cated in the far field of the ultrasound detectors. 

In most biomedical applications, only part of a closed detecting 
surface is accessible and only incomplete data set is available leading 
to limited view reconstruction. Simulation study [55] has shown that 
objects inside of the “invisible” domain, which is defined as a domain 
where any line connecting two virtual points along the missing experi-
mental detecting loci/surfaces does not cross the accessible detecting 
loci/surfaces, may be blurred during the reconstruction while objects 
inside of the “detection region” a complement to the “invisible” do-
main can be “stably” reconstructed. Specifically, for the objects inside 
of the “invisible” domain, “the parts of the boundaries the normal lines 
to which pass through a detector position” can be stably reconstructed 
while other boundaries will blur away during the reconstruction. Be-
cause of this limitation from a partial detecting surface (limited view), 
most photoacoustic imaging systems use open arc or open spherical 
detecting geometry to maximally cover the objects of interest in a “de-
tection region” [10-11, 20-21,56-58]. In some situations for example, re-
flection mode photoacoustic imaging of skin diseases where the objects 
of interest is outside of the “detection region” of the accessible detecting 
surfaces, a focused transducer or transducer array with focusing capa-
bility around the objects might be an alternate solution to improve the 
spatial resolution in photoacoustic imaging. 

Although PZT transducers have been commonly used in photo-
acoustic imaging, PVDF and Fabry Perot (FP) polymer film ultrasound 
sensor have also been studied to improve the detector performance 
under certain biomedical applications [13,19,20,43,59-63]. Although 
the sensitivity of PVDF is about two-order lower than PZT material, 
PVDF transducer has wider bandwidth for high resolution imaging and 
shape flexibility for curved detecting array. FP polymer film is optically 
transparent [61] and the light to excite the photoacoustic signals in the 
tissues is able to pass through the FP sensor to the objects of interest, 
without inducing any background ultrasound signals from the detect-
ing system. This unique character makes FP sensor a most appealing 
ultrasound detecting system for reflection mode photoacoustic imag-
ing or contact detecting for targets near the detecting surface. Three 
dimensional photoacoustic imaging of the vasculature in a mouse brain 
has been reported with reflection-mode and contact detection based on 
FP polymer film. As shown in Figure 3(a), the FP sensor head is placed 
on the surface of the mouse head and the nanosecond excitation laser 
pulses are directed on to the sensor head and transmitted through it 
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Reconstruction Algorithms of Photoacoustic Imaging
Thus far, several algorithms have been implemented to effectively 

reconstruct photoacoustic images from measured acoustic waves, such 
as back-projection, Fourier transform, P-transform, k-wave method, 
statistical approaches and finite element based reconstruction [64-71].
While others rely on analytical solutions to the photoacoustic wave 
equation in a regularly shaped imaging domain and assume acousti-
cal homogeneity in biological media, finite element based algorithm 
is capable to accommodate tissue heterogeneity and geometric irregu-
larity as well as allow complex boundary conditions and source rep-
resentations. Acoustic property in the biological tissues is also able to 
be recovered simultaneously with optical property by finite element 
based algorithm, when acoustic heterogeneity is taken in consideration 
in photoacoustic wave equation. Moreover, finite element based algo-
rithms share the same frame for different problems, which allows pho-
toacoustic reconstruction algorithm easily adapted / integrated with 
other imaging modalities for multimodal imaging or optical transport 
model for quantitative imaging to obtain physiological / functional in-
formation of the imaged tissues. As such, we focus on finite element 
based algorithms in this section for conventional photoacoustic imag-
ing and single- / multi-spectral quantitative photoacoustic imaging.

Reconstruction of optical energy deposit and simultaneous 
reconstruction of acoustic heterogeneity

Finite element based reconstruction algorithm for conventional 
photoacoustic imaging uses a regularized Newton iterative strategy to 
update an initially estimated optical/acoustic property distribution to 
minimize an object function, which is composed of a weighted sum of 
the squared difference between computed and measured acoustic data. 
The computed acoustic data is obtained by solving the following photo-
acoustic wave equation [69], which is a Fourier transformed equation 
in the frequency domain from the equation (1) in the temporal domain, 
subject to the second-order absorption boundary conditions using fi-
nite element method (FEM):

2 2 0
0 0

 ( )( , ) (1 ( )) ( , ) βω ω Φ
∇ + + =
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                (2)
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                                                          (3)

where c is the speed of the acoustic wave in the medium on tissue; A is 
the acoustic attenuation coefficient;

The core equations for forward and inverse computations in finite 
element based reconstruction can be written as the following linear 
equations, by taking finite-element discretization on equation (2)

[ ]{ } [ ]{ }φ=A p B                                     (4)

( ) ( )λ χℑ ℑ+ ∆ = ℑ −T m cp pT I                                                             (5)
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V and S  indicate the volume and surface integration over the prob-
lem domain and boundary, respectively. ψ i and ψ j  are Lagrangian ba-
sis function at node i and j, respectively. { }1, , T

Np p p=  and { }1, ,φ φ φ= 

T
N

are the acoustic pressure and absorbed optical energy density at each 
node. { }1 1, , , , ,χ φ φ∆ = ∆ ∆ ∆ ∆ 

T

N NO O is the update vector for the acoustic 
heterogeneity and absorbed optical energy density. { }1 , ,= 

Tm m m
Mp p p  

and { }1 , ,= 

Tc c c
Mp p p are the measured and calculated acoustic pressure 

for i=1, 2…, M boundary locations. ℑ is the Jacobian matrix formed 
by χ∂ ∂p  at the boundary measurement sites. λ is the regularization 
parameter determined by combined Marquardt and Tikhonov regular-
ization schemes.

With the above reconstruction algorithm, a simulation case can be 
tested. As shown in Figure 4(a), the target A has an optical contrast 
(optical deposited energy) of 2:1 without acoustic contrast; the target B 
has a acoustic contrast (speed of sound) of 1560:1485 without optical 

(a) (b) 

Figure 3: Experimental arrangement (a) and reconstructed images (b) in pho-
toacoustic imaging of the vasculature in the mouse brain based on FP sensor. 
A, superior sagittal sinus B, transverse sinus; C—inferior cerebral vein; E, 
eyes; S, sinus rectus; D, inferior sagittal sinus. Reproduced with permission 
(Figure 1 and 4 of Reference 13).
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Figure 4: Simulation geometry (a) and simultaneously reconstructed absorbed 
optical energy (b) / acoustic heterogeneity (c) by finite element based pho-
toacoustic reconstruction algorithm considering acoustic heterogeneity. The 
optical contrast for target A, B, C is 2:1, 1:1 and 2:1, respectively. The acous-
tic contrast (speed of sound) for target A, B, C is 1485:1485, 1560:1485 and 
1560:1485, respectively.

into the underlying tissue (mouse head). The cerebral vascular anatomy 
can be visualized with high contrast and spatial resolution to depths 
up to 3.7mm, as shown in Figure 3(b). It is claimed that this detect-
ing system may be applicable in characterizing small animal models of 
human disease and injury processes such as stroke, epilepsy, and trau-
matic brain injury.

p
where P is the pressure wave; k0=ω/c0 is the wave number described by  
the angular frequency, ω and a reference (average) speed of the acoustic 
wave in the medium, c0 : O is a coefficient that depends on both acoustic 
speed and attenuation as follows. 
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contrast; the target C has both acoustic contrast of 1560:1485 and opti-
cal contrast of 2:1. 5% white noise was introduced into the simulated 
data. After several iterations (5 times), targets with different contrast 
can be separated from each other and results in well recovered optical 
property as well as acoustic heterogeneity in the targets, as can be ob-
served in Figure 4(a-b).

In most photoacoustic applications, acoustical homogeneity has 
been assumed for simplicity in the reconstruction procedure. In this 
situation, the acoustical-heterogeneity based reconstruction algorithm 
(2-5) can degrade to acoustical-homogeneity based reconstruction al-
gorithm to reconstruct optical contrast only, by removing the acoustic 
heterogeneity part O  from equation (2-5). 

Recovery of optical absorption coefficient with single wave-
length light

The conventional photoacoustic images depict the maps of de-
posited optical energy ( )Φ

r  in the tissue, which is the product of in-
trinsic tissue absorption coefficient ( )µ 

a r  and optical fluence ( )rφ


. By 
combining conventional photoacoustic imaging technique with photon 
transportation model, it is feasible to further recover the intrinsic opti-
cal absorption coefficient ( )µ 

a r . The quantitative recovery is obtained 
by using the following photon diffusion equation as well as the Robin 
boundary, 

( )∇⋅ ∇ Φ −Φ = −D( r ) E( r ) ( r ) ( r ) S( r )                                               (6)

( )( ) ( )α− ∇ Φ ⋅ = ΦD E r n E r                                                                     (7)

where E(r) 1/ ( )µ= a r , D(r) is the diffusion coefficient, 1/ (3( ))µ µ′= +a sD   
and µ′s  is the reduced scattering coefficients, α is a boundary condition 
coefficient related to the internal reflection at the boundary, and S(r) is 
the incident point or distributed source term. 

One approach to recover the optical absorption coefficient is 
through a forward fitting procedure, starting from an estimated dis-
tribution ( )µ 

a r  which is an optimized initial based on the results of 
a searching scheme for optimal initial. The reduced scattering coeffi-
cient µ′s is approximated as a pre-known constant for simplicity. The 
optical fluence ( )rφ



 and the absorbed energy density cΦ are iteratively 
calculated through the forward model of photon diffusion equations 
(6-7) and the relation ( ) ( ) ( )c

ar r rµ φΦ =
   . If the error betweenΦ and cΦ

is not small, then ( )µ 

a r  is updated by ( ) ( ) / ( )a r r rµ φ= Φ
  

and the above 
procedure is repeated until a small error betweenΦ and cΦ is reached, 
resulting in a stable quantitative distribution of ( )µ 

a r . 

Another approach is to inversely recover the optical absorption 
coefficient by introducing a prior structural information to regularize 
the inverse solution and iteratively finding the global optimized distri-
bution of optical absorption coefficient ( )µ 

a r . In this approach, E(r) 
which is the reciprocal of ( )µ 

a r  is updated by the following equation

( ) (∆  TE J J )λ  TI L L 1[− TJ ( )]−o cΦ Φ                (8)

Here, the PAT image (absorbed optical energy density) is used both 
as input data and as a prior structural information which is incorpo-
rated into Laplacian-type filter matrix L [79]. 

It is worth to note that the scattering coefficient is assumed as con-
stant/homogeneous for the use of the above algorithms to quantitative-
ly recover the optical absorption coefficient. This assumption suggests 
that the above quantitative reconstruction procedure may be applicable 
to cases where the scattering contrast is low or the objects having scat-
tering contrast are small in size. 

Quantitative photoacoustic imaging with multi-spectral light

In biological tissues, the optical absorption comes from different 
tissue chromophores (oxy-hemoglobin, deoxy-hemoglobin, fat, lipid, 
water, etc), which have different optical absorption spectrum. The 
overall optical absorption is determined by the following Beer’s law in 
consideration of the optical absorption contributions from L chromo-
phores. 

1
( , ) ( ) ( )µ λ δ ε λ

=

=∑ 

L

a i i
i

r r                                                                    (9) 

Where ( )δ 

i r  is the concentration of ith chromophore in the unit 
of molar ( / )M mole L ;  ( )ε λi  is the absorption extinction coefficient of 
the ith chromophore at wavelength λ. By replacing ( )Φ

r at each optical 
wavelength in equation (2) with ( ) ( ) ( )ar r rµ φΦ =

  

 and the relation 
in Beer’s law, we have the following multi-spectral based photoacoustic 
equation [78]
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By combining the above multi-spectral photoacoustic equation 
(1) with the photon diffusion equation (6-7), which is used to update 
the optical fluence ( , )rφ λ



 from the iteratively updated chromophore 

Figure 5: Exact (a) and reconstructed images (b) using multi-spectral photo-
acoustic reconstruction algorithm.The first to the fourth rows show (i) Hb (mM), 
(ii) HbO2 (mM), (iii) H2O (%) and (iv) acoustic velocity (mm/s) images, respec-
tively. Reproduced with permission (Figure 2 of Reference 11).
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concentrations (therefore the combined absorption coefficient), the 
acoustic heterogeneity and each chromophore concentration can be 
iteratively reconstructed by following the similar reconstruction proce-
dure described in section “Reconstruction of optical energy deposit and 
simultaneous reconstruction of acoustic heterogeneity”. 

Simulation studies based on the above quantitative photoacoustic 
imaging with multi-spectral light have been reported [78]. Six opti-
cal wavelengths (633, 682, 723, 850, 854 and 930 nm) and a circular 
background (15 mm in radius) containing three circular targets (2 mm 
in radius each), as shown in Figure 5(a), has been tested with the de-
veloped algorithm. 2 % random Gaussian noise was introduced to the 
simulation data. As shown in Figure 5(b), four parameters (Hb, HbO2, 
H2O and acoustic velocity) have been spatially resolved by multi-spec-
tral reconstruction algorithm of photoacoustic imaging. 

Studies has shown that the quantitative evaluation of these tissue 
chromophores and their physiological / functional changes are of great 
significance both in basic science (such as neuroscience, molecular im-
aging of small animals) and clinical applications (such as breast cancer 
detection and classification). Photoacoustic imaging is a high resolu-
tion imaging modality for optical contrast; as such the multispectral 
quantitative photoacoustic imaging might be potential for high resolu-
tion tissue chromophores imaging/measurement. 

Photoacoustic Applications in Diagnostic Medicine 
Up to now, photoacoustic imaging has been extensively studied as 

clinical / preclinical tool to detect cancer and evaluate disease in differ-
ent organs. In this section, we focus on a review of the photoacoustic 
imaging in breast cancer detection and osteoarthritis evaluation, where 
patient subjects have been already recruited and photoacoustically eval-
uated. Preclinical photoacoustic studies will also be touched at the end 
of this section.

Photoacoustic detection of breast cancer

Breast cancer is the most commonly diagnosed non-skin cancer 
and the leading cause of cancer death for women. The American Can-
cer Society suggests a yearly clinical breast examination by a health care 
provider and mammography every year from age 40 years. However 
the X-ray mammography, which is the only clinically available tool 
for mass screen of breast cancer, requires an ionizing radiation X-ray 
source and poses harm to patients. Furthermore, X-ray mammography 
has limited sensitivity and specificity, which results in small tumor un-
detectable at the early stage and 4-5 benign cases need undergo breast 
biopsy for every cancer detected by X-ray mammography [81-84]. At 
the same time, high absorption contrast between tumor and normal tis-
sues has been observed, which is up to 3:1 in near infrared region; and 
oxy-hemoglobin level differences between tumor and normal tissues 
can be up to 4:1. The high optical contrast existing in the breast cancer 
and higher spatial resolution capability of photoacoustic imaging for 
up to 5-7 centimeter penetration depth enable photoacoustic imaging a 
promising safe tool for routine breast cancer screen. 

Since last decade, extensive studies have been conducted in photo-
acoustic imaging of breast cancer, advancing both the imaging systems 
and the clinical studies. In pilot studies, a laser optoacosutic imaging 
system (LOIS) comprised of an arc-shaped 32 PVDF ultrasound detect-
ing elements was developed to detect breast cancer in vivo. Each ele-
ment is 1mm × 12.5mm with a 3.85mm gap from the adjacent element. 
The arc where the 32 elements are evenly arranged covers 120o with a 
radius of 60mm, which allows 60mm × 60mm field of view. The lateral 
spatial resolution is 1-2mm in the entire field of view. Pulsed light at two 

wavelengths (757nm and 1064nm) was delivered by optical fibers to the 
examined sites. The light pulse has a 10ns duration and 20Hz repetition 
rate. The signal acquisition and image reconstruction based on back-
projection take about 2 seconds in total for a two-dimensional image. 
With 32-element LOIS, a breast ductal-lobular cancer tumor, which is 
about 6mm × 7mm and 11mm beneath the breast surface, was detect-
ed in vivo. The LOIS is further improved in a recent study [20], where 
27 patients has been clinically examined with the new system called 
LOIS-64. The new system has an arc-shaped imaging array (acoustic 
detector probe) comprised of 64 PVDF rectangular element (3mm × 
20mm) with 0.11mm thick. The acoustic detector probe is shaped as 
a hemi-cylindrical cup with the radius of its cylindrical surface of 70 
mm and width of 90 mm to image a single breast slice in craniocaudal 
or mediolateral projection. 757nm pulsed light was delivered by optical 
fiber bundle and expanded to illuminate the surface of the breast. The 
laser beam on the breast was 70 mm in diameter had a maximum flu-
ence of 10mJ/cm2. The light pulse has a 75ns duration and 10Hz repeti-
tion rate. The single-channel sensitivity of the system is 1.66mV/Pa and 
the spatial resolution is at least 0.5mm. 27 patients have been examined 
by LOIS-64 and 18 out of 20 malignant lesions suspected from mam-
mography have been successfully detected.

Besides LOIS for breast cancer detecting, photoacoustic mam-
moscope (PAM) has also been developed in recent years for examine 
breast cancer in vivo. Pulsed light (5 ns duration and 10Hz repetition 
rate) from an Nd: YAG laser is used to illuminate the regions of inter-
est (ROI) of the breast. A parallel plate geometry has been adopted in 
PAM, where the breast will be gently compressed between a glass plate. 
A flat ultrasound detector matrix comprised of 590 elements is adopted 
to record photoacoustic signals from regions of interest, where an ap-
propriate number of the elements are activated in succession. Each of 
the 590 ultrasound detecting elements is 2mm × 2 mm square and ar-
ranged in a roughly circular grid with a centre–centre spacing of 3.175 
mm. The PAM provides 3D reconstructions using delay-and-sum beam 
forming algorithms, capable of imaging inhomogeneities of 2 mm di-
ameter down to 32 mm depths with resolutions of 3.5 mm. The exami-
nation time is about 45 min. which permits an area of 52 × 52 mm to be 
scanned. 13 patients have participated in the PAM studies, 6 of which 
result in successful measurement. 5 of the 6 patients with successful 
measurement were on suspect breasts and 1 was on a breast with a cyst. 
PAM images of the 5 suspect breasts have revealed regions of higher 
absorption in ROIs attributable to tumor vascularization.

The major advantages of photoacoustic imaging of breast cancer 
are the high spatial resolution (up to 0.5mm), the sufficient imaging 
depth (5-7cm), the rich optical contrast related with tumor angiogen-
esis and the spectroscopic capability to detect physiological / functional 
(hemoglobin level, oxygenation, water content, etc) changes associated 
with tumor development [77]. However the challenges remain in the 
photoacoustic imaging of breast cancer, due to large volume of breast 
tissue and efficient light penetration to several centimeter deep with 
acceptable SNR level in the generated photoacoustic signal. Transducer 
array with more amount of ultrasound detecting elements for enlarged 
field of view and higher sensitivity for efficiently detecting weak photo-
acoustic signals from deeper breast tumor may help advance the photo-
acoustic imaging to further clinical application. 

Photoacoustic evaluation of osteoarthritis

Osteoarthritis (OA) is the most prevalent degenerative joint disease, 
which involves tens of millions of Americans with disability or dimin-
ished quality of life. The typical pathological features of which include 
erosion of articular cartilage, bony changes and occasional synovial 
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effusion as well as associated enhanced blood vessel growth [86-89]. 
Increased optical absorption coefficient (as well as optical scattering co-
efficient) in the diseased synovial membrane/fluid has been reported in 
both osteoarthritis and rheumatoid arthritis, due to increased turbidity 
and vascularization during the disease progress [90]. In fact, this opti-
cal increase can be as large as 100% at certain wavelengths in the NIR 
region [91-96]. As a hybridized imaging technique, photoacoustic may 
provide highly resolved images of the rich optical contrast associated 
with arthritis (osteoarthritis and rheumatoid arthritis) for economical 
and efficient detection of arthritic diseases. 

Photoacoustic imaging of joint structure in animal models, ca-
daver finger and in vivo human subject have been reported [11,14-17] 
Different joint tissues in the proximal interphalangeal (PIP) and dis-
tal interphalangeal (DIP) joints from a cadaver human finger can be 
highly resolved by two-dimensional (2D) photoacoustic imaging in 
the cross section, including phalanx, volar plate, subcutaneous tissue, 
tendon and aponeurosis [14]. A later study adopted three dimensional 
spherical scan to improve the volumetric spatial resolution around the 
shape-heterogeneous joint cavity and optimized lighting geometry to 
avoid strong absorption from the blood vessels around the soft tissues 
(cartilage and synovial fluid) of interest in joint cavity [15]. An in vivo 
DIP joint from a human subject has been successfully imaged with the 
improved imaging system, where joint cavity/cartilage can be identified 
from the adjacent bones and the major arteries (lateral and median) as 
well as tendon can be identified from volumetric photoacoustic slices. 

In a recent report, a quantitative three-dimensional photoacoustic 
approach has been evaluated with seven subjects (two OA patients and 
five healthy controls) enrolled in the study [11]. The ultrasound detect-
ing system is an ultrasound detection array composed of eight 1MHz 
circular flat transducers combined with two rotary stages for a spheri-
cal scanning surrounding the finger joint to be imaged. Near-infrared 

light at 805nm is guided and expanded to illuminate the dorsal side of 
the finger joint, which allow the maximal light penetration in finger tis-
sues and best-resolved joint structures. The whole examination at one 
wavelength takes 5 minutes, covering 360 locations along the spherical 
surface. One DIP finger joint, joint II of the left hand, from each subject 
has been examined clinically and photoacoustically. Six of the seven re-
cruited subjects resulted in successful photoacoustic image reconstruc-
tion while one healthy control failed due to the severe motion error of 
finger during the photoacoustic examination. As observed from the re-
constructed results shown in Figure 7, the bones are clearly delineated 
from the adjacent tissues (cartilage and fluid) in the joint cavity, which 
is clearly identified on consecutive slices in both coronal and sagittal 
sections. The spatial resolution around the joint cavity is much better 
than the previously reported result, due to the reduced examination 
time leading to less motion error. The synovial fluid seems be differ-
entiable from the surrounding cartilages as well in some reconstructed 
slices. From the measured thickness of the joint cavity (synovial fluid 
and cartilage), dimensional narrowing of the joint cavity is observed 
for OA joints (1.1-1.5mm for OA and 1.7-2.5mm for healthy joints). 
A quantitative analysis on all the photoacoustically examined patients 
further reveals that the ratio between volumetric mean absorption co-
efficient of the synovial fluid / cartilage and that of the bone is high in 
OA subjects and low in normal subjects (0.58–0.63 / 0.72–0.76 for OA 
joints verse 0.25–0.46 / 0.43–0.61 for normal joints, respectively). The 
optical difference can be as large as 2:1 in the OA joints compared to 
the normal joints, if the ratio of the lowest sectional absorption coeffi-
cient of the joint cavity to the volumetric mean absorption coefficient of 
the bone is compared (0.38–0.50 for OA joints vs 0.11–0.26 for normal 
joints). 

Photoacoustic imaging of the joint cavity offers a sub-mm spatial 
resolution and has the potential to be further enhanced when larger 
amount of transducer elements and higher frequency transducers are 
used. As an emerging imaging technique, the advantage of photoacous-
tic imaging for finger joint imaging and detection of arthritis (osteoar-
thritis and rheumatoid arthritis) lies in its capability to provide highly 
resolved optical absorption coefficient which is an indicator for arthrit-
ic progress, acoustical properties in the joint structure when acoustic 
heterogeneity is considered in the reconstruction, and physiological/
functional parameters such as oxygenation and water content if multi-
spectral light is used. Compared with other organs, finger joint is the 
most accessible for photoacoustic detecting and maximally avoids lim-
ited-view problem. In addition, photoacoustic imaging system is porta-
ble and low in cost. As such, photoacoustic imaging may provide a sen-
sitive and affordable imaging method for early diagnostics of arthritis, 
monitoring of treatment response, and accelerating the advancement of 
medical therapies for arthritis. 

In reported studies, homogenous acoustic approximation (constant 
acoustic speed) to the actual heterogeneous acoustic media of the finger 
joints has been assumed in the reconstruction, which may result in no-
ticeable blur in the reconstructed image. Besides, the reflection and dif-
fraction from the high density bone structure may distort the acoustic 
pressure wave and blur the reconstructed images as well. An advanced 
reconstruction model or appropriate correction of those effects may 
help improve the image quality of photoacoustic resolved finger joints 
and facilitate the further clinical evaluation of photoacoustic imaging in 
arthritis detection [72,96-99]. 

Photoacoustic Application in Th ranostic Medicine
Theranostics is an emerging interdiscipline field, which involves 

(a) 

(b) (c)  

Figure 6: Optoacoustic probe for LOIS-64 (a) and mammography (b) / opto-
acoustic (c) image of the breast with a round benign tumor. Reproduced with 
permission (Figure 3 and 17 of Reference 20).
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disease diagnostics, treatment and evaluation of individual treatment 
response in a same platform. Thanks to the explosive advancement of 
nanotechnologies, different nano systems (liposome, polymeric mi-
celle, nano droplet, metallic nano-sphere / rod / shell / cage, carbon 
nanotube, etc) have been developed to combine various functionalities 
in a same platform [100-107]. For example, chemotherapeutic drugs, 
imaging agents and targeting moieties can be combined together in the 
same nano system, which allows not only targeted treatment but also 

targeted imaging and evaluation of treatment response by appropriate 
imaging techniques. Well controlled drug delivery / release will allow 
maximized treatment efficiency of chemotherapy while greatly reduced 
side effect, as such internal stimuli (pH, hypoxia, enzymatic degrada-
tion, etc) and external energy (ultrasound and light) have been exten-
sively studied for targeted drug delivery/release. Since photoacoustic 
imaging is a hybridized imaging technique combining both ultrasound 
and light, and photoacoustic imaging shares the same/similar lighting 

Figure 7: (a) Selected coronal and (b) sagittal planes of the recovered 3D absorption coefficient image for a typical normal joint. DP: distal phalanx; IP: intermediate 
phalanx; DIP: distal interphalangeal joint; CL: cartilage; SF: synovial fluid. Reproduced with permission (Figure 3 of Reference 79).

Figure 8: (a) Illustration of the releasing process; (b) UV–vis absorption spectrum of gold nanoparticles (GNPs); (c) a typical cryo-EM image of a PPL tethering a GNP; 
and (d) a typical cryo-EM image showing PPL/GNP complexes after laser irradiation. The scale bar in (c) also applies to (d). Reproduced with permission (Figure 3 of 
Reference 109).
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system with light controlled drug release, it is interesting and promising 
to combine photoacoustic imaging with the targeted drug release in an 
integrated platform. Here, we provide a brief review of light controlled 
drug release system and a discussion of the possibility for integrated 
photoacoustic imaging with the targeted drug delivery / release plat-
form. 

Liposomes have great tunability in physical/chemical properties for 
different therapeutic applications, however temporal and spatial con-
trolled drug release from liposome carrier remain a challenge due to 
limited stability of conventional liposomes at physiologic conditions 
again drug leakage at non-target sites. In a recently study, a partially 
polymerized liposomal system was developed to improve the stability 
of liposome carrier as well as the precisely released capability. The par-
tially polymerized liposomes (PPLs) were attached by gold nanopar-
ticles (50nm) on the surface as shown in Figure 8 and remain stable 
under physiological temperatures (40o) for three days, while releasing 
over 70% of the contents inside PPLs instantaneously after being trig-
gered with a high energy laser light (Nd: YAG laser: 532nm wavelength, 
6nm duration, 10Hz repetition rate, energy 3.3W/cm2) matching the 
absorption peak of the GNP’s. TEM images before and after high en-
ergy pulsed laser triggering demonstrated that the gold nanoparticles 
attached on the surface of PPLs were completely destroyed after being 
impinged by the high energy laser, which is most likely by the effect of 
melting and reforming into smaller particles. 

By using the same laser but reduced energy, photoacoustic imag-
ing can be used to evaluate the breakdown of gold nanoparticles and 
the drug release efficiency. As shown in Figure 9, two GNP solution 
targets are photoacoustic imaged. The controlled target is always filled 
with original GNP solution (0.1mL) before high energy laser triggering. 

The evaluating target is filled by original GNP solution (0.1mL) before 
high energy and by damaged GNP solution (0.1mL) after high energy 
triggering, in succession. From the image, we can immediately observe 
above 20% drop of the intensity on the photoacoustically reconstruct-
ed image. The GNP solution used in photoacoustic imaging is about 
5×1010 particles /mL, which is 20-folder lower than the GNP solution in 
the reported study. If the higher concentrated GNP solution is used, the 
bigger difference in photoacoustic imaging is expected.

Conclusion and Discussion
In this paper, we provide a review of both the photoacoustic imag-

ing technique and studies in diagnostic and theranostic applications. 
Photoacoustic imaging in breast cancer detection and osteoarthritis 
evaluation is included in the section of photoacoustic applications in 
diagnostic medicine, and a brief review of optical controlled drug re-
lease and photoacoustic evaluation is presented in the section of pho-
toacoustic applications in theranostic medicine. Although the imaging 
capability of photoacoustic imaging seems not possible to compete with 
powerful MRI, which is capable of providing high quality images for 
different tissues by using large magnetic fields, the cost of photoacous-
tic imaging device is much lower. Photoacoustic imaging uses non-
ionizing visible/near infrared light and is very safe for patients, ideal 
for frequent-use situation such as in routine examination or preventive 
examination. Photoacoustic imaging has a scalable spatial resolution 
from several microns to millimeter, which may enable photoacoustic 
imaging a promising tool for broad applications in biomedicine. The 
photoacoustically resolved optical information (optical absorption, 
physiological/functional parameters such as hemoglobin level, oxygen-
ation, water content) are highly sensitive biomarker to tumor/rheuma-
toid development and tissue metabolism. The availability of exogenous 

 
(a) 

 
(b) 

 
(c) 

 
 

(d) 
Figure 9: Photoacoustic evaluation of gold nanoparticles breakdown. (a) Photoacoustic image of GNP targets before high energy laser triggering (b) Photoacoustic 
image of GNP targets after high energy laser triggering (c) subtract image between photoacoustic images shown in (a) and (b) (d) Quantitative curves along the center 
of the evaluation target before/after high energy laser triggering of GNP solution.
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contrast agents and newly developed nanotechnology further extend 
the capability of photoacoustic imaging for early cancer detecting with 
imaging contrast enhancement, cells labeling/targeting, molecular im-
aging and evaluation of treatment response / drug release efficiency in 
theranostic studies. Overall, photoacoustic imaging is a promising tool, 
potential for both preclinical studies and clinical studies. 
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