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Purpose: Photoacoustic imaging �PAI� used for noninvasive imaging of biological tissue has been
reported in many literature. However, there are still some disadvantages in the novel technique,
such as the poor efficiency of imaging. In the current PAI, multiple excitation of laser and multiple
acquisition of signal are necessary for image reconstruction. In this case, laser pulses may injure
biological tissue due to energy accumulation. To popularize PAI in clinical applications, it is
necessary to develop a new imaging approach to increase the efficiency of PAI.
Methods: A spatial phase-controlled algorithm is presented for full-field three-dimensional �3D�
image reconstruction. By using the algorithm, photoabsorption sources at different depths can be
reconstructed using just one set of data acquired in single laser shot. Unfocused plane transducer
array and parallel data-acquisition �PDA� equipment are used for real-time photoacoustic �PA�
signal detection and acquisition.
Results: The spatial resolution of the 3D PAI system was analyzed. Two graphite rods at various
positions in a simulation model and two bifurcate vessels in the ear of rabbit were imaged. In
addition, the motion trace of one particle flowing at constant velocity was captured dynamically.
Experimental results showed that spatial phase-controlled algorithm based on plane transducer
array and PDA system was capable of static and dynamic 3D PAI.
Conclusions: Spatial phase-controlled algorithm is introduced for 3D image reconstruction. The PA
signals are collected by plane transducer array and PDA system in single pulse excitation. The
acquired volumetric data are sufficient for 3D image reconstruction. Therefore, tissue can avoid the
long-term exposure to light source and it is safer than the current PAI for in vivo imaging. With an
increase in the repetition rate of laser pulse and speed of image display, the imaging method will
realize real-time 3D imaging, which will be significant in clinical detection and medical
diagnosis. © 2011 American Association of Physicists in Medicine. �DOI: 10.1118/1.3555036�
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I. INTRODUCTION

Photoacoustic imaging �PAI� is a novel noninvasive imaging
modality based on the photoacoustic �PA� effect.1–5 When
laser pulse heats absorbing structures within biological tis-
sue, ultrasonic wave that carried tissue optical absorption
properties will be generated due to thermal expansion effect.
PA detector collects signal in the process of ultrasonic propa-
gation to map the distribution of radiation absorption with an
image reconstruction algorithm.3–8 PAI has been developed
to be a promising medical imaging tool owing to its charac-
teristic of combining the high tissue contrast of pure optical
imaging and the high spatial resolution of pure ultrasonic
imaging.9–14

However, current PAI faces challenges in clinical applica-
tions due to the poor efficiency of imaging. Signal collection
system and capture mode are the two main factors the affect

the efficiency of PAI. On one hand, although single-element
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transducer connected to digital oscilloscope is commonly
used as an acquisition device as well as multielement linear
transducer array combined with multichannel collecting
system,15,16,4,17,18 the gathering method of one-channel or
electronic scanning based on time division multiplexing can-
not satisfy the requirement of real-time data acquisition.
Moreover, the detector needs to mechanically scan around
PA objects or move near optical absorbers to obtain one clear
reconstructed image, which may bring measurement errors to
the reconstruction result due to the instability of signal ac-
quisition system in the process of scanning.19–22 On the other
hand, single-element transducers and multielement linear
transducer array are all plane-selective detectors. The col-
lected data only come from the section where the detector is
placed. Therefore, the detector has to be moved along differ-
ent planes if three-dimensional �3D� image is necessary.23,24

All the above reasons result in the poor efficiency of imag-

ing. To our knowledge, a two-dimensional �2D� detector can
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map any optical absorber owning spatial morphology as long
as it is placed in the detection range of the transducer. There-
fore, 2D detector will be a desirable alternative to increase
the efficiency of PAI.

In this work, we develop a new approach for real-time
signal acquisition and full-field 3D image reconstruction.
When optical absorbing structures are recorded by the plane
transducer array and parallel data-acquisition �PDA� system
without scanning detector or samples,25,26 spatial phase-
controlled algorithm is adopted to reconstruct the absorbing
structures according to the spatial position of photoabsorp-
tion source and the weighting factor of the collected signal to
every detector. The spatial resolution of the 3D PAI system
was quantified. 3D images of two graphite rods and two
bifurcate vessels in the ear of rabbit were obtained. In addi-
tion, the motion trace of one flowing particle was captured
dynamically. The reconstruction results demonstrate that spa-
tial phase-controlled algorithm based on the plane transducer
array and PDA system is available for 3D PAI. It holds the
potential for clinical detection and medical diagnosis.

II. IMAGING APPROACH

II.A. Setup

An imaging system has been developed for signal acqui-
sition and image reconstruction. A schematic diagram of the
system is shown in Fig. 1. An optical parametric oscillator
�OPO� tunable laser �VIBRANT B 532I, OPOTEK, USA� is
employed to produce 532 nm laser pulses �pulse width: 7 ns;
repetition frequency: 10 Hz�. A beam splitting lens divides
the emitted laser pulse into two, with the same energy at an
incident angle of 45°. Two concave lenses are adopted to
enlarge irradiation region. �Two Gaussian beams overlap on

FIG. 1. Schematic diagram of the 3D PAI system; ultrasonic coupling me-
dium is filled in between the plane transducer array and the samples.
a region with a diameter of 22 mm; the maximum energy of
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one pulse is limited to 19 mJ and the corresponding energy
density is 5 mJ /cm2, which complies to the ANSI safety
standard.27�

Plane transducer array is used to capture PA signals. The
size of the transducer is 30�30�30 mm �length, width,
thickness, respectively.�. 8�8 square piezoelectric detectors
are distributed on the central area of the transducer �1 cm2�.
The size of each element is 0.984 mm, that is, the same as
the detector spacing. The main frequency and bandwidth are
7.5 MHz and 60%, respectively.

Compared to the one-channel or multichannel scanning
acquisition system, the 64-channel PDA system is a great
improvement for reducing data collecting time. It consist of a
trigger acquisition module, an analog amplify circuit, an an-
tialiasing filter module, analog-digital �A/D� conversion
module, a data cache module, and a USB interface. Once
trigger acquisition module is excited by the Q-switch signal
of OPO, the 64-channel PDA system starts collecting. The
raw PA signal is amplified by the analog amplify circuit
�magnification is dynamically changed according to the dis-
tance between the PA source and the transducer, and the
maximal gain is 40 dB� and filtered by the antialiasing filter
module first. Subsequently, the pretreatment analog data are
digitized by the analog-digital �A/D� conversion module.
�The sampling rate is 40 Msamples/s and the sampling pre-
cision is 12-bit.� Finally, the digital volumetric data are
stored into the data cache module and transmitted to a per-
sonal computer via USB interface.

One fixed device connected to a 3D scanning stage con-
trols the plane transducer array to move arbitrarily, which is
realized by stepper motor with LABVIEW control program.
Therefore, any PA source at different position can be gath-
ered. With PDA system, the detected signal can be acquired
and transmitted every 1/100 s. Image reconstruction is com-
pleted in MATLAB �version 7.8, MathWorks, Natick, Massa-
chusetts� and the run time of reconstruction algorithm is
about 1 s. 3D visualization is fulfilled in 3D-Med �Institute
of Automation, Chinese Academy of Sciences�.

II.B. Spatial phase-controlled algorithm

In spatial phase-controlled algorithm, any detector should
have recorded all light-absorbing objects in the detection
area of the transducer according to spherical PA source
theory. However, directivity pattern cannot be neglected be-
cause of the finite size of the detector;28 only the PA signal
confined in the maximal acceptance angle �decided by the
size of the detector and the main frequency of the transducer�
of array element can be measured in each acquisition.29

Therefore, different optical absorbers in the same cross sec-
tion can be simultaneously gathered by the corresponding
element, and the optical absorbers at various depths will be
resolved by measuring the time of arrival of PA pulses at
each activated detector of the transducer and the ultrasonic
velocity �time-resolved method�. As shown in Fig. 2, Pm as
the reconstruction pixel is calculated through following for-

mula:
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Pm = �
k=1

K

D���kP�tmk� , �1�

where m is the spatial vector of the PA source, k is the posi-
tion of No. k detector, and K is the total number of working
detectors. D��� is defined as the projection intensity weight
function of � �projection angle, which is no more than the
maximal acceptance angle of the array element�. P�tmk� is the
signal value collected by No. k detector at position m. tmk

=rmk /v represents the time when PA pulses spread from po-
sition m to k. rmk is the distance between PA source at posi-
tion m and No. k detector. v is the average velocity of the
acoustic wave in the biological tissue. According to Eq. �1�,
the volumetric data collected by the plane transducer array in
single laser pulse can be used to reconstruct 2D projection
images at various depths. When different scanned surfaces
overlap, the pixel of optical absorbers will become outstand-
ing in reconstruction image. Therefore, spatial phase-
controlled algorithm is practical for full-field 3D projection
imaging.

III. RESULT

Spatial resolution of PA image is a key parameter for ap-
praising the quality of the imaging approach. In the experi-
ment of lateral resolution measurement, two black spherical
cements with a diameter of 1 mm were imaged. The target
specimen was embedded into a phantom at a depth of 1 mm.
The distance between the detector surface and the 2D imag-
ing section was about 3 cm. Figure 3�a� is the reconstructed
image of the specimen corresponding to the photograph at
the top right corner. Figure 3�b� is the normalization line
profile of the reconstructed image shown in Fig. 3�a� at x
=2.1 cm. The profile includes two absorption sources. The
40.5% amplitude line intercepts with the profile at points

FIG. 2. Graphical illustration of the principle of imaging algorithm. Every
detector will form some scan surfaces, so the PA source at any position can
be deemed a dynamic focus.
A–D, respectively. The lateral resolution is estimated accord-

Medical Physics, Vol. 38, No. 3, March 2011
ing to the Rayleigh criterion.30,31 Therefore, the minimum
distinguishable distance between the two sources is approxi-
mately R. R= ��AB�+ �CD�� /2−2r, where r is the radius of the
absorption source. R is measured to be about 1.8 mm. In the
experiment of axial resolution measurement, two other speci-
mens with a diameter of 1 mm were embedded into another
phantom in the same way. The 2D imaging plane was per-
pendicular to the detector surface. The distances between the
transducer and the two specimens are 2.75 and 3.25 cm,
respectively. Figures 3�c� and 3�d� are the 2D PA recon-
structed image and normalization line profile of Fig. 3�c� at
x=2.1 cm. Likewise, the axial resolution is calculated ac-
cording to the Rayleigh criterion; the minimum distinguish-
able distance in the axial direction is about 0.5 mm.

Three experiments were designed to verify the feasibility
of the imaging method for full-field 3D PAI. In the simula-
tion experiment, a cubic phantom made of 400 ml of water,
80 ml of milk �density: 0.8 g/ml�, and 84 g of gelatin had
been prepared. The phantom had an effective attenuation co-
efficient of 1.2 cm−1, which agrees with the optical proper-
ties of human tissues.10 Two graphite rods with a diameter of
0.5 mm were inserted into the phantom. One with a length of
7 mm is kept 45° with the upper side of the phantom. The
other with a length of 3 mm was on a plane, which was apart
from the detector with a distance of 3 cm. The detector above
the samples and the phantom were all placed in a tank filled
with ultrasonic coupling medium. Photographs of the phan-

FIG. 3. Evaluating spatial resolutions. �a� Measuring lateral resolution. 2D
lateral PA image of two black spherical cements corresponding to the pho-
tograph of the phantom; the center distance between the samples was about
5 mm. �b� Normalization line profile of the reconstruction image is shown in
�a� with x=2.1 cm. �c� Measuring axial resolution. 2D axial PA image of
two black spherical cements corresponding to the photograph of the phan-
tom; the center distance between the samples was about 5 mm. Z axis
represents the distance between the sample and the plane transducer. �d�
Normalization line profile of the reconstruction image is shown in �c� with
x=2.1 cm.
tom are exhibited in Fig. 4�a�. Figure 4�b� is one frame 3D
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image shown in video 1, where the PA source at various
depths is dynamically displayed, and selected 2D projection
sections at different depths are shown in Fig. 4�c�. It is ob-
vious that the variation trend of target position in different
slices shows the capability of the imaging way for static 3D
imaging.

In the animal experiment, one New Zealand rabbit �5–6
kg� was selected for in vivo imaging. The solution of pento-
barbital sodium �40 mg/kg� was used as anesthesia. Before
PAI, the hair in the ear was removed with depilatory. To
couple the PA signal, a window �40�40 mm2� of polyeth-
ylene film at the bottom of the water tank was made. During
the experiment, the rabbit lay under the tank and one of the
ears was stick on the film. The imaged result of two bifurcate
artery vessels is shown in Fig. 5. The 3D movie is offered in
video 2.

In the dynamic experiment, a motion target at a velocity
of 10 mm/s was captured dynamically. Silicone tube contain-
ing a particle �diameter: 1 mm� was set in the water tank,
keeping a small angle with the detector surface. The particle
was pushed forward by water flow, which could be realized
through standard syringe connected to an infusion pump. The
data-collection interval was 0.1 s due to the restriction of
repetition rate of the laser pulse. The object position in each
PA excitation was captured successfully. Figure 6 exhibits
one position of the motion particle. Motion trace of the ob-
ject is displayed offline in video 3. The result proves that
dynamic detection of motion object can be realized by the

FIG. 4. �a� Photograph of the experimental sample. Two graphite rods with
different lengths were embedded into a cubic phantom. The rod marked No.
1 was parallel to the side surface, keeping 45° with the upper surface. The
rod marked No. 2 was parallel to the upper surface and perpendicular to the
side surface. Transducer array was placed above the phantom and is parallel
to the upper surface. Side picture of the sample was on the right, and the
black point, represented as No. 2 rod, was perpendicular to the picture. �b�
One frame 3D reconstructed PA image in a box of 40�40�20 mm3. To
view the targets from different perspectives, an animation is offered in video
1 �video 1 available�. �c� Five 2D full-field reconstruction slices correspond-
ing to �b� in the x-y plane with an interval of 1 mm along the Z axis.
imaging approach.
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IV. DISCUSSION AND CONCLUSION

Full-field 3D imaging can be accomplished with the spa-
tial phase-controlled algorithm based on the plane detector
and PDA system, despite the lateral resolution of PA image is
not very well. As we know, spatial resolution is influenced by
the number of transducer elements, the interval of elements,
and the bandwidth. The number of transducer elements and
interval of elements are the two most important factors de-
ciding the lateral resolution. Increasing the number of ele-
ments and reducing the interval of elements can improve the
lateral resolution. Potentially, the optimal lateral resolution
may reach the limiting lateral resolution, which is decided by
the interval of unfocused detector elements. Axial resolution
depends on the main frequency and bandwidth. Therefore,
developing broad bandwidth and high integration density 2D
transducer array will be an effective approach to improve the
spatial resolution of reconstruction image. In addition, PA
signal is captured just in single laser shot. Therefore, the
collected PA signal is weaker compared to the signal cap-
tured in multiple excitation. If the sensitivity of the detector
can improved, the signal to noise ratio will be increased,
which is also useful for improving the spatial resolution of
the image.

FIG. 5. 3D image of two bifurcate artery vessels. The inset picture is the
photo of rabbit’s ear; the dashed rectangle indicates the imaged region. The
diameters of these two vessels are about 1.5 and 0.6 mm, respectively. The
3D movie is offered in video 2 �video 2 available�.

FIG. 6. �a� Schematic diagram of the experimental models. �b� One frame

image in video 3 of PAI of one motion object �video 3 available�.
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3D PAI with a variety of approaches has been discussed in
many literature. These can be classified as scanning method
and nonscanning method. No matter single-detector-based
photoacoustic microscope or acquisition system based on lin-
ear detector,32–38 transducer needs to move along the detec-
tion surface for 3D image collection. Therefore, several
hours may be spent even if the spatial resolution of recon-
struction image is satisfactory ���m� and it is infeasible in
clinical diagnosis.

2D staring array of transducer used for ultrasound detec-
tion is an effective solution to increase the efficiency of im-
aging. Fast 3D PAI based on curved sparse array has been
presented by Ephrat et al.39,40 Compared to the array of
curved geometry, the coverage of plane transducer array is
less uniform in three coordinate directions, which results in
nonisotropic spatial resolution �axial resolution is better than
lateral resolution�. However, the number of sparse array is
few to obtain PA image with a better resolution. In addition,
the spatial resolution of 3D image is different at various po-
sitions due to the limited acceptance angle of the detector.
The optical absorber located at the crossing point of the axis
of detector should be mapped with better contrast and reso-
lution relative to other targets. Nevertheless, plane transducer
array can image the absorption sources more homoge-
neously. For in vivo determination, the plane transducer array
is more convenient and universal. However, the sparse array
of curved geometry is only suitable for some special biologi-
cal tissue �e.g., brain and breast�.

In conclusion, spatial phase-controlled algorithm based on
plane transducer array and PDA system has been used for
full-field 3D PAI. Any optical absorber placed in the detec-
tion region of detector can be recorded and reconstructed
fast. The detector need not to scan for multidirectional 2D
projection imaging or move along different planes for 3D
imaging. Furthermore, only one set of collected data in
single pulse excitation is adequate for full-field 3D image
reconstruction. Therefore, biological tissue can avoid the
long-term exposure to light source. The result of animal ex-
periment proves that the novel imaging approach will be
safer than traditional PAI for vivo imaging. The motion trace
of moving target has been dynamically monitored through
our experiment. Therefore, if the repetition rate of laser pulse
and the speed of image display can be increased in the future,
the imaging method will have great potential for providing
real-time 3D PAI without inflicting any harm to biological
tissue, which will be significant in clinical detection and
medical diagnosis. In addition, it will be an interesting direc-
tion to take advantage of the approach for dynamic monitor-
ing of the variation of the exotic body in some blood disease
diagnosis researches.
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