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We established a photoacoustic imaging (PAI) system that can provide variable gain at different
depths. The PAT system consists of a pulsed laser with an optical parametric oscillator working at a
728 nm wavelength and an imaging-acquisition-and-processing unit with an ultrasound transducer.
A voltage-controlled attenuator was used to realize variable gain at different depths when acquiring
P Alsignals. The proof-of-concept imaging results for variable gain at different depths were achieved
using specific phantoms. Both resolution and optical contrast obtained through the results of
variable gain for a targeted depth range are better than those of constant gain for all depths. To
further testify the function, we imaged the sagittal section of the body of in vivo nude mice. In
addition, we imaged an absorption sample embedded in a chicken breast tissue, reaching a maxi-
mum imaging depth of ~4.6 cm. The results obtained using the proposed method showed better
resolution and contrast than when using 50 dB gain for all depths. The depth range resolution was
~1mm, and the maximum imaging depth of our system reached ~4.6 cm. Furthermore, blood
vessels can be revealed and targeted depth range can be selected in nude mice imaging.
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1. Introduction

Photoacoustic imaging (PAI) is a new technique
that is gaining considerable attention in biomedi-
cal engineering. It is a hybrid imaging technique
that combines optical imaging with ultrasound
imaging (USI).»? The principles of PAI are based
on the photoacoustic effect discovered by Bell in
1880.7 The imaging process includes the following:
(1) pulsed laser with a certain wavelength stimu-
lating the optical absorber as the object, (2) ther-
mal expansion of the object after absorption, (3)
ultrasound (US) waves regarded as photoacoustic
(PA) signals spreading in all directions, (4) PA
signal collection, and (5) image reconstruction.
Compared with USI, PAI can provide better image
resolution.! In addition, the scattering of a PA
signal is much inferior to light when it propagates
through biotic tissues. Therefore, PAT is supposed
to offer better penetration depth, normally of sev-
eral centimeters.®”

An outstanding feature of PAI is that PA images
can be reconstructed based on the endogenous op-
tical absorption characteristic of different tissues
without the specific exogenous contrast agents.® In
2003, Wang et al. released the structure and func-
tion images of rat brain via PA tomography.” Many
imaging systems based on PAI have been set up for
specific objects, such as small animals,® human
breasts,” !’ and sentinel lymph nodes.!!:'?

In conventional USI systems, the attenuation
caused by the strong scattering of tissues is sup-
posed to result in inhomogeneous image resolution
and low signal-to-noise ratio (SNR).'? Sophisticated
techniques to compensate for signal attenuation in
USI systems have already been developed. To
improve the SNR of a US image, signal modulation
and matched filtering were used.'* Jung et al. ap-
plied a low-noise amplifier using attenuation-
adaptive noise control to a USI to reduce the useless
noise floor.'> As the process of signal acquisition of
PAI is similar to that of USI, techniques in USI can
be utilized in PAI for compensating for signal at-
tenuation. In USI, assuming imaging sample is
uniform, the attenuation occurs with the process of
US transmission and reflection. Thus, USI system
provides compensation for US signal attenuation.
In PAI, on one hand, PAI system does not need
to transmit US, and PA signal spreads from
absorbers in imaging sample. So, the process of
compensating for PA signal attenuation is the same

as US reflection in USI. On the other hand, PAI has
to compensate for the attenuation of the light
penetration in sample. Its parameters are different.
Two parts work together as gain compensation in
this PAT system.

In this paper, we established a PAI system with
variable gain (0-50dB) in signal acquisition for
different depths. This function can provide variable
gain to original analogue signals during signal ac-
quisition which can maximize the restoration of all
signals from real environment without distortions.
We implemented variable gain for different depths
by using a voltage-controlled attenuator to com-
pensate PA signal attenuation from different depths
of the imaging sample. By imaging specific phan-
toms, we tested the implementation of the tech-
nique of variable gain at different depths. The
proposed technique brings better resolution and
optical contrast to PA images. In addition, to
quantify the imaging depth of the PAI system, we
imaged chicken breast tissue as the biotic sample
and optical absorber. The results reveal the possible
application of our PAI system to the in vivo animal
imaging and even human tissue imaging in further
studies.

2. Methods and Materials
2.1. System setup

Figure 1 shows the schematic graph of the whole
PAI system. The system consists of a pulsed laser,
an optical parametric oscillator (OPO), an imaging
acquisition and processing unit, a commercial US
transducer, and a PC. The system is able to achieve
the functions of pulsed laser stimulation, PA signal
acquisition, and PA image reconstruction.

PC -
Control
Raw data
| Display H Imaging H Dak] H ADC H TEE
processing acquisition
\_ USI system

T
Trigger |
A 4

Fiber bundle

US transducer

| Nd:YAG pump H OPO 'Y
Imaging sample

\ Pulsed laser

Fig. 1. Schematic graph of the PAI system. TGC: time-gain-
compensation.
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The pulsed laser (Dawa-300, Beamtech Optro-
nics Co., Ltd., China) we utilized can provide a Q-
switched Nd:YAG pump laser. The intensity and
internal trigger repetition frequency of the laser
were controlled by using the handheld controller.
The original wavelength of the output light from
the laser pumping source was 532nm. The pre-
positioned OPO (BB-OPO-725, Dalian Huayang
Science & Technology Co., Ltd., China) and its
assorted software modified the laser wavelength to
728 nm. The process of PAI relies on the thermal
expansion of optical absorbers under the excitation
of the laser. So, high scattering of the laser in tissues
is beneficial to imaging results. Comparing with
higher wavelength, laser with wavelength of 728 nm
can provide less absorbance but more scattering for
tissues, which is appropriate for this system.

We applied a portable clinical USI system (Clo-
ver, Shenzhen Wisonic Medical Technology Co.,
Ltd., China) to our PAI system. The USI system
can present real-time US images on the screen.
Through the integrated control panel of the system,
necessary information can be displayed and impor-
tant operations can be completed. In addition, a
commercial linear array US transducer (L15-4,
Shenzhen Wisonic Medical Technology Co., Ltd.,
China), comprising 64 channels, was used for PA
signal acquisition. The console of the USI system
can turn off ultrasonic emission under the condition
of obtaining PA signals.

To synchronize the laser and USI systems, we set
the laser system into the external-trigger mode. The
console of the USI system closes ultrasonic emission
and simultaneously sends a +5V trigger signal to
the laser system with a 10 Hz frequency. Thus, the
repetition of the pulsed laser was 10 Hz in our PAI
system.

The USI system was equipped with client soft-
ware installed on a PC (230X, Lenovo Group Ltd.,
China). By using a wireless network, the software
was used to optimize the parameters of the USI
system and control PA data acquisition. During
signal acquisition, the original analog signal was
amplified through amplifiers and sampled using a
14-bit analog-to-digital convertor (ADC) module
with a sampling rate of 40 MHz.

Then, the 64-channel linear array US transducer
with a central frequency of 8 MHz was used to ac-
quire the raw data from the PA signal. After pro-
cessing the raw data by using a band-pass filter with
a central frequency of 4 MHz, PA images were

A PAI system with variable gain

reconstructed based on the delay-and-sum (DAS)
algorithm. The program was developed through
Matlab on the PC. The process of image acquisition
and processing unit is demonstrated in Fig. 2(a).

2.2. Method of variable gain
for different depths

The implementation of variable gain for different
depths is based on the usage of the voltage-con-
trolled attenuator, which possesses linear attenua-
tion characteristics, because of which the average
gain loss is constant for each equal increment of
the control voltage.'® The attenuator is a variable
voltage divider comprised of a series of input resistors
(R,) and parallel-connected field effect transistors
(FETs). FETs are controlled using a sequentially
activated clipper amplifier (A4;,-A,). Figure 2(c)
presents the design of the attenuator.

With the increase of the input control voltage,
the FET changes from closing state to fully open
state. When each FET enters the open state and the
control voltage continues to increase, the next am-
plifier and FET start functioning, showing the lin-
ear attenuation characteristic of the next part.
Therefore, the low control voltage causes the FET
to turn off, and the attenuator exhibits minimum
signal attenuation. Similarly, high control voltage
causes the FET to switch on, and the attenuator
shows maximum signal attenuation.

The implementation process of providing vari-
able gain for different depths is shown in Fig. 2(b).
During signal acquisition, we set different digital
input data as different gains. As PA signals from
different depths in the imaging sample have differ-
ent time delays, we vary the trigger time of control
voltage acting on the attenuator. So, the control
voltage is bound to different depth. By using the
8-bit digital-to-analog converter (DAC) module
with a sampling rate of 1 MHz, the signal attenua-
tion of the attenuator was regulated. Thus, the gain
at different depths of the PA signal acquisition is
under control.

2.3. Experimental process

We developed a U mold through three-dimensional
(3D) printing by using photopolymer as the source
material to fix black hairs. The left and right arms
of the mold were evenly spaced with 0.5 cm holes,
and the diameter of each hole was 0.5 mm. Next, the
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Fig. 2. Schematic of the imaging acquisition and processing unit: (a) signal acquisition and image reconstruction, (b) variable gain
providing, and (c) the design of the attenuator. A: clipper amplifiers.

hairs were aligned through two adjusted holes,
straightened, and fixed. We put the mold with hairs
into a 500-mL beaker. Then, we heated up 1%
agarose emulsion to obtain a transparent solution
and slowly poured it into the beaker containing the
mold. By controlling the amount of added agarose
solution, we guaranteed that there were two hairs
0.5 cm apart in a depth range of 1 cm. As shown in
Fig. 3(a), after the agarose solution was cooled
down, a scattering medium was formed around the
fixed hairs. We measured the intensity of incident
light and the intensity of the scattering light through
the phantom to address the scattering coeflicient of
the scattering medium. The scattering coefficient is
~(0.4 and the laser was scattered evenly.

To evaluate the maximum imaging depth of the
PAI system, we imaged a 1-mL centrifugal tube
filled with pure black ink. We developed a specific
biotic sample with chicken breast tissue because
the optical property of chicken breast tissue is

comparable to human tissue.'”'® For the scattering
of the tissue is homogeneous, the laser can be scat-
tered uniformly in the phantom. To avoid the in-
terference of ultrasonic reflection, we placed ~5-cm
thick chicken breast tissue at the bottom of the 500-
mL beaker [Fig. 5(a)]. Then, we placed the centrif-
ugal tube on the tissue pile. During the experiment,
we stacked the chicken breast tissue layer-by-layer
upon the tube so that the tube could be imaged at
different depths.

To further testify the implementation of variable
at different depths, we applied the PAI system to in
vivo animal imaging. All procedures were conducted
in accordance with the guidelines of the Administra-
tive Committee on Animal Research at the Graduate
School at Shenzhen, Tsinghua University. We used
healthy BALB/c-nu/nu female nude mice which were
five-week-old, weighing 14-16 g. During experiments,
the mouse was anaesthetized by injection of 10%
chloral hydrate solution. To keep the mouse’s body
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range (left) and original PA signals (right); (d) PA images, from left to right: 50 dB at all depths; 50 dB at the 0-1 cm depth range,
5dB at others; 50 dB at the 1-2 cm depth range, 5 dB at others; 50 dB at the 2-3 cm depth range, 5dB at others; and 50 dB at the

3—4 cm depth range, 5dB at others.

temperature, it was placed on a heating pad, lying on
the back. We used a gel pad and US coupling gel
between imaging target and the US transducer to
match acoustic impedance. The imaging target is
shown in Fig. 6(a). After all imaging process, the
mouse was sacrificed with an overdose injection of the
anesthetic.

After turning on the laser system, we adjusted
OPO to control the wavelength of the output light
at 728 nm. We utilized an optical fiber to guide the
laser to the top of the imaging sample. Under the
triggering of the USI system, the repetition fre-
quency of the pulsed laser was 10 Hz. By controlling
the voltage of the laser system, the energy of the
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Fig. 4. Experiments for depth range resolution. (a) Schematic graph of the phantom and (b) PA images, from left to right: 50 dB at
all depths; 50 dB at 2 cm depth, 5 dB at others; 50 dB at 2.4 cm depth, 5 dB at others; 50 dB at 2.7 cm depth, 5 dB at others; 50 dB at
2.9 cm depth, 5dB at others; 50dB at 3 cm depth, 5dB at others.
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Fig. 6. Experiments for in vivo nude mice imaging. (a) Actual photo of the mouse and imaging region (the red dashed rectangle).
(b) PA images, from left to right: 50 dB at all depths; 50 dB at the 0.6-1.2 cm depth range, 5dB at others; 50dB at the 1.5-2cm

depth range, 5dB at others.

output light was approximately 15mJ/ cm?, which
is below the ANSI safety limitation at a wavelength
of 728 nm. "’

By using the 64-channel US transducer, raw data
of the PA signal were obtained by using the imaging
acquisition and processing unit. Then, the PA
image was reconstructed based on the raw data by
using the DAS algorithm.

3. Results and Discussions
3.1. Variable gain at different depths

After connecting the PC with the USI system via a
wireless network, we regulated a 50 dB gain for all
depths by using the software. The gain with depth
and the original PA signals from 0-4cm depth
range are depicted in Fig. 3(b). As shown in the
left-most image of Fig. 3(d), the PA signal ampli-
tude of the cross-section of hair is well displayed
after image reconstruction in pseudo color. As
there is an angle of ~30° between the optical fiber
and sample, the light intensity in the depth range
of 0.5-3 cm is relatively high. Thus, the amplitude
of the PA signal is correspondingly higher in this
depth range.

Furthermore, we set different gains for different
depths: 50dB at the 0-1cm depth range, 5dB at
others; 50dB at the 1-2cm depth range, 5dB
at others; 50 dB at the 2-3 cm depth range, 5dB at
others; 50dB at the 3—4cm depth range, 5dB at
others. By adjusting the gain, we can effectively
display the cross-section of hairs only in the l-cm
depth range. From Fig. 3(c), the left picture

describes the gain providing and the right one
illustrates the original PA signals after signal ac-
quisition. For the gain to be 50dB only at that
depth range, only hairs in 2-3 cm depth range can
send effective signal, which well corresponds to the
fourth image from the left in Fig. 3(d). No matter
which targeted depth range was involved, the
results showed much better axial and lateral reso-
lutions, as well as optical contrast, compared with
the results obtained using 50 dB gain for all depths.
As the hair embeds deeper, the axial and lateral
resolutions of the hair cross-section in the PA ima-
ges increase, which is in accordance with the US
images in the conventional USI.

As the distance between two adjacent hairs is
0.5cm, the minimum depth range for providing
variable gain is less than 0.5 cm. To further inves-
tigate the depth range resolution for providing
variable gain, we improved the imaging sample
based on the previously mentioned phantom. At 2—
3.05cm depth range, we placed and fixed six hairs
at a depth of 2, 2.4, 2.7, 2.9, 3, and 3.05 cm on a 3D
printing mold. Therefore, the spacing of hairs from
top to bottom was 0.4, 0.3, 0.2, 0.1, and 0.5 mm.
Figure 4(a) shows the schematic graph of the sam-
ple, which was imaged using our PAI system. Dur-
ing signal acquisition, we set the gain of 50dB for
the aforementioned positions separately and gain of
5dB for other depths.

The results are demonstrated in Fig. 4(b), where
two hair sections in the PAI can be clearly seen
to separate at a spacing of 0.4, 0.3, and 0.2 mm.
However, when the hair at a 2.9 cm depth was im-
aged with a gain of 50 dB (5 dB for others), the hair
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at 3 cm depth is slightly visible. Similarly, when the
hair at 3 cm depth was imaged with a gain of 50 dB
(5dB for others), the hair at 2.9cm depth is ob-
served in the PA image. Therefore, the depth range
resolution for providing variable gain can be regar-
ded as 1 mm for our PAT system.

Moreover, the variable gain control for a smaller
depth range allows for more targeted raw data to
optimize the process of image reconstruction. Sim-
ilarly, in Fig. 4(b), the image of the hair section with
50dB gain only at 2, 2.4, 2.7, 2.9, and 3 cm shows
better resolution and optical contrast.

3.2. Maximum imaging depth

To determine the maximum imaging depth of our
PAI system, we imaged the centrifugal tube at the
depths of 0.4, 1.6, 2.3, 2.7, 3.4, and 4.6 cm by adding
chicken tissue to cover the tube in the 500mL
beaker [Fig. 5(a)]. The gain was set at 50 dB for all
depths. The overlaid US and PA images are depic-
ted in Fig. 5(b). The US intensity is shown in a
grayscale map, while the PA amplitude is presented
in pseudo color.

Furthermore, SNR of the PA image was evalu-
ated using the following formula: SNR = 20lg
(V,/V,,), where V, is the average value of the nor-
malized PA signal amplitudes, while V|, represents
the standard deviation of the background signal. To
obtain an accurate result, the average SNR of 10
PA images was evaluated at different depths, as
shown in Fig. 5(c). The average SNR for six depths
was obtained as 27.1 dB.

With the increase of depth, the SNR decayed at
~5.2dB/cm. At the depth of 4.6 cm, the PA signal
can barely be distinguished from the background
noise because of the penetration limit of the laser
and the scattering of the environment. Therefore,
the depth of 4.6 cm is considered to be the maxi-
mum imaging depth of the system with the SNR of
12.9dB. This result is consistent with those of other
research’?":?! at the penetration depth of 4-5cm.
The laser intensity is far beyond the safety limits at
15mJ/ cm? and the fiber bundle offers an energy loss
during transmission. During the experiment, we
used pure black ink instead of a specific dye, such
as methylene blue,?’ phosphorus phthalocyanine
(P-Pc),?! and indocyanine Green.”” In future exp-
eriments, the penetration and SNR are expected to
be improved by using appropriate dye.

3.3. In vivo animal tmaging

In this section, the PAI system were applied to
living tissue imaging to assess its performance. And
the implementation of the function of variable gain
at different depths were further verified. We utilized
the system on imaging of nude mice. The results are
shown in Fig. 6(b). US images are in grayscale while
PA images are in pseudo color.

From the left image of Fig. 6(b), the gains of all
depths were set as 50dB. The blood vessels from
upper and lower superficial skin are visible. Fur-
thermore, hemoglobin possesses relatively high ab-
sorbance under the stimulation of the laser with the
wavelength of 728 nm. Therefore, the organ with
blood is revealed beneath the skin of the mouse.

To further testify the function of variable gain at
different depths, we set the gain of 50 dB at depth of
0.6—-1.2 cm, only the blood vessels from upper skin
and parts of the tissue with blood are visible, shown
as the image in the middle of Fig. 6(b). Similarly,
the left image shows the result of setting the gain of
50dB at depth of 1.5-2cm. Only the blood vessels
of lower skin of the mouse are shown clearly. This
proves that the system can image targeted depth
range of living tissue.

4. Conclusion

We successfully established a PAI system based on
a pulsed laser and clinical USI system with a com-
mercial US transducer. By utilizing a 3D-printing
mold with black hair and a centrifugal tube filled
with black ink as the optical absorbers, we recon-
structed PA images through the DAS algorithm,
which sufficiently justifies the feasibility of the sys-
tem implementation. For PA signal acquisition, we
put forward the method of providing variable gain
for different depths. The results obtained using the
proposed method showed better resolution and
contrast than when using 50 dB gain for all depths.
The depth range resolution was ~1mm, and the
maximum imaging depth of our system reached
~4.6 cm. To further testify the function of variable
gain for different depths, we imaged the sagittal
section of the body of in vivo nude mice. Tiny blood
vessels of the mice were revealed and targeted depth
range of living tissue can be acquired.

Comparing with other systems, the imaging
depth of our PAI system is superb. The imaging
depth of the programmable system' of Kim et al.
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and the system with compact laser2l of Wang is,
respectively, ~4.6cm and ~4.1cm. However, spe-
cific exogenous dyes were used during their experi-
ments while our system reached ~4.6cm only by
pure black ink as optical absorber. In addition, the
clinical linear array transducer of our system can
collect multi-channel signals, which increases the
efficiency of signal acquisition.

The resolution of PA images of our system is
expected to be improved. Furthermore, the system is
not capable of providing tomographic images for
samples. In future study, we aim to focus on improv-
ing image quality, especially lateral resolution, by
optimizing the DAS algorithm and by implementing
other algorithms. Besides, by using shifting device for
the probe and improving image reconstruction algo-
rithm, the system is expected to implement PA to-
mography. Combining with inherent advantages, the
system can be applied to small absorbers’ imaging.
Because the absorbance of hemoglobin is relatively
high with the excitation of 728 nm laser, the system is
promising to be used in blood imaging in human tissue
for clinical diagnoses and imaging.
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