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Photoacoustic (PA) imaging has drawn tremendous research interest for various applications in biomedicine and
experienced exponential growth over the past decade. Since the scattering effect of biological tissue on ultrasound is two-
to three-orders magnitude weaker than that of light, photoacoustic imaging can effectively improve the imaging depth.
However, as the depth of imaging further increases, the incident light is seriously affected by scattering that the generated
photoacoustic signal is very weak and the signal-to-noise ratio (SNR) is quite low. Low SNR signals can reduce imaging
quality and even cause imaging failure. In this paper, we proposed a new wavefront shaping and imaging method of low
SNR photoacoustic signal using digital micromirror device (DMD) based superpixel method. We combined the superpixel
method with DMD to modulate the phase and amplitude of the incident light, and the genetic algorithm (GA) was used
as the wavefront shaping algorithm. The enhancement of the photoacoustic signal reached 10.46. Then we performed
scanning imaging by moving the absorber with the translation stage. A clear image with contrast of 8.57 was obtained
while imaging with original photoacoustic signals could not be achieved. The proposed method opens new perspectives for

imaging with weak photoacoustic signals.
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1. Introduction

Noninvasive biomedical imaging plays an important role
in modern medicine. Imaging of blood vessel, brain tissue,
and other biological tissues is of great help to disease diag-
nosis, disease treatment, and drug delivery.!'=3) When light
propagates in biological tissues, it undergoes multiple scat-
tering and rapidly becomes diffused light.!*! Usually, random
speckles are formed due to multiple scattering when light
passes through the scattering media. Traditional optical imag-
ing methods such as confocal microscopy, ! optical coherence
tomography (OCT),[%! and two- or three-photon microscopy!”!
utilize ballistic photons to image and often have high resolu-
tion. But influenced by scattering, the imaging depth of these
methods is limited, usually less than one transport mean free
path.[8] Thus, they can only be applied to superficial biological
tissues.

The scattering effect of biological tissues on ultrasound is
two- to three-orders magnitude weaker than that of light.’]
Based on photoacoustic effect, photoacoustic imaging!'%!1]
combines the advantages of light absorption contrast and ul-
trasound transmission. Photoacoustic effect refers to the phe-
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nomenon that the absorber absorbs the energy of the incident
laser and excites ultrasound signal. When the laser irradiates
the absorber, the absorber absorbs the light energy of the in-
cident light and converts it into heat, causing local tempera-
ture rise and thermal expansion. As a result, a raised pressure
is generated in the area of the absorption body irradiated by
the light. If the laser pulse width is shorter than the stress
relaxation time and the thermal relaxation time, heat and pres-
sure will not diffuse to the surrounding area apparently within
the duration of the laser pulse. With thermal diffusion, the
absorber produces thermal-elastic deformation and transmits
pressure outward which forms ultrasound. The generated ul-
trasound signal is the photoacoustic signal. The amplitude of
the photoacoustic signal is determined by the laser fluence F
and the absorption coefficient u, of the absorber

po =T"l,F, ey

where I denotes the Griineisen coefficient of the absorber.
Optical absorption contrast image of the absorber can be re-
constructed by collecting the photoacoustic signals. In addi-
tion to high resolution and contrast, photoacoustic imaging
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has the advantage of imaging depth since ultrasound is less
affected by scattering.

Although ultrasound can travel farther than light in the
scattering media, the incident laser beam is still seriously af-
fected by scattering. As the imaging depth increases, the influ-
ence of scattering on the incident light is aggravated and the
generated photoacoustic signal weakens or even disappears.
To enhance the amplitude of the photoacoustic signal, it is nec-
essary to reduce the effect of scattering on the incident light
and focus light as much as possible to the target point.

Wavefront shaping methods!'?! have been developed to
focus light through scattering media noninvasively. The ba-
sic principle is to modulate the wavefront phase and am-
plitude of the incident wave through an optical modulator
to compensate for the light distortion caused by scattering.
Wavefront shaping methods including transmission matrix
method, 3151 iterative optimization method, %! optical phase

),[17-18] and time-reversed ultrasonically en-

conjugation (OPC
coded (TRUE) optical focusing technique!'®! have made re-
markable progress, especially in resolution and imaging speed.
The light intensity of the target point is detected as the feed-
back signal for iterative optimization wavefront shaping. Fo-
cusing light through the scattering media by wavefront shaping
has drawn much attention since the light detector cannot detect
the light intensity of the target point which is inside the scat-
tering media noninvasively. Although the TRUE method can
detect the ultrasonically encoded light coming from the focal
point using a light detector placed outside the scattering me-
dia, this method is hindered by complex experimental optical
setup and cumbersome experimental procedures. ']

The amplitude of the photoacoustic signal is proportional
to the light fluence of the target area that the photoacoustic
signal can be used as the feedback signal for wavefront shap-
ing of the incident light.!** Combining photoacoustic imag-
ing and wavefront shaping further reduces the influence of
scattering on the incident light and the photoacoustic signals
collected for image reconstruction are significantly enhanced.
In 2011, Kong et al. first proposed the idea of photoacous-
tic guided wavefront shaping.!?!! They modulated the wave-
front of the incident light with a deformable mirror (DM) to
maximize the photoacoustic signal and achieved light focus-
ing. In 2013, Chaigne et al. noninvasively measured the pho-
toacoustic transmission matrix of the scattering media with
the phase-only spatial light modulator (SLM) exploiting the
photoacoustic effect.!??! Light focusing through the scattering
media could be achieved utilizing the measured photoacoustic
transmission matrix and the enhancement of the photoacoustic
signal reached about 6. In 2013, Caravaca-Aguirre et al. com-
bined the SLM with the genetic algorithm to iteratively opti-
mize the wavefront of the incident light with the photoacous-
tic feedback, and the enhancement reached 10.1231 The SLM

is commonly used in photoacoustic wavefront shaping re-
searches to modulate the wavefront of the incident light.[?4-26]
The low refresh rate of the SLM, about 100 Hz, restricts its
application in vivo imaging since the speckle decorrelation
time[?”! of biological tissue is short. Much faster refresh rate
can be achieved with digital micromirror device (DMD), up to
32 kHz.1?®) However, the DMD surface can only endure pulse
laser fluence no more than 200 pJ/cm? while the SLM surface

2

can endure 40 mJ/cm~. Lower pulsed laser fluence leads to

weaker photoacoustic signal and lower SNR. In 2014, Wang
et al. first used DMD for photoacoustic wavefront shaping. [>°!
They raised the SNR to 3.9 by averaging 64 acquisitions of
photoacoustic signals that the optimization process took about
2 hours with 1-kHz laser pulse repetition rate. The data aver-
aging method is time consuming and can only slightly improve
the SNR. In 2016, Tzang et al. proposed a lock-in detection
method for photoacoustic signals and improved the SNR by at
least one order of magnitude.3%) With 20-kHz laser pulse rep-
etition rate, the linear photoacoustic wavefront shaping pro-
cess took 6 minutes and the nonlinear photoacoustic wave-
front shaping process took about 1 hour. The enhancement
of the photoacoustic signals reached 9 and 16, respectively.
However, this method requires complicated circuits for ana-
log signal processing and expensive light modulation devices.
In 2019, Sun et al. combined wavelet denoising with corre-
lation detection and improved the SNR of the photoacoustic
signals by 6.5 times.[*!! They used DMD for photoacoustic
wavefront shaping and the enhancement of the photoacoustic
signal reached 7.83. The optimization process was completed
in 30 minutes with only 10-Hz laser pulse repetition rate.

The effect of phase and amplitude co-modulation is much
better than pure amplitude modulation.[*?! As a binary am-
plitude modulation digital micromirror device, DMD cannot
modulate the phase of the incident light directly. The su-
perpixel method®¥ has been developed to achieve ampli-
tude and phase co-modulation with DMD. In 2018, Jia et al.
first achieved light focusing through the scattering media with
DMD-based superpixel method.** So far, the DMD-based
superpixel method has never been used in photoacoustic.

In this paper, we applied the DMD-based superpixel
method to photoacoustic wavefront shaping and imaging re-
search of low SNR photoacoustic signals for the first time. We
extracted the photoacoustic signals submerged in noise with
wavelet denoising and correlation detection method. Then we
combined the superpixel method with DMD to modulate the
phase and amplitude of the incident light and used the ge-
netic algorithm for iterative optimization of the wavefront. En-
hancement of the photoacoustic signal reached 10.46. Scan-
ning imaging was performed by moving the sample on a two-
dimensional translation stage. After optimization, a clear im-
age with contrast of 8.57 was obtained while imaging with
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original photoacoustic signals directly could not be achieved.

2. Experiment setup

The experiment setup is shown in Fig. 1. A 532-nm
pulsed laser (LABest, SGR-10) with 10-Hz pulse repetition
frequency and ~ 800-uJ single pulse energy was used. The
beam splitter divided the laser beam into two beams. The
small fraction reflected light was directed to the photodiode
(Hamamatsu Photonics, S5971) to monitor the pulse energy.
The photoacoustic signal would be divided by the light pulse
energy to eliminate the influence of the light pulse energy fluc-
tuation, and then it can be used as the feedback signal of wave-
front optimization. Most of the light transmitted through the
BS and illuminated the DMD (Texas Instruments, DLP6500)
after expansion and collimation. The light reflected by the
DMD passed through a 4f system consisted of two lenses,
one with a focal length of 150 mm and the other with a focal
length of 50 mm, and a spatial filter whose place was carefully
selected that only the +1 order diffraction beam could pass
it through. The outgoing beam was focused on the scattering
diffuser (Edmund, Diffuser 83419) through a 10x objective
(NA = 0.25) before hitting the absorption sample. The ab-

laser BS expander
|
attenuator ——— Amp uT

sorption sample in the water tank was placed 1.6 cm behind
the scattering diffuser to produce speckles, in which the size
of the speckle grains was approximate to that of the absorption
sample. We used black nylon wires with a diameter of 150 pm
as absorption sample. A focused water-immersed ultrasonic
transducer (SIUI, 5Z10SJ30DJ) with 5-MHz central frequency
was used to detect the PA signals generated from the absorp-
tion sample. The frequency of the photoacoustic signal gen-
erated by the absorber is related to its size. According to the
theoretical formula:'*>! fy1 ~ 0.66¢,/D,, where c; is the ve-
locity of ultrasound in water and D, is the diameter of the ab-
sorber, the central frequency of the ultrasound signal generated
by the black nylon wires with a diameter of 150 um is about
6.6 MHz, which is well within the detection bandwidth of the
5-MHz ultrasonic transducer. The detected signal was ampli-
fied by an amplifier (Mini-Circuits, ZFL-500LN+) and then
collected by the oscilloscope (LeCroy, 806Zi-A). The water
tank was fixed on the two-dimensional translation stage (Da-
heng, GCD-203050M/301101M) and moved in the x—z plane
to scan and image. The computer processed the signals col-
lected by the oscilloscope in real time and refreshed the mask
on the DMD according to the feedback signals.

aperture

I wror
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Fig. 1. Schematic diagram of the experimental setup. BS: beam splitter; PD: photodiode; DMD: digital micromirror device; L1, L2: lens; SF:
spatial filter; OBJ: objective; S: scattering diffuser; UT: ultrasonic transducer; Amp: amplifier; OSC: oscilloscope.

3. Experimental results and discussion

Figure 2(a) shows a representative random photoacoustic
signal collected when a random superpixel mask was loaded
on the DMD. The blue curve represents the unprocessed raw
signal. Affected by white noise, clutters caused by static elec-
tricity in equipment and the noise of amplifier, the SNR of the
raw PA signals was quite low. Here, the SNR is defined as the
ratio of the photoacoustic signal amplitude to the standard de-
viation of the noise without laser irradiation.?°! We calculated
the SNR of 100 random raw signals corresponding to 100 ran-

dom patterns on the DMD to be 2.14. Although photoacoustic
imaging is a practical method, it is difficult to directly achieve
high-quality imaging with such low signal-to-noise ratio sig-
nals.

Scanning imaging was performed by moving the absorp-
tion sample in x—z plane on the two-dimensional translation
stage. We scanned 60 points along the x direction and 65
points along the z direction with a scanning step of 150 pm.
At each point, 10 signals were collected for data averaging.

The maximum amplitude projection image of the crossed ny-
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lon wires could be reconstructed by calculating the photoa-
coustic signal amplitude of each point. As shown in Fig. 2(b),
the absorption sample is completely unrecognizable in the im-
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age reconstructed with the unprocessed raw signals since the
useful PA signals are submerged by the white noise and clut-

ters.

Fig. 2. (a) The random signal before and after denoising. The blue curve represents the raw signal without denoising. The red curve represents
the signal after denoising. (b) Scanning image reconstructed with the raw signals. (c) Scanning image reconstructed with the denoised signals.

The insets represented the random superpixel mask.

In order to improve the SNR of the PA signals, we utilized
wavelet analysis for signal denoising and correlation detection
to remove the invalid signals in which the clutters and the pho-
toacoustic signal overlapped.[*!] Wavelet analysis**37] is an
ideal tool for signal time—frequency analysis and processing.
We selected the fourth-order daubechies wavelet as the mother
wavelet that was similar to the waveform of the PA signal to
perform 8-layer wavelet decomposition on the photoacoustic
signals. Considering effectiveness and simplicity, the sqrt-

wolog threshold was chosen and the calculation formula is!33!

T =0+/2logM, 2)

where M is the signal length and o is the estimated value of
noise variance. The threshold type is soft threshold and the
threshold processing can be expressed as

_ { sgn(c)(le[=T), [e[>T,
Cnew =

3
0, o] < T, )

where ¢ and cew are the wavelet coefficients before and after
the threshold processing. In addition to white noise, we can
also see clutters in Fig. 2(a). Wavelet analysis can effectively
reduce white noise, but the signal is also disturbed by clutters.
We selected the signal with better waveform which was not
affected by clutters as the template and calculated the correla-
tion coefficients between the collected signals and the template
signal after wavelet denoising to remove the signals in which
the clutters and the photoacoustic signal overlapped in time

domain. The normalized correlation coefficient is given by !+

mo [(m) — 5[y(m) — 3]

Yoy = s
VI ) — 5PN [y (m) — 51

where 7, is the normalized correlation coefficient, M is the

“4)

length of the template signal, x(m) denotes the template point,
y(m) denotes the signal point under analyzed, X is the mean
of the template points and y is the mean of the signal points.

Only the signal whose correlation coefficient was higher than
the threshold value was retained. In our experiment, the corre-
lation coefficient between the signal not disturbed by clutters
and the template signal was usually above 0.8 while that be-
tween the signal disturbed by clutters and the template signal
was usually below 0.4. The threshold value was set to 0.7,
which could effectively distinguish the useful signals and the
signals disturbed by clutters. In the processed signals like the
red curve in Fig. 2(a), the white noise has been effectively re-
duced and the useful signals were not disturbed by clutters.
The SNR of the denoised signals reached 11.06, which was
5.17 times higher than that before denoising. We effectively
improved the SNR of the photoacoustic signals with wavelet
denoising and correlation detection method while Wang et al.
averaged 64 acquisitions of the photoacoustic signals but only
raised the SNR to 3.9.1%°! Sun ez al. raised the SNR of the pho-
toacoustic signals from 3.86 to 25.2.13" In our experiment, the
raw photoacoustic signals were weak and had low SNR which
restricted the SNR of the processed signals.

As shown in Fig. 2(c), in the image reconstructed using
the denoised signals, some sample points can effectively rec-
ognize while the others remain unrecognizable and the sample
image is far from being recovering accurately. The raw pho-
toacoustic signals were weak and prone to be affected by white
noise and clutters. Although we collected 10 signals at each
point, there were still many sample points where no useful
signals were collected. This was the main reason why many
points were still unrecognizable after processing. Obviously,
when the intensity of photoacoustic signals is low, both signal
extraction and scanning imaging are difficult.

In order to improve the photoacoustic signal amplitude
effectively and obtain high quality photoacoustic image, we
used DMD based superpixel method for wavefront shaping
of the incident light. In wavefront shaping experiment, the
enhancement??! defined as the ratio of the intensity of the fo-

cus after and before optimization is often used to evaluate the
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effect of optimization. The theoretical enhancement of itera-
tive optimization wavefront shaping can be expressed as

n=an, &)

where N is the number of controllable degrees of freedom
on the optical modulator and « is the relative enhancement
decided by modulation mechanism. For pure amplitude mod-
ulation, o = 1/27 and for perfect amplitude and phase co-
modulation, &« = 1. DMD is a binary modulation digital
micromirror device. In the superpixel method, DMD is di-
vided into independent superpixel blocks. Each superpixel
block is composed of n x n subpixels and each micromirror
on DMD serves as a subpixel. The light reflected from the
DMD surface passes through a 4f system consisting of two
lenses and a spatial filter. The position of the spatial filter is
specially selected that only the +1 or —1 diffraction beam
could pass it through. The light reflected by different sub-
pixels in the same superpixel block will arrive at the spatial
filter with different phases. Phase of the superpixel block can
be adjusted by changing the subpixel combination since the
superpixel block is the superposition of the subpixels. In our
experiment, a superpixel block was consisted of 4 x 4 subpix-
els and four phases 0, /2, 7, 37 /2 were optional. Larger the
optical modes, easier to adjust the speckle grains to the com-
parable size of the absorption sample. In our experiment, each
optical modes contained 20 x 20 micromirrors, that is, 5 x 5
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Fig. 3. (a) Evolution curve of the averaged photoacoustic signal amplitude.
(b) Photoacoustic signals collected during the wavefront shaping optimiza-
tion. The black, red, blue, purple, and green curves represent photoacoustic
signals of different generations in the optimization process respectively.

identical superpixel blocks. And a superpixel mask was con-
sisted of 13 x 24 optical modes. Further enlarging the opti-
cal modes would decrease the number of controllable degrees
of freedom and decrease the enhancement. High robustness
genetic algorithm!*?! was used for iterative optimization and
each iteration contained 20 masks. Twenty random superpixel
masks were generated as the initial generation and the col-
lected photoacoustic signals served as the feedback signal of
the light intensity at the target point on the sample to sort the
20 masks. The higher the ranking, the higher the probability
of being selected to generate the masks of the next generation
through crossing and mutating. As the iterative optimization
proceeded, the photoacoustic signals enhanced gradually and
tended to convergence as shown in Fig. 3(a). In the experi-
ment, we carried out 80 iterations. Further increase the num-
ber of iterations, the enhancement of the photoacoustic signal
was not significant while the optimization time became longer.
Figure 3(b) shows in detail the first generation, the 20th gener-
ation, the 40th generation, the 60th generation photoacoustic
signals and the optimal photoacoustic signal.

After optimization, the scattered light was effectively fo-
cused at the target point on the sample and the photoacous-
tic signal was greatly enhanced with the optimal mask loaded
on the DMD as shown in Fig. 4. The black curve represents
the random photoacoustic signal collected when a random su-
perpixel mask was loaded on the DMD. The red curve rep-
resents the photoacoustic signal with amplitude 1 and phase 0
for every superpixel block which is referred to as the full white
superpixel mask. The blue curve represents the optimal pho-
toacoustic signal obtained after 80 iterations, which is 10.46
times higher than the random photoacoustic signal and 7.16
times higher than the photoacoustic signal of the full white su-
perpixel mask. The transverse focal diameter of the focused
UT can be calculated according to the theoretical formula3>!

¢ = csFur/ furD, 6)

where c; is the velocity of ultrasound in water, Fyr is the focal
length of the ultrasonic transducer, fyr is the central frequency
of the ultrasonic transducer, and D is the crystal diameter of
the ultrasonic transducer. The calculated transverse focal di-
ameter of the 5-MHz UT is about 880 wm. The amount of the
speckle grains on the sample in the detection region can be cal-
culated as G = 880 umx 150 um/[xr x (75 um)?] ~ 7.47. The
theoretical enhancement for pure amplitude modulation is =
1/27m x 13 x 24/7.47 ~ 6.68 and that for perfect amplitude and
phase co-modulation can be n = 1 x 13 x 24/7.47 =~ 41.77.
The experimental enhancement with DMD based superpixel
method did not reach the theoretical value because we used

only four phase steps in the process of amplitude and phase
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co-modulation of the incident light and the low signal-to-noise
ratio of the initial signal had a certain impact on signal en-
hancement. Nevertheless, the enhancement in our experiment,
10.46, is much higher than the theoretical value of pure ampli-
tude optimization. Wang ef al. and Sun et al. performed pure
amplitude optimization of the incident light with DMD!2%-31]
Wang et al. divided the DMD into 1024 individual blocks and
the size of the speckle grains was similar to the detection re-
gion of the UT, i.e., G = 1. The theoretical enhancement of the
photoacoustic signals was 163 and the experimental enhance-
ment was about 14. Sun et al. divided the DMD into 18 x 32
blocks and G ~ 7.47 in their experiment. They obtained an
approximately 7.83 times enhancement of the photoacoustic
signals while the theoretical enhancement was 12.3. Neither
of the two experiments achieved the theoretical enhancement
of pure amplitude modulation.

After optimization, the optimal mask was loaded on the
DMD and remained unchanged. We moved the sample with
the two-dimensional translation stage and collected the pho-
toacoustic signals to reconstruct the image. Firstly, we used
the collected photoacoustic signals to reconstruct the image
directly without any processing on the signals. Figure 5(a)
shows the scanning image reconstructed with the unprocessed
signals. It is quite different from the scanning image before

optimization. The absorption sample in the scanning image
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can be clearly distinguished and the image contrast reaches
0.84. Here, the contrast is defined as

W=(1I-5)/h, (N

named Weber contrast,[*!! where I and I, are the luminance
of the sample image and the background. Figure 5(b) shows
the image amplitude distribution along the twentieth column
in Fig. 5(a) marked with the white line. The five peaks in
Fig. 5(b) correspond to the five absorption nylon wires in
Fig. 5(a). The half-width at those peaks are all no more than 3

points, corresponding to a resolution of at least 450 pm.
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Fig. 4. Comparison of three photoacoustic signals. The black, red, and
blue curves represent the photoacoustic signals generated when the ran-
dom mask, the full white mask, and the optimal mask loaded on the
DMD, respectively.
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Fig. 5. (a) Scanning image with the unprocessed signals. (b) The image amplitude distribution along the white line in (a). (c) Scanning image with the
denoised signals. (d) The image amplitude distribution along the white line in (c). The insets represent the optimal superpixel mask.
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Then we processed the collected photoacoustic signals to
remove the noise mixed in the signals. Figure 5(c) shows the
scanning image reconstructed with the denoised signals. Com-
pared with Fig. 5(a), the image contrast and resolution are sig-
nificantly improved since the white noise and clutters mixed
in the signals are removed. The image contrast reaches 8.57
due to the effective removal of background noise. Figure 5(d)
shows the image amplitude distribution along the white line in
Fig. 5(a). The half-width at the peaks in Fig. 5(d) are no more
than 2 points, corresponding to a resolution of at least 300 pm.
Before optimization, the energy of the speckle field was dis-
persed and the photoacoustic signal was weak that the signal
was almost submerged in white noise and clutters. It was dif-
ficult to extract the signals and image in this case. After op-
timization, the scattered light was focused at the target point
on the sample and the photoacoustic signal significantly in-
creased. Ultimately, we obtained much stronger photoacoustic
signals and a high contrast photoacoustic image of the absorp-
tion sample through DMD based superpixel wavefront shaping
method.

4. Conclusion

Photoacoustic imaging is challenged by weak photoa-
coustic signal and low signal-to-noise ratio. We proposed a
new wavefront shaping and imaging method of low SNR pho-
toacoustic signal based on DMD and superpixel method.

When the incident light was seriously affected by scatter-
ing, weak photoacoustic signals were excited and they were
submerged in white noise and clutters. We performed wavelet
analysis and correlation detection on the raw photoacoustic
signals and raised their SNR from 2.14 to 11.06. We mod-
ulated the wavefront phase and amplitude of the incident
light with DMD based superpixel method and the enhance-
ment of the photoacoustic signal reached 10.46. The theoreti-
cal enhancement of pure amplitude modulation is only 6.68.
Our experiment demonstrated that phase and amplitude co-
modulation with DMD based superpixel method could achieve
much better effect than pure amplitude modulation even when
the SNR of photoacoustic signal was low. The enhancement
can be further improved by raising the SNR of the original
photoacoustic signals, applying more fine-grained phase con-
trol and utilizing the ultrasonic transducer with higher central
frequency and tighter detection focal region.

After optimization, we kept the optimal mask loaded on
the DMD and moved the absorption sample in the x—z plane
by the two-dimensional translation stage to scan and image.
A clear image with contrast of 8.57 and resolution of 300 um
was obtained while imaging with original photoacoustic sig-
nals directly could not be achieved. The nylon wires could be
clearly distinguished in the photoacoustic image. The imaging

resolution was mainly limited by the ultrasonic transducer and
better resolution can be achieved using ultrasonic transducer
with higher central frequency.

Different from the time-consuming signal averaging
method, the wavelet denoising and correlation detection of sig-
nals only took less than 50 ms. The optimization process took
about 20 minutes and was mainly limited by the laser repeti-
tion rate of 10 Hz. At present, the refresh frequency of DMD
can be as high as 32 kHz. With higher repetition rate pulse
laser and faster calculating devices such as FPGA,[*?! opti-
mization can be accomplished in several seconds.

We experimentally demonstrated the superior perfor-
mance of the DMD based superpixel method in photoacous-
tic wavefront shaping and imaging research of low SNR pho-
toacoustic signals. Our research opens new perspectives for
photoacoustic wavefront shaping and imaging with weak pho-
toacoustic signals. The proposed method presents huge de-
velopment potential and would promote the development of
photoacoustic wavefront shaping technology and the practical
application of photoacoustic wavefront shaping in biological
imaging.
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