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We report fiber-based dual-foci fast-scanning OR-PAM that can double the scanning rate without compromising
the imaging resolution, the field of view, and the detection sensitivity. To achieve fast scanning speed, the ORPAM system uses a single-axis water-immersible resonant scanning mirror that can confocally scan the optical
and acoustic beams at 1018 Hz with a 3-mm range. Pulse energies of 45~100-nJ are sufficient for acquiring
vascular and oxygen-saturation images. The dual-foci method can double the B-scan rate to 2036 Hz. Using two
lasers and stimulated Raman scattering, we achieve dual-wavelength excitation on both foci, and the total A-line
rate is 3.2-MHz. In in vivo experiments, we inject epinephrine and monitor the hemodynamic and oxygen
saturation response in the peripheral vessels at 1.7 Hz over 2.5 × 6.7 mm2. Dual-foci OR-PAM offers a new
imaging tool for the study of fast physiological and pathological changes.

1. Introduction
As an emerging biomedical imaging technique, optical-resolution
photoacoustic microscopy (OR-PAM) has a sub-cellular resolution, rich
optical absorption contrasts, and label-free imaging ability [1–12]. Fast
speed is of great importance for improving throughput and the study of
physiological or pathological changes in vivo, such as brain activities,
drug responses, and tumor metastasis processes, et al. [13–17].
Fast scanning is the key to achieve high imaging speed. However, the
scanning speed, the field of view (FOV), and sensitivity are often
compromised to each other [18–25]. Various fast scanners have been
developed to increase the scanning speed. Galvo mirror-based optical
scanning can improve the scanning speed but has either low sensitivity
or small FOV. To address this problem, researchers have explored
various fast mechanical scanners, such as voice-coil scanner,
water-immersible Galvo mirror, water-immersible MEMS scanner,
polygon scanner, et al. Because these scanners can maintain the confocal
alignment of the optical and acoustic foci, they can offer excellent
sensitivity, large field of view, and fast scanning speed [26–40]. The
fastest mechanical scanning speed is limited by physical parameters,
such as inertia force, vibration, and air bubbles. Besides fast scanners,
deep-learning methods have been developed to reconstruct

high-resolution photoacoustic images from sparsely sampled data [41,
42]. They can further improve the imaging speed on top of the fast
scanning, but the imaging quality depends on the training data quality.
Here, we report a dual-foci fast-scanning photoacoustic microscopy
(DF-PAM) which uses two optical excitations to double the fast scanning
rate. Both the A-line rate and the B-scan rate are doubled. Using two
pulsed lasers [15], the developed system can image oxygen saturation
(sO2) with a total A-line rate of 3.2 MHz. In in vivo experiments, we
monitor the fast changes in hemoglobin concentration and oxygen
saturation at a 1.7-Hz C-scan rate over 2.5 × 6.7 mm2. DF-PAM has two
advantages. One is that DF-PAM uses a fast dual-wavelength laser sys
tem for high-throughput functional imaging. The other one is that
DF-PAM doubles the mechanical scanning speed without sacrificing
other performances, such as field of view, resolution, and sensitivity.
2. Dual-foci fast-scanning photoacoustic microscopy
Fig. 1(a) shows a schematic of the DF-PAM system. Two 532-nm
pump lasers (VPFL-G-20, Spectra-Physics) are used for the dualwavelength dual-foci photoacoustic excitation. For each pulsed laser, a
polarizing beamsplitter (PBS1) splits the pump laser beam into two. A
half-wave plate (HWP1) is used to adjust the energy ratio. One beam is
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Fig. 1. (a) A schematic of DF-PAM. AL, acoustic lens; CL, correction lens; CP, coupler; DM, dichroic mirror; HWP, half-wave plate; MR, mirror; NDF, neutral density
filter; PBS, polarization beam splitter; RM, resonant mirror; KMM, kinematic mirror mounts; UT, ultrasonic transducer. (b) A representative A-line signal from the
two foci. (c) Measured and fitted edge spread functions and derived line spread function. (d) Measured axial resolution. (e) Penetration depths of 0.95 mm with 6dB SNR.

coupled into a 20-m polarization-maintaining single-mode fiber (PMSM,
HB450-SC, Fibercore) to generate a 558-nm wavelength via stimulated
Raman scattering. Also, the 20-m fiber delays the pulse by 100 ns. A halfwave plate (HWP2) is placed before the 20-m fiber to maximize the SRS
efficiency. The 532-nm and the 558-nm beams are merged on a dichroic
mirror (T550lpxr-UF1, Chroma Technology Corp) and coupled into a
PMSM fiber. The two pump lasers are triggered with a ~500-ns time
delay. With an 800-kHz PRR for each pump laser, the total A-line rate for
all wavelengths and foci is 3.2 MHz. The two dual-wavelength beams are
connected to the photoacoustic probe with two collimators (C1 and C2).
If only the 532-nm wavelength is needed, we can implement the dualfoci illumination via either blocking the 558 beams or using one pump
laser. In a single pump laser case, the 20-m fiber is used for only delaying
the 532-nm pulse. The original and the delayed 532-nm pulses are
connected to the photoacoustic probe via two optical fibers.
In the photoacoustic probes, the two collimated beams from C1 and
C2 are merged via a PBS (PBS3). Two half-wave plates (HWP5 and
HWP6) are used to adjust the polarization, ensuring most energy passes
through the PBS. An objective (0.042 numerical aperture, #47-654-INK,
Edmund Optics Inc) is mounted in a waterproof sleeve to focus the
merged beams. The focused beams are reflected on an aluminumcoating layer between two prisms (#32-331 and #32-330, Edmund
Optics Inc.). The two prisms with the aluminum coating can reflect the
optical beams and transmit the ultrasound. Subsequently, the optical

beams are reflected towards the sample by a single-axis water-immers
ible resonant mirror (Fig. S1 in the Supplementary Material) [22]. The
resonant mirror is coated with aluminum and can reflect both light (~
97 % reflectivity) and ultrasound (~ 96 % reflectivity). The induced
ultrasound waves are reflected by the resonant mirror, collimated by a
planoconcave acoustic lens (#48-267-INK, Edmund Optics Inc), trans
mitted through the two prisms, and detected by a piezoelectric trans
ducer (50-MHz center frequency, 78 % bandwidth, V214-BC-RM,
Olympus). The size of the resonant mirror is 6 × 7 mm2 and can cover
the entire optical and acoustic beams. In scanning, the optical and
acoustic beams remain aligned to achieve high sensitivity. Compared to
existing fast OR-PAM techniques, DF-PAM has ~1-kHz 2D imaging
speed over several-millimeters B-scan range (Table. S1 in the Supple
mentary Material).
The PA signal is amplified by 48 dB using two amplifiers (ZFL500LN+, Mini-Circuits) and digitized at 200 MHz by a data acquisition
card (ATS9360, Alazar Technologies Inc). The laser trigger, scanning
motion, and digitizer are controlled and synchronized by an FPGA card
(PCIe-7852, National Instruments). The resonant mirror provides a fast
scanning axis. The probe including the resonant mirror is translated by a
linear stage (PLS-85, Physik Instrumente GmbH & Co. KG) for scanning
in the slow axis.
The two collimators (C1 and C2) are mounted on two kinematic
mirror mounts (KMM, POLARIS-K05T6, Thorlabs Inc.) to adjust the
2
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Fig. 2. Single-focus PA images of a leaf phantom with (a) 11.2 μm, (b) 5.6 μm, and (c) 3.8 μm step size in the slow scanning axis. (d) Dual-foci PA image recon
structed from (a). The step size in the slow scanning axis is reduced by half.

Fig. 3. (a) The PA image of the mouse ear of the single focus A. The step size in the slow axis direction is 11.2 μm. (b) The merged PA image of the mouse ear. The
step size in the slow axis direction is 5.6 μm. (c) The PA image of the mouse brain of the single focus A. The step size in the slow axis direction is 11.2 μm. (d) The
merged PA image of the mouse brain. The step size in the slow axis direction is 5.6 μm. (e) The sO2 image of the mouse ear.

positions of the two optical foci. A compact camera (MSIP-REM-PGRBF12.4 s, Point Grey Research, Inc.) is used to image the foci as shown in
Fig. 1(a). The two foci have a distance of 5.8 μm in the slow-axis di
rection, which is close to the lateral resolution and the step size.
Therefore, the B-scan rate is doubled in the dual-foci imaging. Fig. 1(b)
shows a representative A-line signal from the two foci. The time delay
allows for separating the signals from the two foci and two wavelengths
as shown in Fig. 1(b). The full width at half maximum (FWHM) of the
acoustic focal spot is ~96.8-μm radius (calculated with 1500-m/s speed

of sound, 0.22 acoustic NA, 50-MHz frequency of the PA signal) [43]. In
comparison, the distance between the two optical foci is only ~5.8 μm,
~6% of the acoustic focal spot size. Thus, both foci can be aligned
closely to the center of the acoustic focus, and the PA signals from the
two foci have nearly the same sensitivity.
A stainless-steel sharp edge sample is used to measure the lateral
resolution. As shown in Fig. 1(c), the photoacoustic amplitude profile
across the sharp edge is fitted to an edge spread function (ESF). Then we
calculate the line spread functions. The FWHM of the line spread
3
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Fig. 4. (a) Representative PA images of the mouse ear acquired at different times. (b) Averaged PA amplitude change in the mouse ear at different times. The
volumetric imaging rate is 1.7 Hz.

function is ~5.77 μm. We use a tungsten filament with a 10-μm diameter
to measure the axial resolution. As shown in Fig. 1(d), the Hilberttransformed A-line has an FWHM of 39 μm [44], close to the theoret
ical value of 34 μm (calculated with 1500-m/s sound speed and 39-MHz
bandwidth) [45]. The penetration depth is measured via imaging an
oblique tungsten filament in the chicken breast tissue as shown in Fig. 1
(e). The image shows a 0.95-mm penetration depth with a
signal-to-noise ratio of 6 dB.

values of Fig. 2(d) are close to that of Fig. 2(b).
3.2. In vivo experiments
Fig. 3(a)-(d) show the in vivo results comparing the single and
double foci imaging qualities. The animal experiments have been
approved by the animal ethical committee of the City University of Hong
Kong. The dual-foci imaging uses the same PRR and scanning range as
the leaf phantom imaging. The B-scan rate is doubled from 1018 Hz to
2036 Hz because of the dual-foci excitation. The pulse energy for each
focus is 100 nJ. The step size in the slow axis direction is 11.2 μm. It
takes 0.59 s to acquire a C-scan image with 300 B-scans. Fig. 3(a) and (b)
show the PA image acquired with one focus and two foci. The step sizes
in the two figures are 11.2 and 5.6 μm. Fig. 3(a) loses half pixels in the
slow axis. As shown in the highlighted area of “a”, Fig. 3(a) is not as
sharp as Fig. 3(b). The BEF and SMD values as shown in Table. S3 in the
Supplementary Material illustrates the improved imaging quality of
Fig. 3(b) compared to Fig. 3(a).
We also image the mouse brain using 100 nJ at 532-nm wavelength.
The scalp was removed and the skull is intact. The C-scan time is ~0.26 s
over 2.3 × 3 mm2. Fig. 3(c) shows the brain image with one focus and
11.2-μm step size in the slow axis. Fig. 3(d) shows the dual-foci image
that has half of the step size and clearer features. Especially, the area
labeled as “b’” in Fig. 3(d), which has improved BEF and SMD values
compared to Fig.3(c) as shown in Table. S3 in the Supplementary Ma
terial, is clearer than that in Fig.3(c).
The dual-foci OR-PAM system can image sO2 using the dualwavelength laser source. Each focus has 532-nm (75 nJ per pulse) and
558-nm (46 nJ per pulse) light. The imaging area is ~3 × 6.7 mm2. Fig. 3
(e) is the sO2 image of the mouse ear. Both pump lasers work at 800 kHz
pulse repetition rate. The total A-line rate is 3.2 MHz. The C-scan time is
~ 0.59 s. The arteries and veins can be separated by their distinct sO2
values.

3. Results and discussion
3.1. In vitro experiments
A leaf phantom is imaged with various step sizes in the slow axis
direction as shown in Fig. 2(a)–(c). Experimental parameters are sum
marized in Table. S2 in the Supplementary Material. The experiment is
conducted with PRR of 800 kHz and 70-nj pulse energy. The imaging
area is 2.3 × 6.7 mm2. The highest mechanical B-scan rate reaches 1018
Hz. The scanning speed of the slow axis is ~11.4 mm/s. The Brenner
evaluation function (BEF, Equation. S1 in the Supplementary Material)
and the sum of modulus of gray difference (SMD, Equation. S2 in the
Supplementary Material) are used to evaluate the image quality
[46–48]. Table. S3 in the Supplementary Material shows the BEF and
SMD values of Figs. 2 and 3(a)–(d). Fig. 2 shows that a smaller step size
in the slow axis results in better imaging quality. When the step size
decreases from 5.6 to 3.8 μm, the image quality shows no obvious
improvement due to the limitation of the lateral resolution. Therefore,
the 5.8-μm dual-foci distance is effective to double the B-scan rate and
maintain a high imaging quality. In the PA image with the 11.2-μm step
size, each A-line has two PA signals from the two foci. We separate each
B-scan into two and plot them as two adjacent B-scans. Fig. 2(d) is the
reconstructed image with the dual-foci data, which decreases the step
size in the slow axis by half. It has similar image quality as the one in
Fig. 2(b) but saves 50 % of the total scanning time. The BEF and SMD
4
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Fig. 5. (a) Representative sO2 images of the mouse ear acquired at different times. (b) Averaged sO2 changes in the arteries and other vessels of mouse ear at different
times. The volumetric imaging rate is 1.7 Hz. (c) Closeup of PA amplitude images and sO2 images with time from 72.4 s to 74.8 s in A1. The flowing blood cells can be
tracked as indicated by arrows.

3.3. Fast in vivo imaging of the mouse ear

average PA amplitude starts to quickly drop right after the epinephrine
injection and reaches a minimum value at ~ 65 s. It then witnesses a
slow increase and reaches a stable value after ~ 132 s.
Fig. 5(a) shows five sO2 images acquired at different times after the
epinephrine injection (Video 3 in the Supplementary Material). The
average sO2 changes in the arteries and other vessels are shown in Fig. 5
(b). Overall, the sO2 in the arteries presents a slightly decreasing trend.
The average sO2 in other vessels rapidly increases to a high level within
7 s and maintains this level until at ~26 s. It then gradually decreases to
a stable value at ~65 s. The dense sampling rate of 1.7 Hz enables the
DF-PAM to visualize the detailed changes in different vessels. The im
aging speed enables us to observe flowing blood cells in some vessels.
Fig. 5(c) shows the closeup of images from 72.4–74.8 s in the area A1 as
indicated in Fig. 5(a), where flowing blood cells can be seen. In Video 2,
we can also see blood flow in the vein and other small vessels. This
experiment demonstrates that the DF-PAM can quantify fast hemody
namic and sO2 changes in vivo over a large FOV.
On the tissue surface, the laser fluence is 12~16 mJ/cm2, below the

The water-immersible resonant mirror enables fast imaging with a
high C-scan rate (Fig. S2 and Video 1 in the Supplementary Material). To
demonstrate the fast in vivo imaging ability, we monitor the hemoglobin
concentration and sO2 response to epinephrine injection in the periph
eral vessels. The dual-wavelength laser offers 3.2-MHz A-line rate. The
B-scan rate is 2036 Hz. The C-scan rate is ~1.7 Hz over a 2.5 × 6.7 mm2
area. The pulse energies for 532 and 558-nm wavelengths are 70 and 45
nj respectively. 5-μg epinephrine is injected into the hind leg muscle. We
continually monitor the mouse ear for ~ 223 s. The hemoglobin con
centration in the microvessels is dramatically changed following the
epinephrine injection (Video 2 in the Supplementary Material). Fig. 4(a)
shows five representative microvascular images at different times. We
can see that the intramuscular injection of epinephrine causes reduced
blood perfusion in the peripheral vessels. For instance, the PA signals in
the labeled areas (marked as c, d, and e) show obvious decreases. We
quantify the average PA amplitude change and show it in Fig. 4(b). The
5

Photoacoustics 23 (2021) 100292

J. Chen et al.

20-mJ/cm2 maximum permissible energy (MPE) for pulsed visible light.
An issue of the resonant mirror is distortion. The material, the
machining precision, and the vibration may result in image distortion.
Resonant mirrors made of plastic material may shift the resonant fre
quency and become vulnerable during long-term use. New materials
need to be explored in the future to overcome this problem. The dualfoci method can be used in other fast scanner-based OR-PAM systems,
such as voice-coil scanner OR-PAM and polygon scanner OR-PAM,
without sacrificing their original performance. Three or more foci can
also be used to further increase the imaging speed.
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4. Conclusion
We present fiber-based dual-foci fast-scanning OR-PAM at ~2-kHz Bscan rate. Using two sequential optical excitations on two spots, we can
double the imaging speed. Using two fast pulsed lasers, we achieve an Aline rate as high as 3.2 MHz. In vitro and in vivo imaging results show
the high imaging speed over a large field of view. With pulse energy less
than 100 nJ, DF-PAM can image sO2 in living tissue, indicating high
sensitivity. Enabled by the fast imaging ability, we demonstrate highresolution imaging of fast blood perfusion changes with 1.7-Hz C-scan
rate over 2.5 × 6.7-mm2 area. We can observe fast PA amplitude and sO2
changes in the microvessels induced by epinephrine injection. The dualfoci method can be combined with the state-of-the-art fast scanner to
double the imaging speed. DF-PAM is expected to be a useful tool in fast
photoacoustic imaging.
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