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A B S T R A C T

We report wide-field polygon-scanning functional OR-PAM that for the first time achieves 1-MHz A-line rate of
oxygen saturation in vivo. We address two technical challenges. The first is a 1-MHz dual-wavelength pulsed
laser that has sufficient pulse energy and ultrafast wavelength switching. The second is a polygon-scanning
imaging probe that has a fast scanning speed, a large field of view, and great sensitivity. The OR-PAM system
offers a B-scan rate of 477.5 Hz in a 12-mm range and a volumetric imaging rate of ∼1 Hz over a 12 × 5 mm2

scanning area. We image microvasculature and blood oxygen saturation in a 12 × 12 mm2 scanning area in 5 s.
Dynamic imaging of oxygen saturation in the mouse ear is demonstrated to monitor fast response to epinephrine
injection. The new wide-field fast functional imaging ability broadens the biomedical application of OR-PAM.

1. Introduction

Optical-resolution photoacoustic microscopy (OR-PAM) is an
emerging biomedical imaging technology that has a sub-cellular re-
solution, rich optical absorption contrasts, and label-free functional
imaging ability [1–10]. Especially, OR-PAM can image oxygen satura-
tion (sO2) at a high spatial resolution without labeling, which offers an
important tool for many preclinical and clinical applications [11]. sO2

may change in normal tissue activities and disease progression. High
imaging speed in a large field of view (FOV) is desirable to image the
functional connectivity among different regions or sO2 change in dis-
eased tissue.

High-speed functional OR-PAM has been developed with fast scan-
ners and high-pulse-repetition-rate lasers. Many fast-scanning techni-
ques, including Galvo mirror-based optical scanning, voice-coil scanner,
water-immersible resonant-mirror scanner, and multi-focal illumina-
tion with array-transducer-based parallel detection, have been devel-
oped for fast OR [12–21]. Although each technique has its advantages,
it remains a challenge to achieve high sensitivity, fast speed, and large
scanning area at the same time without significant compromise among
them [22,23]. The recent development of spinning-mirror OR-PAM has
achieved a hundreds-of-Hz scanning speed over a wide range [24], but

a remaining problem is that sO2 imaging has not been achieved at this
speed and wide range.

Another challenge for fast functional OR-PAM is the pulsed laser
that has multiple wavelengths, sufficient pulse energy, high pulse re-
petition rate, and short-wavelength switching time [25–29]. Commer-
cially available high-pulse-repetition-rate lasers usually provide only
one wavelength [15,30]. Stimulated Raman scattering (SRS) in Raman
crystal or an optical fiber has been used to generate other wavelengths
[31,32]. With a low SRS threshold, the fiber-based approach is more
suitable for OR-PAM than the crystal-based one [33–38]. Electro-op-
tical modulator (EOM) or fiber-based optical delay can switch the pump
and SRS wavelengths at high speed [39,40] but have not been used in
functional OR-PAM beyond 1-MHz pulse repetition rate [37].

Here we present polygon-scanning functional OP-PAM that, for the
first time, achieves 1-MHz sO2 A-line rate over a large FOV. We develop
an SRS laser with two wavelengths (532 nm and 558 nm), 1-MHz pulse
repetition rate, ∼80 nJ pulse energy, and ∼150-ns wavelength
switching time. This offers a fast and stable laser source for functional
OR-PAM. A water-immersible polygon-scanning mirror is developed to
steer both the laser and the ultrasonic beams together, ensuring a high
sensitivity in fast scanning. The polygon scanner offers a B-scan rate of
477.5 Hz over a 12-mm range. Integrating the new laser and fast-
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scanning imaging probe, we implement in vivo sO2 imaging at a 1-MHz
A-line rate over a 12 × 12 mm2 scanning area. The volumetric imaging
speed can be scalable to ∼1 Hz within 12 × 5 mm2, or even faster with
a reduced scanning area but at the same A-line rate. We show that the
new OR-PAM system can image fast changes in hemoglobin con-
centration and sO2 after epinephrine injection.

2. Methods

2.1. Wide-field polygon-scanning photoacoustic microscopy

Fig. 1(a) shows a schematic of the polygon-scanning OR-PAM
system. Fast functional imaging requires that the laser has dual or
multiple wavelengths, high pulse repetition rate, fast wavelength
switching, and enough pulse energy. Here, we develop a 1-MHz dual-
wavelength pulsed laser system. A 532-nm 1-MHz pulsed Q-switch fiber
laser (VPFL-G-20, Spectra-Physics) is used as the pump source. The
pump beam is split by a polarizing beamsplitter (PBS) into two. A
halfwave plate is placed before the PBS to adjust the energy ratio of the
two beams. One beam is coupled into a 30-m polarization-maintaining
single-mode fiber (HB450-SC, Fibercore) to generate the 558-nm wa-
velength via the SRS effect. Another halfwave plate is placed before the
30-m fiber to align the polarization direction with a principal axis of the
fiber to maximize the SRS efficiency. A bandpass filter (560-nm central
wavelength, 10-nm bandwidth, model #87-887, Edmund Optics Inc.) is
used to pass the 558-nm wavelength and reject others (Fig. 1(b)). The
30-m fiber delays the 558-nm pulse by 150 ns (Fig. 1(c)). The other
532-nm beam is merged with the delayed 558-nm beam using a di-
chroic mirror (T550lpxr-UF1, Chroma Technology Corp). The merged
beam is coupled into a 2-m single-mode fiber and delivered to the OR-
PAM probe.

In the OR-PAM probe, the laser beam from the optical fiber is first

collimated (#47-654-INK, Edmund Optics Inc) and then focused by an
objective (0.042 numerical aperture, #47-654-INK, Edmund Optics
Inc). The objective is mounted in a waterproof sleeve and is immersed
in water, offering a stable water-air interface for the optical beam. A
correction lens (#47-473-INK, Edmund Optics Inc) is placed on the
optical/acoustic beam combiner to reduce optical aberration. The op-
tical/acoustic beam combiner is made by gluing an aluminum-coated
prism to an uncoated prism (#32-331 and #32-330, Edmund Optics
Inc, and NOA61 glue from Norland Products Inc). The aluminum
coating reflects the optical beam and transmits ultrasound. After re-
flection, the optical beam transmits through a planoconcave acoustic
lens (#48-267-INK, Edmund Optics Inc) and then is reflected by a
polygon mirror to the sample. The polygon mirror has six aluminum-
coated glass surfaces to reflect both light and ultrasound. The optical
reflectivity of the polygon mirror is above 95% for both wavelengths. In
the detection, the acoustic wave is reflected on the polygon mirror. The
polygon mirror is coated with aluminum. The significant acoustic im-
pedance mismatch between aluminum (17.1 × 106 kg m−2 s−1) and
water (1.5 × 106 kg m−2 s−1) contributes to good acoustic reflectivity.
The incidence angle of the ultrasonic beam ranges from 25° to 70° and is
greater than the total reflection angle (13.8°) of the aluminum-coated
mirror in water. The measured ultrasonic reflectivity of the aluminum-
coated mirror is greater than 97% which is close to total reflection.
Then, the reflected acoustic beam is collimated by the planoconcave
acoustic lens, transmits through the optical/acoustic beam combiner,
and detected by a broadband piezoelectric transducer (50-MHz center
frequency, 78% bandwidth, V214-BC-RM, Olympus). The optical focus
is adjusted to confocally align with the acoustic focus so that the de-
tection sensitivity is optimized. Each mirror surface is 6.0 × 9.2 mm2.
When spinning, the polygon mirrors scan the optical and acoustic
beams together so that the confocal alignment can be maintained. Each
mirror can scan within±30°, reflecting the optical and acoustic beams

Fig. 1. (a) A schematic of polygon-scanning OR-PAM. BPF, bandpass filter; DM, dichroic mirror; HWP, half-wave plate; NDF, neutral density filter; PBS, polarization
beam splitter; CL, correction lens; UT, ultrasonic transducer; AL, acoustic lens; PS, polygon scanner. (b) The spectrum of the combined excitation beam. (c) Delay time
between the 532-nm and 558-nm pulses. (d) The schematic of the belt-driving system.
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within±60°. Excluding the ineffective reflection on the mirror edges,
the usable scanning range is around± 40°, corresponding to a 12-mm
range on the sample surface. The photoacoustic signal from the ultra-
sonic transducer is amplified by 48 dB (two ZFL-500LN + amplifiers
from Mini-Circuits) and digitized at 200 MHz by a data acquisition card
(ATS9360, Alazar Technologies Inc). A brushless motor (ECX Program,
Maxon Motor, Swiss) drives the polygon scanner through a belt as
shown in Fig. (d). The motor is controlled by an FPGA board (PCIe-
7852, National Instruments). A linear stage (PLS-85, Physik
Instrumente GmbH & Co. KG)translates the photoacoustic probe and
the polygon scanner in a direction perpendicular with the polygon
scanning direction, offering the slow scanning axis.

2.2. System characterization

Fig. 2(a) is a schematic showing the visible range in polygon scan-
ning. The visible range is defined as the field where the signal-to-noise
ratio (SNR) is greater than 8. Here, the SNR is the ratio of the PA am-
plitude and the standard deviation of the noise in the 2D image. We use
a stainless-steel grating sample to measure the visible range. The

grating sample has 300-μm-wide parallel strips with 100-μm spacing. B-
scan images across the strips are acquired with 60-nJ pulse energy. We
calculate the maximum amplitude of each A-line to obtain projected 1D
profiles of the grating sample and compute the envelopes of the 1D
profiles. Fig. 2(b) shows a measured envelope of the grating sample.
The B-scan range is ∼12 mm.

The rotation speed of the polygon scanner is 4775 rounds per
minute (rpm), corresponding to a B-scan rate of 477.5 Hz. Higher ro-
tation speed is possible but may cause water splashing. When using a 1-
MHz pulse repetition rate, the angular step size is 0.02865 degrees.
Because the optical/acoustic path length varies at different angular
positions, the translational scanning step size on the sample surface
changes from 7.4 μm to 13.7 μm, as shown in Fig. 2(c).

Because the laser beam scans in a wide range on the sample surface,
the lateral resolution varies with the scanning position. We use edges on
a stainless-steel grating sample to measure the lateral resolutions at
different scanning positions. We measured the photoacoustic signal
profiles across the sharp edges. The data are fitted to an edge spread
function (error functions). Then the fitted edge spread functions are
derived to obtain the line spread functions. The full widths at half

Fig. 2. (a) Schematic of the B-scan range. (b) Normalized maximum-amplitude projection of a B-scan measured from a stainless steel grating sample. The visible
range (SNR>8) is ∼12 mm. (c) Calculated step sizes at different scanning positions. (d) Measured and fitted edge spread function (ESF) and derived line spread
function (LSF) when the scanning beam is vertical. (e) Lateral resolutions at different scanning positions. (f) 36-μm axial resolution. (g) 0.97-mm penetration depth
with an SNR of 2.
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maximum (FWHMs) of the line spread functions are calculated.
Fig. 2(d) shows the measured resolution when the scanning beam is
vertical. When scanning the beam, the optical beam may have an in-
creased spot size on the sample, causing reduced lateral resolution. As
shown in Fig. 2(e), from scanning center to edge in a B-scan, the lateral
resolution changes from ∼6.3 μm to ∼21 μm. A tungsten filament with
25-μm diameter is used to measure the axial resolution. As shown in
Fig. 2(f), the Hilbert-transformed A-line has an FWHM of ∼36 μm [41],
which matches the theoretical value of 34 μm (1500-m/s speed of
sound, 39-MHz bandwidth) [42]. Black human hair is inserted ob-
liquely into fresh chicken breast tissue as shown in Fig. 2(g). The de-
veloped system can achieve a 0.97-mm penetration depth with an SNR
of 2.

3. Results and discussion

3.1. Flowing microparticle imaging and in vivo mouse ear imaging

Flowing microparticles are imaged to demonstrate the high speed
and large field of view. Iron particles (F1-01, 60 mesh, China
Metallurgical Science and Engineering Group Co., Ltd.) with ∼250 μm
diameter are mixed with water and then injected into a silicon tube. A
syringe pump sets the average flow speed to 0.12 mm/s. Raster scan-
ning is conducted over an area of 12 × 5 mm2 to image the particle
flow. The step size along the x-axis (fast axis) is 7.4–13.7 μm, and the
step size along the y-axis (slow axis) is 10 μm. The rotation speed of the
fast axis is 4775 rpm, and the scanning speed on the slow axis is ∼ 4.8
mm/s in a 5-mm range. The 3D imaging speed is 1.04 s per frame. The
laser pulse energy is 80 nJ on the sample surface. Fig. 3(a) shows the
maximum-amplitude-projected snapshots of a microparticle flowing
through the field of view (see Video 1). This phantom experiment shows
fast imaging ability over a large field of view.

As shown in Fig. 3(b)-(c), we use polygon-scanning OR-PAM to
image microvasculature and sO2 in the mouse ear. The animal experi-
ments have been approved by the animal ethical committee of the City
University of Hong Kong. The used laser pulse repetition rate is 1 MHz.
The smallest step size in the x-axis is 7.4 μm, and the step size in the y-
axis is 5 μm. The rotation speed of the polygon scanner is 4775 rpm. A
single B-scan has 2094 A-lines for each wavelength and ∼1440 A-lines
in the 12-mm scanning range. It takes ∼5 s to acquire a 12 × 12 mm2

image. For sO2 imaging, the pulse energies for 532 nm and 558 nm are
85 nJ and 64 nJ, which are below the safety limit of 20 mJ/cm2.
Fig. 3(b) illustrates the microvasculature of the mouse ear. The highest
SNRs in the trunk arteries and veins are 68.2 and 37.9.

Using the 532-nm and 558-nm wavelengths, we image sO2 in the
mouse ear at 1-MHz A-line rate. The delay time between the 532-nm
and 558-nm pulses is 150 ns. In each A-line, we first calculate the
maximum values of the two PA signals at the two wavelengths. Then
sO2 is calculated from:
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Where pλ λ,1 2 are the photoacoustic amplitudes at the two wavelengths,
and ελ λ

ox
,1 2 , ελ λ

de
,1 2 are the molar extinction coefficients of oxy- and deoxy-

hemoglobin molecules. Fλ λ,1 2 are the optical fluence of at the two ex-
citation wavelengths. The two wavelengths have a delay time of 150 ns.
Although this time has been very short, it still causes misalignment
between the two excitations in fast scanning. When the B-scan rate is
477.5 Hz, the 150-ns wavelength switching time can cause spatial
misalignment of 1.1∼1.9 μm. This misalignment is smaller than the
size of a red blood cell and the lateral resolution and thus is acceptable
in the sO2 imaging. As shown in Fig. 3(c), the oxygen saturation in the
arteries and veins can be differentiated. Because of the A-line-based
ultrafast wavelength switching, the sO2 of the whole ear is imaged in a
single scanning within 5 s.

3.2. Fast sO2 imaging

To demonstrate the new fast functional imaging ability, we image
the change of hemoglobin concentration and sO2 after an intravenous
epinephrine injection. Epinephrine can induce rapid vasoconstriction or
dilation in different organs and change blood circulation and sO2

[43,44]. In the experiment of fast sO2 imaging, the pulse repetition rate
is 1 MHz, and the B-scan rate is 477.5 Hz. It takes 5 s to acquire a
volumetric image. The mouse ear is imaged every 20 s and is monitored
for 11 min. Before the epinephrine injection, an image of the entire
mouse ear is imaged as the baseline. Then, 10 μg epinephrine is injected
into the caudal vein. The sO2 value is first calculated at each pixel using
Eq. (1) and then smoothed within 3 × 3 pixels. The 532-nm images and
sO2 images are presented with the time change in videos respectively.
Fig. 4(a) shows the increased PA amplitude at 532 nm at a different
time compared with the PA image before injection. Fig. 4(b) shows that
the sO2 exhibits obvious changes after the epinephrine injection (see
Video 2 and Video 3). Especially, we can observe the sO2 increase in
veins. These results confirm that the epinephrine injection effectively
promotes blood circulation in the ear.

We quantify the changes in the averaged PA amplitude and sO2 in
the arteries and other vessels. The arteries are separated from other
vessels by comparing the sO2 values with a threshold of 0.92. The se-
parated arteries and other vessels are shown in Fig. 4(c) and (d).
Compared to the baseline before the epinephrine injection, the aver-
aged PA amplitudes in the separated arteries and other vessels increases
by similar amounts, i.e., 50 % and 56 %, in 11 min. But their change
rates are different during this period. The PA amplitude change rate in
the arteries is higher in the first ∼180 s than the rest of the time; the
averaged value in other vessels rises faster after ∼400 s. The average
sO2 of the arteries shows a small increase of ∼0.012. In other vessels,
the sO2 gradually increases from ∼0.78 to ∼0.85 (Fig. 4(e) and (f)).

Fig. 3. (a) Snapshots of a microparticle flowing in a tube. The A-line rate is 1 MHz. The B-scan rate is 477.5 Hz, and the C-scan rate is∼1 Hz. The scanning area is 12
× 5 mm2. (b) Snapshots of in vivo imaging of microvasculature in the mouse ear. The excitation wavelength is 532 nm. The scanning area is 12 × 12 mm2. A C-scan
takes 5 s. (c) Imaging of sO2 at 1-MHz A-line rate in the mouse ear. The imaging size and speed are the same as in (b). The wavelengths are 532 nm and 558 nm.
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The sO2 increases less in the arteries than in other vessels.

4. Conclusion

We present the development of wide-field fast-scanning functional
OR-PAM at 1-MHz A-line rate. Two technical advances, the 1-MHz
dual-wavelength pulsed laser and the fast polygon-scanning OR-PAM
probe, enable the new imaging ability. The dual-wavelength pulsed
laser is developed based on stimulated Raman scattering and fiber-
based optical delay. The laser offers a suitable light source for fast
functional OR-PAM because of the following advantages. First, the laser
has a 1-MHz pulse repetition rate for both wavelengths. Second, the
fiber-based optical delay enables 150-ns pulse-by-pulse wavelength
switching. Third, the pulse energy for each wavelength is above 65 nJ
on the sample surface and is enough for in vivo imaging with acceptable
sensitivity. The water-immersible polygon scanner has several ad-
vantages. First, the B-scan rate can be as fast as 477.5 Hz underwater.
Second, the scanning range is up to 12 mm. Third, the reflective
scanning mirror can maintain confocal alignment between the excita-
tion and detection beams, achieving high sensitivity, and thus enables
the use of relatively low pulse energy for in vivo imaging. We demon-
strate fast imaging of flowing microparticles every one second over a
field of view of 12 × 5 mm2. For in vivo experiments, we can acquire a
sO2 image in 5 s over a 12 × 12 mm2 scanning area. This demonstrates
the high speed, large field of view, and good sensitivity of the system.
Enabled by the fast functional imaging ability, we image the sO2

changes after epinephrine injection over a large area. The polygon-
scanning functional OR-PAM offers an improved tool for biomedical
imaging.
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