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A B S T R A C T

We present fast functional optical-resolution photoacoustic microscopy (OR-PAM) that can simultaneously
image hemoglobin concentration, blood flow speed, and oxygen saturation with three-pulse excitation. To in-
stantaneously determine the blood flow speed, dual-pulse photoacoustic flowmetry is developed to determine
the blood flow speed from photoacoustic signal decay in sub-microseconds. Grueneisen relaxation effect is
compensated for in the oxygen saturation calculation. The blood flow imaging is validated in phantom and in
vivo experiments. The results show that the flow speed can be measured accurately in sub-microseconds by
comparing the dual-pulse flowmetric method with photoacoustic Doppler flowmetry. Wide-field OR-PAM of
hemoglobin concentration, blood flow speed, and oxygen saturation are demonstrated in the mouse ear. This
technical advance enables more biomedical applications for fast functional OR-PAM.

1. Introduction

Hemoglobin concentration (CHb), oxygen saturation (sO2), and
blood flow (vflow) are important functional parameters for diagnosing,
staging, and study of many diseases, such as diabetes, stroke, cancer,
and neural degenerative diseases [1–9,45,47]. Taking advantage of
high sensitivity to optical absorption and subcellular spatial resolution,
optical-resolution photoacoustic microscopy (OR-PAM) has demon-
strated superior imaging of these functional parameters in vivo
[10–16,46]. Simultaneous imaging of the three parameters even en-
ables quantification of the regional metabolic rate of oxygen (MRO2).
High imaging speed is of great interest for increasing throughput, mi-
tigating motion artifacts, and enabling the study of temporal and spatial
connectivity among functional parameters, tissue activities, and dis-
eases progress.

OR-PAM measures hemoglobin concentration with a single laser
pulse excitation at an isosbestic wavelength. In sO2 measurement, OR-
PAM needs to acquire PA signals at two or more optical wavelengths.
Pulse-by-pulse switching the excitation wavelengths has been employed
for fast OR-PAM of sO2. OR-PAM can image blood flow speed using
several different approaches, such as photoacoustic Doppler (PAD)
[12,14,17–19], photoacoustic correlation spectroscopy (PACS)
[20–22], and thermal diffusion flowmetry (TDF) [23–26]. Although

each method has its own advantages, they all need tens to hundreds of
PA measurements to calculate the flow speed, which makes photo-
acoustic blood flow imaging time-consuming. Simultaneous imaging of
hemoglobin concentration, oxygen saturation, and blood flow has not
achieved a speed comparable with the A-line speed.

Here we present new fast functional OR-PAM that can simulta-
neously measure hemoglobin concentration, oxygen saturation, and
blood flow based on only three A-lines. Using a nanosecond pulsed laser
and two stimulated-Raman-scattering (SRS) shifters [27–30], we de-
velop a three-wavelength (532, 545, and 558 nm) OR-PAM system that
switches among the three wavelengths pulse by pulse. At each pixel, the
OR-PAM system acquires three temporally separated A-line signals at
the three wavelengths. The time delay between two adjacent laser
pulses is ∼260 ns. Then, we quantify the hemoglobin concentration,
oxygen saturation, and blood flow based on the three A-lines. The he-
moglobin concentration and oxygen saturation are determined based on
system calibration and a conventional linear spectral unmixing method
[30,31]. To determine the blood flow speed, we propose a hypothesis
that the blood flow can change the Grueneison relaxation effect even
within sub-microseconds [32,33]. We test this hypothesis in phantom
and in vivo experiments. A strong correlation between the blood flow
speed and Grueneison relaxation effect is observed. Based on this
phenomenon, we develop a dual-pulse approach to measure the blood

https://doi.org/10.1016/j.pacs.2019.100156
Received 11 September 2019; Received in revised form 28 November 2019; Accepted 5 December 2019

⁎ Corresponding author.
⁎⁎ Corresponding author at: Department of Biomedical Engineering, City University of Hong Kong, 83 Tat Chee Ave., Kowloon, Hong Kong, China.
E-mail addresses: lyz0528@jnu.edu.cn (Y. Liang), lidawang@cityu.edu.hk (L. Wang).

Photoacoustics 17 (2020) 100156

Available online 26 December 2019
2213-5979/ © 2019 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/22135979
https://www.elsevier.com/locate/pacs
https://doi.org/10.1016/j.pacs.2019.100156
https://doi.org/10.1016/j.pacs.2019.100156
mailto:lyz0528@jnu.edu.cn
mailto:lidawang@cityu.edu.hk
https://doi.org/10.1016/j.pacs.2019.100156
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pacs.2019.100156&domain=pdf


flow speed from two adjacent A-lines. We compare the dual-pulse ap-
proach with a conventional photoacoustic Doppler method
[12,14,17–19] in blood flow imaging. Phantom and in vivo experi-
mental results show that the dual-pulse method can measure blood flow
accurately. Taking advantage of fast dual-pulse flow measurement, we
observed periodic changes of blood flow speed in the artery caused by
heart beating. Using the three-wavelength OR-PAM system, we de-
monstrate wide-field simultaneous imaging of hemoglobin concentra-
tion, oxygen saturation, and blood flow with a single raster scan.

2. Method

2.1. Dual-pulse photoacoustic flowmetry

To determine the blood flow speed, we develop a dual-pulse method
based on the Grueneisen relaxation effect. In PA imaging, the
Grueneisen parameter depends on the local temperature. The local
temperature can change due to thermal diffusion and blood flow. This
phenomenon has been explored in PA flowmetry mainly at milliseconds
to seconds time scales [34,35]. In the existing methods, multiple PA
measurements during a long period of time are employed to calculate
the blood flow speed. Here we study the Grueneisen relaxation effect
between two A-lines with only sub-microseconds delay. We hypothesize
that the blood flow can significantly affect the Grueneisen relaxation
effect in such a short time delay. We model the relationship between the
dual-pulse Grueneisen relaxation effect and the blood flow speed as an
exponential decay model. After calibration, we can measure the flow
speed within sub-microseconds.

In the dual-pulse flowmetric method, we use two short-delayed
nanosecond laser pulses to excite two PA signals. The time delay be-
tween the two laser pulses is δt. In linear range, the induced PA am-
plitudes P1 and P2 can be approximated as [36,37]
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where k is the detection sensitivity, Γ0 is the Grueneisen parameter at
baseline temperature, ΔΓ is the increased Grueneisen parameter at the
second PA excitation, η is the light-to-heat conversion coefficient, F1
and F2 are the optical fluences, and μa1 and μa2 are the optical ab-
sorption coefficients at the two laser wavelengths. If we use two iso-
sbestic wavelengths, i.e., 532 nm and 545 nm, the absorption coeffi-
cients at the two wavelengths are independent of oxygen saturation,
and μ μ/a a1 2 is a known constant. In the second PA excitation, the in-
creased Grueneisen parameter ΔΓ is proportional to the local tem-
perature rise T . Here we model the increased Grueneisen parameter ΔΓ
as [23,24,26,32]
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where a and b are constant coefficients, F μa1 1 is proportional to the
initial local temperature rise caused by the first PA excitation, the ex-
ponential decay describes the thermal clearance related to thermal
conduction and convection, τα is a time constant related to thermal
conduction, v is the flow speed.

We simplify the second photoacoustic amplitude as
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2 . The coefficients A, τα, and b are independent of the

blood flow and can be determined via system calibration. In superficial
tissue, we can approximate the ratio of F2 to F1 from the tissue surface
fluences. To calibrate A, τα, and b, we set the flow speed v and time
delays δt to different values and then fit the three coefficients from the
PA measurements. If a different δt ' equals to xδt , other parameters (e.g.
surface fluence) remain the same and flow speed is set to 0, then we can
simplify Eq. (3) as m = −Ae τ δtα and n = −Ae xτ δtα respectively for time

delays δt and δt '. We can obtain = =−
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x . After
calibration, we can determine the blood flow speed from the two
measured PA signals.

2.2. Compensation for Grueneisen relaxation effect in sO2 measurement

Without considering the Grueneisen relaxation effect, the sO2 can be
determined from the PA signals at 532 nm and 558 nm as follows [30]
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extinction coefficients of HbR and HbO2 at the two wavelengths
[13,30,38].

In the three-pulse excitation, the temperature rise caused by the 1st

and 2nd pulses may increase the Grueneisen parameter and the ampli-
tude of the 3rd PA signal, leading to underestimated sO2. To compensate
for this error, the elevated Grueneisen parameter is taken into con-
sideration in the sO2 measurement.
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where δt2 is the time delay between the 1st and 3rd pulses, and δt is the
time delay between the 2nd and 3rd pulses. With the determined flow
speed v, we can calculate a modified ′r as
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Replacing the r with ′r in Eq. (4), we can compensate for the ele-
vated Grueneison parameter in sO2 computation.

If the absorption coefficient μa is too high or the axial resolution Δz
is too low, the PA signal may nonlinearly depend on the μa [31]. A
nonlinear model can be used to compensate for the nonlinearity in sO2

imaging [31]. However, in this work, because we use three wavelengths
to determine three parameters, i.e., hemoglobin concentration, oxygen
saturation, and flow speed, we did not compensate for the nonlinearity
and simply use a linear model in the oxygen saturation calculation. In
the future, if we have four or more wavelengths, then we can com-
pensate for the nonlinearity and determine the three parameters at the
same time.

2.3. Three-wavelength OR-PAM system

We develop an OR-PAM system that can acquire three-wavelength
PA signals in sub-microseconds. Fig. 1a shows a schematic of the ima-
ging system. We use a nanosecond pulsed laser (532-nm wavelength,
VPFL-G-20, Spectra-Physics) as a pump laser. Two optical fibers are
pumped to generate two new wavelengths, i.e., 545 nm and 558 nm.
The pulse repetition rate of the pump laser can reach up to 1MHz and
the pulse width is set to 7 ns. Two sets of halfwave plates (HWP1 and
HWP2) and polarizing beamsplitters (PBS1 and PBS2) separate the
pump beam into three paths: a 532-nm direct path, a 545-nm Raman
path, and a 558-nm Raman path. The half-wave plates (WPH10E-532,
Thorlabs Inc) in front of the two PBSs adjust the powers of the three
paths. In this work, we didn’t compensate for the fluctuations of the
laser pulse energy via photodiode, because the stability of the SRS laser
is quite good. We test the average, standard deviation (SD) and drift of
the pulsed light energy for these wavelengths during 66.7 min.. The
normalized average and SD for 532-nm, 545-nm, and 558-nm wave-
lengths are 33,545 ± 24.4, 33,887 ± 36.5, and 34522 ± 45.5. And the
energy drifts for these 3 wavelengths after 66.7 min. are 8 %, 10 % and
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9 %, which we think are quite stable.
In the 545-nm Raman path, a 50-m polarization-maintaining single-

mode fiber (PM-S405-XP, NUFERN) is used to generate the 545-nm
wavelength through SRS effect and delay it by 260 ns measured by a
photodiode in Fig. 1b. The theoretical time delay in a 50-m fiber is
∼243 ns. Due to the time delay in free space, the actual time delay
increases. Via adjusting the incident pulse energy and polarization
state, the 50-m fiber maximizes the pulse energy of the 545-nm wa-
velength and avoids generating other stokes wavelengths. Here we
adjust the energy and polarization to generate only the 1st wavelength
(545-nm) but not other higher order Stokes wavelengths. The beam
combination is for 532-nm and 545-nm wavelengths. A long-pass filter
(LPF, T540lpxr, CHROMA) is placed after the 50-m Raman fiber to pass
the 545-nm wavelength and reflect the 532-nm wavelength. For system
calibration, another 30-m polarization-maintaining single-mode fiber is
used to generate and delay the 545-nm wavelength by 163 ns.

In the 558-nm Raman path, the pump beam is coupled into a 100-m
graded-index multi-mode fiber (GIMMSC(50/125)HT, FIBERCORE) to
generate 558-nm wavelength with a 512-ns time delay. Because the SRS
threshold of a single-mode fiber is limited to its length, the highest 558-
nm pulse energy generated by a 100-m single-mode fiber is not enough
for sensitive PA imaging. A long fiber is easier to generate Stokes wa-
velength via SRS and makes the Raman threshold lower [30,48]. Here a
100-m graded-index multi-mode fiber is used to increase the SRS
threshold [40]. Although the 100-m SRS fiber is multi-mode for the
pump light, the generated 558-nm wavelength is nearly single mode
due to the Raman beam clean-up effect [39–42]. A half-wave plate
adjusts the polarization of the incident light to maximize the 558-nm
energy. A short pass filter (RPE570SP, OMEGA) after the 100-m fiber
rejects other wavelengths longer than 570 nm.

A 550-nm long-pass dichroic mirror (T550lpxr-UF1, CHROMA) is
used to combine the 545-nm and 558-nm wavelengths. A 10/90 beam
splitter combines the direct 532-nm wavelength with the delayed 545-
nm and 558-nm wavelengths. A variable neutral density filter (NDC-
50C-2, Thorlabs Inc) is added to each path to adjust the output energy.
At the last stage, the three wavelengths are coupled into an OR-PAM
probe via a 2-meter single-mode fiber (P1-460B-FC-2, Thorlabs Inc).

The fiber coupling efficiencies for all the single-mode beams are
higher than 50 %. When coupling the 558-nm beam to the 2-m single-

mode fiber, because the 558-nm wavelength is not 100 % single mode,
the coupling efficiency is ∼30 %. The pulse energy on the sample
surface for each wavelength is higher than 100 nJ.

In the OR-PAM probe, the laser beam from the 2-m fiber is focused
by a pair of achromatic doublets (AC064-013-A, Thorlabs). The focused
optical beam is reflected on an optical/acoustic beam combiner,
transmits through a plano-concave lens (45–697, Edmund optics), then
illuminates the sample. Induced ultrasonic waves are collimated by the
plano-concave lens, transmits through the optical/acoustic beam com-
biner, and detected by a 50-MHz broadband piezoelectric transducer
(V214-BC-RM, Olympus). To optimize the detection sensitivity, the
focused optical beam is coaxially and confocally aligned with the fo-
cused ultrasonic detection beam.

At each pump laser pulse, the laser system generates three tempo-
rally separated laser pulses at 532, 545, and 558 nm, and the OR-PAM
system sequentially acquires three depth-resolved A-lines at the three
wavelengths. Volumetric PA images are acquired by raster scanning the
PA probe in the lateral plane. The lateral resolution is 3.4 μm. The time
to acquire one set of three-wavelength PA signals is ∼500 ns. If the
mechanical scanning or blood flow speed is less than 1 cm/s, the mis-
alignment among the three A-lines would be smaller than 5 nm, which
is negligible compared with the lateral resolution. Detailed information
of the OR-PAM probe can be referred to in our previous work
[11,13,30,31].

3. Results

3.1. Calibration of and validation of dual-pulse flowmetry

To valid the exponential model in Eq. (3), we measure the decay
constants at different blood flow speeds ranging from 0 to 23mm/s in a
blood phantom. The phantom is anticoagulated bovine blood filled in
transparent rubber tube (0.25-mm inner diameter, TYGON S-54- HL,
Norton Performance Plastics, NJ). The blood flow speed is set by a
syringe pump. The photoacoustic probe and the blood sample are im-
mersed in a water tank for acoustic coupling. The laser repetition rate is
4 kHz. The pulse energy on the sample surface is 100 nJ for each wa-
velength. The exponential decay model is fitted with the least square
criteria. The exponential decay constants at different set flow speeds are

Fig. 1. (a) Schematic of the three-wavelength OR-PAM system. Amp: amplifier, BS: beam splitter R/T: 10/90, DM: dichroic mirror 550 nm long-pass, DAQ: data
Acquisition, FC: fiber coupler, HWP: half-wave plate, LPF: 540 nm long-pass filter, MMF: multi-mode fiber, PBS: polarizing beam splitter, PM-SMF: polarization-
maintain single-mode fiber, SPF: 570 nm short-pass filter, UST: ultrasonic transducer, NDF: neutral density filter, WT: water tank (b) The time delays among different
pulses measured by a photodiode.
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plotted in Fig. 2a. As expected, the decay constant is a linear function of
the flow speed with a determination coefficient (R2) of 0.952, in-
dicating the high dependence of the Grueneisen relaxation effect on the
flow speed. A, τα, and b are fitted as 0.11 ± 0.01 (SD), 10.19 ± 0.85
(SD) and 0.30 ± 0.04 (SD). With the fitted coefficients, the flow speed
can be determined from two PA signals. Using the same experimental
setup, we validate the flow speed measurement in blood phantom. As
shown in Fig. 2b, the measured flow speed is averaged by 100 times and
compared with the set flow speed. The measured flow speed is pro-
portional to the set flow speed, showing that the dual-pulse approach is
applicable for measuring the blood flow speed.

3.2. In vivo blood flow imaging

We use dual-pulse flowmetry to measure blood flow speed in the
mouse ear. The in vivo experiment is carried out on anaesthetized fe-
male BALB/c mice (4 weeks), with permission from the animal ethical

committee of the City University of Hong Kong. The region of interest
(ROI) shown in Fig. 3a is ×0.5 mm 0.5 mm. The raster scanning takes
40 s with a 10-Hz b-scan rate. The laser repetition rate is 4 kHz and the
pulse energy for each wavelength is ∼80 nJ. Using the fitted model, the
blood flow speed in the ROI is calculated at each pixel from the PA
signals at 545 nm and 532 nm as shown in Fig. 3b. In the artery, the
averaged flow speed is ∼6mm/s. In the vein, the averaged flow speed
is ∼3mm/s.

For comparison, both PA Doppler (PAD) flowmetry and dual-pulse
flowmetry are used to measure the same blood flow speed in the mouse
ear. Because PAD needs to use multiple A-lines to calculate flow speed,
the scanning mode is changed to acquiring multiple successive A-lines
at each point. We scan the PA probe along a dashed white line in Fig. 3a
and measure the flow speed profile using the two methods. 200 suc-
cessive A-lines at each point are used to do autocorrelation for PAD
calculation. In the dual-pulse method, each pair of 545-nm and 532-nm
PA data can calculate a flow speed. For comparison, we average the

Fig. 2. (a) Exponential decay constant versus set flow speed. Error bars are standard deviations. (b) Measured flow speed versus set flow speed. Error bars are
standard deviations.

Fig. 3. (a) PA imaging of blood vessels in the mouse ear acquired with 532-nm wavelength. (b) Flow speed image measured by dual-pulse flowmetry. (c) and (d) flow
speed profiles along with the dashed white line in (a) measured by the photoacoustic Doppler method and the dual-pulse method, respectively. (e) Linear relationship
between the PA Doppler results and the dual-pulse results. A linear fitting gives the R2 of 0.9384. VPAD is the flow speed measured by PA Doppler method. V545/532 is
the flow speed measured by the dual-pulse method. (f) Spectrum of the dual-pulse flow speed in the artery as labeled with a black star in figure a. A heartbeat rate of
4.6 Hz is observed. (g) Time-domain blood flow speed in the artery which is averaged by 100 times. The red line is a lowpass filtered result cut off at 10 Hz.
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dual-pulse flow result over all A-line pairs. Flow results calculated by
the two methods are shown in Fig. 3c and d. We further compare the
two results by fitting them to a linear regression model, as shown in
Fig. 3e. The determination coefficient R2 is 0.938, indicating that the
flow results measured by the two methods match well.

To further demonstrate the high speed of dual-pulse flowmetry, we
measure the mouse heartbeat in the artery. The measurement spot is
labeled with a black star in Fig. 3a. We calculate the maximum am-
plitudes of multiple successive A-lines and determine the blood flow
speeds by Eq. (3). Fourier transformation is applied to the blood flow

Fig. 4. (a) Microvascular structure of the mouse ear. (b) Blood flow speed measured by the dual-pulse method. (c) and (d) sO2 imaging without and with com-
pensation for the Grueneisen relaxation effect. (e)-(h) Blood flow speed measured in selected artery-vein pairs labeled with white lines in (b). (i) Comparison of sO2

without and with compensation in selected artery-vein pairs labeled by white lines in (b). Error bars are standard errors.
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speeds at multiple A-lines. The frequency spectrum shows a peak at
∼4.6 Hz in Fig. 3f, which matches with the heartbeat rate of the mouse
under anesthesia [43,44]. The heart beating can also be visible in the
time domain as shown in Fig. 3g. We average 100 times and then filter
the data with a 10-Hz lowpass filter. The heartbeat cycles become ob-
vious in the measured blood flow speeds. This result shows the dual-
pulse method is advantageous in A-line based flow imaging.

3.3. Simultaneous imaging of multiple functional parameters

Using the three-wavelength OR-PAM system, we simultaneously
quantify hemoglobin concentration, blood flow speed, and oxygen sa-
turation in vivo. Due to the Grueneisen relaxation effect, one laser pulse
may increase the PA amplitude generated by the following laser pulses.
This may cause a systematic error in sO2 calculation. With system ca-
libration, we show that we can compensate for the Grueneisen relaxa-
tion effect in the sO2 imaging. In vivo sO2 comparison results are shown
in Fig. 4. The laser repetition rate is 4 kHz. Pulsed energy for each
wavelength is ∼80 nJ. The imaging area is ×8.75 mm 10 mm. Fig. 4a
shows the normalized hemoglobin concentration imaged at 532 nm.
The system has enough SNR (> 20 dB) to show the capillaries. The
blood flow speed calculated by the dual-pulse method is shown in
Fig. 4b. Four artery-vein pairs of vessels labeled with white lines are
selected to plot profiles of the blood flow speed, as shown in Fig. 4e–h.
From the root to the tip of the ear, the blood flow speed in the artery
decreases from ∼7mm/s to ∼3.3 mm/s, and in the vein, the flow
speed maintains ∼2mm/s. sO2 images without and with compensation
for Grueneisen relaxation effect are shown in Fig. 4c and d. Artery-vein
pairs labeled with white lines are selected to compare the sO2 values. As
shown in Fig. 4i, without compensation, the artery sO2 values at the 1st

to the 4th spots are 0.94 ± 0.01 (SE), 0.92 ± 0.02 (SE), 0.91 ± 0.02
(SE) and 0.90 ± 0.02 (SE), and the vein sO2 values at the same spots
are 0.56 ± 0.01 (SE), 0.52 ± 0.02 (SE), 0.50 ± 0.02 (SE),
0.50 ± 0.01 (SE). With compensation, the artery sO2 values increase to
0.98 ± 0.02 (SE), 0.96 ± 0.02 (SE), 0.95 ± 0.02 (SE), 0.94 ± 0.01
(SE), and the vein sO2 values become 0.69 ± 0.02 (SE), 0.64 ± 0.02
(SE), 0.63 ± 0.02 (SE), 0.63 ± 0.01 (SE).

4. Conclusion

In summary, we develop new functional OR-PAM that can si-
multaneously image hemoglobin concentration, blood flow speed, and
oxygen saturation within sub-microseconds. A dual-pulse approach can
measure the blood flow with only two short-delayed A-lines. An ex-
ponential model is developed to quantify the blood flow speed from two
PA measurements. Based on the exponential model, the Grueneisen
relaxation effect is compensated for in sO2 imaging. We develop a three-
wavelength OR-PAM system to implement simultaneous multi-para-
meter imaging. Phantom experiments validate the linear relationship
between the blood flow speed and the exponential decay constant.
Blood flow speed up to 23mm/s has been experimentally measured by
dual-pulse flowmetry. In vivo experiments are conducted in the mouse
ear. Via comparing the dual-pulse flowmetric results with existing
photoacoustic Doppler results, we show that dual-pulse flowmetry can
accurately measure blood flow speed and requires only two PA mea-
surements in sub-microseconds. We also demonstrate simultaneous
imaging of hemoglobin concentration, blood flow speed, and oxygen
saturation in the mouse ear. The sO2 images without and with com-
pensation for the Grueneisen relaxation effect show that the sO2 values
in both arteries and veins can be compensated for. Unlike conventional
functional OR-PAM, the dual-pulse flowmetry and three-wavelength
OR-PAM do not need multiple repeated A-line imaging at one spot,
which saves imaging time, increases throughput, and may mitigate
potential motion artifacts. This technical advance enables dynamic
functional imaging at the sub-microseconds scale.
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