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A B S T R A C T   

Optical-resolution photoacoustic microscopy (OR-PAM) is one of the major implementations of photoacoustic 
(PA) imaging. With tightly focused optical illumination and high-frequency ultrasound detection, OR-PAM 
provides micrometer-level resolutions as well as high sensitivity to optical absorption contrast. Traditionally, 
it is assumed that the detected PA signal in OR-PAM has a linear dependence on the target’s optical absorption 
coefficient, which is the basis for quantitative functional and molecular PA imaging. In this paper, we demon-
strate that, due to the limited detection bandwidth and detection view, OR-PAM can have a strong nonlinear 
dependence on the optical absorption, especially for weak optical absorption (<10 cm− 1). We have investigated 
the nonlinear dependence in OR-PAM using numerical simulations, analyzed the underlining mechanisms, 
proposed potential solutions, and experimentally confirmed the results on phantoms. This work may correct a 
traditional misunderstanding of the OR-PAM signals and improve quantitative accuracy for functional and 
molecular applications.   

1. Introduction 

Photoacoustic imaging (PAI) is a non-invasive biomedical imaging 
technique that combines the merits of rich optical absorption contrast 
and deep ultrasound detection [1–6]. In PAI, acoustic waves are 
generated by transient light absorption and thermoelastic expansion [7, 
8]. An ultrasonic transducer or transducer array detects the acoustic 
waves, and forms an image that maps the original optical energy 
deposition. As an optical imaging modality, PAI is sensitive to the optical 
absorption contrast. It is traditionally accepted that a small percentage 
change in the optical absorption coefficient leads to the same percentage 
change in the detected PA signal amplitude [6], which provides the 
foundations for functional and molecular sensitivity, such as quantifying 
oxygen saturation of hemoglobin (sO2) [9–11]. Depending on the image 
formation methods, PAI has two major implementations: photoacoustic 
microscopy (PAM) [12] and photoacoustic computed tomography 
(PACT) [4,13]. Optical-resolution PAM (OR-PAM) is a major PAM 
implementation, which provides high spatial resolution by using tightly 

focused optical excitation and high-frequency acoustic detection. 
OR-PAM is most often implemented in the reflection mode, using an 
optical-acoustic beam combiner to achieve confocal and co-axial align-
ment of the optical excitation and acoustic detection [6,12,14]. The 
optical-acoustic beam combiner usually limits the numerical aperture of 
the optical focusing lens to be ~0.1 [15–17]. OR-PAM with a higher 
numerical aperture needs to be configured in the transmission mode [16, 
18] or off-axis mode [19], which, however, has difficult to image bulky 
tissues or thick samples. 

In OR-PAM, it is similarly assumed that the detected PA signal’s 
amplitude is proportional to the optical absorption coefficient of the 
target (μa). However, this simple assumption may not be true in some 
special conditions. Danielli et al. have shown that there exists optical 
absorption saturation effect in OR-PAM with strong optical fluence, due 
to the depletion of the ground state electrons [20–22]. Wang et al. have 
demonstrated that the detected PA signal saturates with large μa, due to 
the reduced penetration depth of photons [23]. In this work, we report 
another nonlinear effect in OR-PAM when detecting small μa or weak 
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optical absorption, mainly due to the ultrasonic transducer’s limited 
detection bandwidth and limited view angle. This effect may result in 
missing structures in OR-PAM images and inaccurate quantification of 
functional parameters or molecular probes. To investigate the nonlinear 
dependence on optical absorption in OR-PAM, we first simulated the PA 
signals with various optical absorption coefficients and different detec-
tion orientations. The numerical results have clearly demonstrated the 
nonlinear signal dependence when the numerical aperture of the optical 
focusing is small and the optical absorption of the target is weak. We also 
performed phantom experiments with different detection schemes, and 
the experimental results agreed well with the simulation results. We 
expect that this study may provide useful information for improving the 
detection sensitivity and quantification accuracy of OR-PAM in func-
tional and molecular imaging. 

2. Theories and simulations 

We have recently demonstrated that OR-PAM, despite its tight op-
tical focusing, can have the limited-view issue, similar to PACT [15,24]. 
Due to the coherent photoacoustic signal generation within the excited 
target volume [25,26], the focused ultrasound transducer in OR-PAM 
cannot receive the PA signals generated by the structures aligned with 
the transducer’s acoustic axis, i.e., vertical structures. In other words, 
with the focused optical illumination and acoustic detection that are 
coaxially aligned, OR-PAM is not able to detect acoustic waves propa-
gating parallel to the optical beam axis. One consequence of the 
limited-view issue is the missing vertical structures in OR-PAM, such as 
the diving vessels in the mouse brain, as reported previously [25,26]. 
Another consequence of the limited-view issue is the nonlinear signal 
dependence on the weak optical absorption of the target. In 
reflection-mode OR-PAM systems with a small numerical aperture (e.g., 
0.1), the focused excitation beam has an elongated Gaussian shape, with 
the depth of focus (e.g., 65 µm) much longer than the beam width (e.g., 4 
µm). Within the focused excitation volume, the optical attenuation can 
be described by the Beer-Lambert law. The optical absorption coefficient 
of the target determines the penetration depth of light and thus the 
effective excitation volume or shape. Strong optical absorption leads to a 
low penetration depth and thus a small target size along the beam axis, 
which results in isotropically-propagating spherical waves, as shown in  
Fig. 1a. By contrast, weak optical absorption leads to a relatively large 
penetration depth and thus a long target size along the beam axis, which 
results in side-propagating cylindrical ultrasound waves (Fig. 1a). In 
other words, a target with weak optical absorption is more like a vertical 
structure for the ultrasound transducer placed on top of the target, and 
thus is less likely to be detected. The limited view issue in OR-PAM re-
sults in the nonlinear dependence of the detected PA signals on the weak 
optical absorption. 

With pulsed laser excitation that satisfy the thermal and stress 
confinement [27], the acoustic frequency spectrum of the generated PA 
signals depends on the target size [26,28–30]. Approximately, a larger 
target size leads to PA signals with lower frequency components, and 
vice versa. Again, in OR-PAM, the weak optical absorption of the target 
results in a longer penetration depth of the light, and thus a larger target 
size along the beam axis Therefore, the acoustic waves generated by 
weakly absorbing targets (and thus larger target size) have stronger 
low-frequency components, and vice versa. However, the ultrasonic 
transducer often has a limited detection bandwidth (typically less than 
100% of the central frequency), and thus cannot always match the signal 
frequency spectra from targets with different sizes. As we will show 
below, when the optical absorption is low (<10 cm− 1), the generated PA 
signal frequencies along the optical beam axis concentrate around 
10–15 MHz, which is typically outside the detection bandwidth of the 
ultrasound transducer in OR-PAM. The mismatched detection band-
width becomes the second contributor to the nonlinear effect. 

In order to investigate the nonlinear effect induced by the limited- 
view and limited-bandwidth in OR-PAM, we performed numerical 

simulations using the K-wave toolbox in Matlab [31,32]. All the simu-
lation parameters were based on a typical reflection-mode OR-PAM 
system. The simulation setup is shown in Fig. 1b, in which a 
300-μm-diameter tube was filled with absorbing medium as the PA 
target. A focused Gaussian laser beam (NA: 0.1) was the excitation light 
source. The focus of the Gaussian beam was placed 80 µm below the tube 
top surface, and the optical attenuation inside the tube was computed 
based on the Beer’s law. A spherically focused ultrasonic transducer 
(central frequency, 30 MHz; − 6 dB bandwidth, 100%; NA, 0.5) was 
placed on top of the laser beam to simulate the reflection-model 
OR-PAM. As the control study, we also simulated an identical trans-
ducer placed on the side of the laser beam. Both transducers were 
confocally aligned with the focused light beam, with an acoustic focal 
length of 6 mm. For the comparison purpose, we recorded PA signals 
both with and without applying the transducer’s detection bandwidth. 

Firstly, we demonstrated the drastically different photoacoustic 
wave propagation in OR-PAM with strong and weak optical absorption. 
As shown in Fig. 2a, when the target had weak optical absorption (μa =

0. 1 cm− 1), the generated PA waves were behaving like cylindrical 
waves, with most of the energy travelling sideways. The PA wave 
pressure arriving at the top transducer was ~4 times weaker than that at 
the side transducer. This is a classic limited-view example in reflection- 
mode OR-PAM, leading to the low visibility of the weakly-absorbing 
targets. As a comparison, when the target had strong optical absorp-
tion (200 cm− 1), the generated PA waves were behaving like spherical 
waves, with the energy distributed more uniformly along all directions 
(Fig. 2b). The PA wave pressure at the top and side transducer has only 
~5% difference. Therefore, the weak optical absorption can induce 
more severe limited-view issue in OR-PAM, while the strong optical 
absorption can help mitigate this problem. 

Fig. 1. Principle of the nonlinear dependence of OR-PAM on weak optical 
absorption. (a) Schematics of OR-PAM signal generation and propagation with 
weak and strong optical absorption. (b) Schematics of the k-wave simulation. 
The laser beam is focused 80 µm into a 300-μm-diameter tube filled with 
absorbing medium. The resultant PA waves are detected both on the top and on 
the side of the laser beam. UT, ultrasound transducer. 
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We simulated a wide range of optical absorption coefficients from 
0.01 to 300 cm− 1 and compared the detected PA signal amplitudes by 
the top and side transducers, as shown in Fig. 3a. The first important 
observation is that the PA signal amplitudes detected by the top trans-
ducer have a clear nonlinear dependence on the absorption coefficient. 
The detected PA signals saturate as the absorption becomes stronger, 
which is consistent with the previously reported results on acoustic- 
resolution PAM [23]. Even when the optical absorption is weak 
(<10 cm− 1), the saturation effect is still present, as shown in Fig. 3a. 
Such a saturation effect is mainly resultant from the limited detection 
bandwidth of the ultrasound transducer. To confirm the origin of the 
signal saturation, we analyzed the frequency spectrum of the PA signals 
arriving at the transducer. As the optical absorption increases, the fre-
quency spectrum of the generated PA signal shifts to higher frequencies, 
leading to reduced detection sensitivity by the band-limited transducers. 
For example, with weak optical absorption of 0.1 cm− 1, the central 
frequency of the PA signal at the top transducer is ~19 MHz, which is 
within the detection bandwidth of the transducer. However, with strong 
optical absorption of 200 cm− 1, the central frequency of the PA signal is 
shifted to 48 MHz, which is beyond the detection bandwidth of the 
transducer. 

The second observation is that the PA signal amplitude detected by 
the top transducer is much lower than the side transducer when the 
optical absorption is weak (≤10 cm− 1) (Fig. 3a). For example, at 
10 cm− 1, the side transducer signal is 5 times of the top transducer signal 
(Fig. 3a). This is mainly because of the limited-view issue as discussed 
above, in which the top transducer cannot detect the side-travelling 
cylindrical waves when the optical absorption is weak. Meanwhile, 
Fig. 3b shows the difference in the central frequency of the PA signals 
from the weakly absorbing targets, detected by the top and side 

transducers. Fig. 3c shows the representative frequency spectra with 
different optical absorption. The top transducer receives lower fre-
quencies than the side transducers because of the cylindrical shape of 
the excited volume. This result also indicates that, with the same 
detection bandwidth centered around 30 MHz, the side transducer is 
more efficient than the top transducer in detecting the signals from 
weakly absorbing targets. When the optical absorption is strong 
(≥200 cm− 1), there is virtually no difference between the top and side 
transducers, because the generated PA signals travel as spherical waves. 
It is interesting to observe that the side transducer signal amplitude 
decreases when the optical absorption increases from 10 cm− 1 to 
300 cm− 1. This is likely because the PA signals gradually change from 
cylindrical waves to spherical waves, and the spherical waves diverge 
much faster than the cylindrical waves. The top transducer does not 
show similar signal decrease, because the wave traveling upwards al-
ways follow the spherical shape. Nevertheless, it is clear that the side 
transducer is advantageous over the top transducer in detecting the PA 
signals from weakly-absorbing targets. 

To further study the orientation dependence of the nonlinear effect 
on weak optical absorption, we simulated seven identical ultrasound 
transducers distributed in a half circle around the laser beam with a 30- 
degree interval, as shown in Fig. 4a. All transducers pointed to the op-
tical focus and recorded the acoustic waves propagating in different 
directions. The optical absorption coefficient of the target was 0.1 cm− 1. 
Previously, we demonstrated that increasing the optical NA of OR-PAM 
could mitigate the limited view issue [15]. Here, to further investigate 
the impact of the optical beam shape on detecting weakly absorbing 

Fig. 2. Simulated PA wave propagation with weak and strong optical absorp-
tion. (a) Snapshots of the wave propagation with μa = 0.1 cm− 1, showing the 
side-travelling cylindrical waves. (b) Snapshots of the wave propagation with μa 
= 200 cm− 1, showing the isotropically-travelling spherical waves. 

Fig. 3. Simulated PA signals detected by top and side transducers. (a) Left, the 
PA signal amplitudes detected by the top and side transducers as the optical 
absorption coefficient varies from 0.05 cm− 1 to 300 cm− 1. Right, a close-up plot 
of the signal amplitudes with weak optical absorptions of ≤ 10 cm− 1. (b) Left, 
the central frequency of the detected PA signals as the optical absorption varies 
from 0.05 cm− 1 to 300 cm− 1. Right, a close-up plot of the signal central fre-
quency with weak optical absorptions of ≤ 10 cm− 1. (c) Frequency spectra the 
detected PA signals by the top and side transducers, with optical absorptions of 
1 cm− 1, 5 cm− 1 and 200 cm− 1. 
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targets, we varied the optical NA of the laser beam from 0.1 to 0.8. As 
shown in Fig. 4b, for low optical NAs of 0.1 and 0.2, the top transducer at 
0◦ received much weaker PA signals than the transducers on the sides 
(− 90◦ and 90◦), mainly because the low optical absorption and low 
optical NAs lead to cylindrical waves propagating sideways. Varying the 
detection orientations from 0◦ to 60◦ resulted in only slight improve-
ment in signal amplitude, further confirming the side-propagating 
waves. However, with larger optical NAs of 0.5 and 0.8, the PA signal 
amplitudes detected at different orientations had significantly less dif-
ference, because these larger optical NAs lead to the generation of 
spherical waves propagating isotropically. Since most of the OR-PAM 
setups are implemented in the reflection mode, we have not simulated 
the 180-degree condition. In this case, the optical focal volume is 
asymmetric along the beam axis, and thus the transducer on top and at 
the bottom would detect opposite signal profiles along the time axis. 
Nevertheless, the signal non-linearity remains the same, since the 
side-travelling PA waves from weak absorbers are not well received in 
both 0-degree and 180-degree conditions. 

In Fig. 4c, we also performed frequency analysis of the PA waves 
travelling at each orientation with different optical NAs. The results 
have collectively shown that when the optical NA is low (0.1 and 0.2), 
the signal frequencies have strong orientation dependence. The top 
transducer receives much lower frequencies than the side transducers, 
which could easily fall out of the detection bandwidth. However, such 
orientation dependence is much reduced as the optical NA increases, 
because the tightly focused light generates spherical-like waves, even 

with weak optical absorption. In summary, the results above show that 
the limited view is the dominating factor for the reduced detection 
sensitivity for the weak absorbers, while the limited detection band-
width is the dominating factor for the saturation effect for the strong 
absorbers. Therefore, we propose that a side detection scheme or a high 
optical NA may provide a practical solution to mitigate the low detection 
sensitivity of OR-PAM on weakly absorbing targets. 

3. Experimental validation 

To validate the above nonlinear effect in OR-PAM, we performed 
phantom experiments using a reflection-mode OR-PAM system modified 
from our previous publication [33]. In the OR-PAM system (Fig. 5a), the 

Fig. 4. Simulation of the orientation dependence of the PA signals with weak 
optical absorption. (a) Schematics of seven ultrasound transducers with un-
limited bandwidth, distributed at different orientations pointing at the optical 
focus. The target has an optical absorption coefficient of 0.1 cm− 1. (b) The PA 
signal amplitudes recorded at different orientations, with the optical NA 
varying from 0.1 to 0.8. (c) Frequency spectra of the PA signals travelling at 
different orientations, with the optical NA varying from 0.1 to 0.8. All the 
spectra are normalized by the peak magnitude at 90◦. 

Fig. 5. Experimental validation of the OR-PAM’s nonlinear dependence on 
optical absorption. (a) Schematic of the OR-PAM system with top and side ul-
trasound detection. AMP, amplifier; DAQ, data acquisition card; OL, objective 
lens; UT, ultrasound transducer; WT, water tank. (b) The absorption spectrum 
of the red ink solution with 400 × , 500 × , and 800 × dilutions. (c) The 
measured absorption coefficients at 532 nm of the red ink solutions with 
different dilutions. (d-e) Representative cross-sectional images (B-scan) of the 
tube acquired by the top and side transducers with weak (10 cm− 1) and high 
(200 cm− 1) optical absorption, respectively. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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excitation light sources is an Nd: YAG laser (BX-60, Edgewave, Inc.). The 
laser light at 532 nm is focused by an objective lens (AC127–200-A, 
Thorlabs, Inc.) with an optical NA of 0.1. The top ultrasound transducer 
(V213, Olympus, Inc.) is confocally and coaxially aligned with the laser 
beam via an acoustic-optical combiner made of two prisms sandwiching 
a silicone oil layer. The side transducer (V213, Olympus, Inc.) is placed 
horizontally with the acoustic axis confocally aligned with the optical 
focus. Both transducers have a central frequency of 30 MHz, a detection 
bandwidth of 100%, and a focal length of 6 mm [14]. The detected PA 
signals by the top and side transducers are individually amplified and 
sampled. A two-dimensional motorized stage provides raster scanning of 
the sample. We used a 300-μm-diameter tube filled with red ink solu-
tions (Dryden Designs) solutions as the absorbing sample, which had a 
peak absorption at 513 nm (Fig. 5b). The tube is made of PVC (polyvinyl 
chloride), with a wall thickness of 150 µm. The PVC is optically and 
acoustically transparent, and should not have significant impact on the 
PA signal generation and transmission. It is worth noting that in pactical 
in vivo applications, the blood vessel’ wall thickness varies, or some 
chromophores are even without walls, which nevertheless doesn’t in-
fluence the nonlinear dependence in this study. We prepared fifteen 
different ink solutions with the absorption coefficients varying from 
0.2 cm− 1 to 190.5 cm− 1 (Fig. 5c). Different ink solutions were imaged in 
a random order. 

The cross-sectional PA images (B-scans) of the ink-filled tube were 
averaged 500 times to improve the signal to noise ratio, particularly 
with weak optical absorption (Fig. 5d-e). The experimental results show 
that with weak optical absorption of 10 cm− 1 (Fig. 5d), the PA signals 
received by the top transducer was ~8 times weaker than that by the 
side transducer. Without signal averaging, it would be very challenging 
for the top transducer to detect such a weakly-absorbing target, but the 
side transducer was able to image the same target. By contrast, with 
strong optical absorption of 190 cm− 1 (Fig. 5e), the PA signals detected 
by the top transducer was only 25% weaker than that by the side 
transducer, which is approximately consistent with the simulation 
results. 

We quantified the PA signal amplitudes at various optical absorption 
coefficients (Fig. 6a). The results by the side transducer showed a 
saturation effect with increasing absorption coefficients, mostly due to 
the limited detection bandwidth. A thresholding effect was observed for 
the top transducer detection when the optical absorption coefficient was 
lower than 20 cm− 1 (Fig. 6a). Such thresholding effect was not observed 
in the side transducer detection. Samples with low optical absorption 
generated side-propagating acoustic waves that were not efficiently 
detected by the top transducer, but well detected by the side transducer 
(Fig. 6b). Since the two detection paths (top and side) use the same 
model of ultrasound transducers and the acoustic focusing lens, the 
major difference is the beam-combiner with two prisms sandwiching a 
layer of silicone oil. The acoustic attenuation coefficient of the prism is 
approximately 3.6 nepers m–1 at 30 MHz, indicating negligible attenu-
ation in the prism over the detection path length. The prism-oil interface 
has a reflectivity of > 99%. The acoustic mode conversion at the prism- 
oil interface causes a signal loss of ~10%. Therefore, the ultrasound 
attenuation inside the beam combiner should be around 10%, which is 
close to what we observed in the result at μa = 200 cm− 1 (Fig. 6a). The 
arrival time difference in Fig. 6b is because the beam combiner has a 
different speed of sound. Although arrival time difference exists, the raw 
PA signals detected from both top and side transducers show high sim-
ilarity with large overlap in waveform shown in Fig. 6b (inset), where 
high absorption can be approximated as point source. 

We further analyzed the acoustic frequencies of the detected PA 
signals for both transducers (Figs. 6c and 6d). The results demonstrated 
that the top transducer received more low-frequency waves when the 
optical absorption is low, which again, is consistent with the simulations 
results. More sensitive detection was achieved by the side transducer 
with weak optical absorption. Overall, the phantom experimental results 
have confirmed that there exists strong nonlinear dependence on the 

optical absorption in OR-PAM, majorly resultant from the limited view 
and detection bandwidth, which are both consistent with the simulation 
results. 

4. Conclusion and discussion 

In this paper, we have investigated the PA signal generation and 
detection in a typical OR-PAM system with a low optical NA and weakly- 
absorbing target. Different from traditional understanding, our numer-
ical simulation results have demonstrated a clear nonlinear signal 
dependence on optical absorption in OR-PAM, mainly due to the com-
bined effect of limited detection view and detection bandwidth. The 

Fig. 6. Experimental validation results on the PA signal’s nonlinear depen-
dence on optical absorption. (a) PA signal amplitudes from red ink solutions 
with various optical absorption coefficients, detected by the top and side 
transducers. The plot on the right is a close-up plot with weak optical absorp-
tion of < 10 cm− 1. (b) Representative time-resolved RF signals detected by the 
top and side transducers, with an optical absorption of 10 cm− 1 (left) and 
190 cm− 1 (right). The inset plot shows the signals after alignment. (c) The 
acoustic frequency spectra of the RF signals in (b), normalized by the side- 
transducer spectrum. (d) The acoustic frequency spectra of the RF signals in 
(b), normalized by the spectrum of each transducer itself, where the dotted lines 
indicating the − 6 dB bandwidth. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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ultrasound transducer placed coaxially with the laser beam has low ef-
ficiency in capturing the acoustic waves generated by low-NA optical 
beam and weakly-absorbing targets. Most of the acoustic waves travel 
sideways from the laser beam (i.e., limited view), and the much weaker 
acoustic waves traveling along the laser beam axis have low frequencies 
beyond the transducer’s detection bandwidth (i.e., limited bandwidth). 

We have also studied the impact of the optical NA on the detection of 
weak optical absorption. We have found that increasing the optical NA 
can help mitigate both the limited view and limited bandwidth issue, 
and thus improve the detection of weak absorption. Lastly, our experi-
ments using dual-transducer OR-PAM have confirmed the simulation 
results. We conclude that the traditional OR-PAM system with a low 
optical NA does not have linear dependence on the optical absorption of 
weakly-absorbing targets. 

As we have shown in the simulation results, the effective target shape 
is critical for the detection sensitivity of OR-PAM, which is mainly 
determined by the optical focal spot size and the optical absorption of 
the target. The total impulse response (TIR) of a transducer is also an 
important factor for PA signal detection sensitivity and spatial resolution 
of PAM [38–40], particularly when the signals are originating from 
out-of-focus region of the transducer. Correcting TIR may help improve 
the detection sensitivity if the effective target shape is known, which, 
however, is usually not available in practice. Although the signal 
nonlinearity in this work is only studied on a typical OR-PAM setup with 
a spherically focused transducer, the non-linear phenomenon should 
also exist for other transducer shapes such as flat, cylindrical, or 
Bessel-focused transducers. 

Furthermore, the penetration depth of OR-PAM is usually limited to 
less than 1 mm, but other PAM implementations may reach to several 
millimeters. The non-linear effect studied in this work is unique to OR- 
PAM, because the effect target size is determined by the optical illumi-
nation pattern, instead of the true target geometry. The current work can 
be improved by translating the 2D k-wave simulation into 3D simula-
tion. In the k-wave simulation of this work, we used a 2D detection 
geometry, in which the cylindrical wave was similar to a planar wave. 
The planar wave has slower divergence than the true cylindrical wave, 
which might explain the difference between the simulation and the 
experimental results. A 3D simulation can potentially address this issue. 

For in vivo experiment, the detected PA signals are impacted by 
many factors such as the wavelength-dependent light attenuation and 
the frequency-dependent acoustic attenuation in the biological tissues. 
This work is mainly addressing one compounding factor that changes 
the PA signal’s linear dependence on the optical absorption coefficient. 
Our results can provide better understanding on detecting weakly 
absorbing targets using OR-PAM, and is of great importance for func-
tional and molecular imaging by OR-PAM, such as quantifying the blood 
oxygenation or the concentration of molecular probes. For example, 
oxyhemoglobin (HbO2) and deoxy-hemoglobin (Hb) have significantly 
different absorption coefficients at NIR wavelength (e.g. at 680 nm, the 
difference is up to 10 times). In this case, the proposed nonlinear- 
dependence needs to be considered to improve the quantification ac-
curacy of blood oxygenation. 

OR-PAM defines the target shape by the effective optical beam 
pattern inside the target. In this case, simply increasing the excitation 
laser energy is not an effective way to improve the detection sensitivity. 
For the limited detection bandwidth in OR-PAM, one possible solution is 
to integrate multiple ultrasound transducers with complementary 
detection bandwidths. We have demonstrated a quad-mode PAM sys-
tem, in which a dual-element transducer with complementary central 
frequencies was used to enhance the detection sensitivity [34]. For the 
limited detection view in OR-PAM, we have shown that increasing the 
optical NA can improve the visibility of vertical structures [15]. More-
over, novel image processing methods based on machine learning have 
gained momentum in PA imaging, which have shown promising per-
formance in addressing the limited detection bandwidth and detection 
view in PACT [35–37]. We expect that these new approaches may also 

be applied to mitigate the nonlinear effect in OR-PAM. 
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