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Abstract

Nonlinear photoacoustic microscopy (PAM) is a novel approach to enhance contrast and
resolution. In this study, a low-cost infrared (IR) lamp as a simple approach for nonlinear
PAM is demonstrated. Numerical simulations are first performed to verify the nonlinear
photoacoustic effect under steady heating for two cases: (i) Differentiation of absorbers with
different Griineisen coefficients; (i1) enhancement of photoacoustic amplitude. Then, sets of
experiments are conducted to experimentally demonstrate our proposed approach: (i)
Longitudinal monitoring of photoacoustic A-line signals from two samples, porcine tissue ex
vivo and hemoglobin and indocyanine green (ICG) solutions in tubes in vitro for
demonstrating the above-mentioned two cases; (i1) PAM imaging of hemoglobin and ICG
solutions in tubes before and after IR lamp heating. Different signal change and amplitude
enhancement are observed in different demonstrations, showing the efficacy of the proposed
approach. By virtue of cost-effectiveness and decent performance, our work facilitates

nonlinear PAM studies.

Keywords: infrared heating; infrared lamp; low-cost; nonlinear photoacoustic effect;

photoacoustic imaging; photoacoustic microscopy

Abbreviations: AR-PAM, acoustic-resolution photoacoustic microscopy; GR-PAM,
Griineisen relaxation photoacoustic microscopy; HIFU, high-intensity focused ultrasound;
ICG, indocyanine green; IR, infrared; MAP, maximum amplitude projection; OR-PAM,
optical-resolution photoacoustic microscopy; PAM, photoacoustic microscopy; PAIL,
photoacoustic imaging; PRF, pulse repetition frequency; SHG, second harmonic generation;
SNR, signal-to-noise ratio; SMF, single-mode fiber; 1D, one-dimensional; 2D, two-

dimensional; 3D, three-dimensional.

1 INTRODUCTION

Photoacoustic imaging (PAI) is based on the detection of acoustic waves generated by light
illumination of an absorber and the consequent thermoelastic expansion. It has drawn
increasing popularity due to its capability of visualizing structural and functional information
of biological samples with scalable imaging depth and resolution !*!. PAI has various
implementations including photoacoustic computed tomography, photoacoustic microscopy
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(PAM), and photoacoustic endoscopy . Among them, PAM is mainly known for high
resolution, relatively shallow imaging depth, and simplicity of image reconstruction. PAM 1is
further classified into optical-resolution PAM (OR-PAM) and acoustic-resolution PAM (AR-
PAM). OR-PAM uses a tightly focused optical beam, which determines the lateral resolution
of OR-PAM, while AR-PAM typically employs a focused acoustic transducer to provide the
lateral resolution of AR-PAM !'-3], Using PAM, various endogenous and exogenous
chromophores can be visualized with high resolution by light illumination with proper optical
wavelengths.

Recently, nonlinear PAM has been extensively explored as an approach to improve
resolution and image contrast of PAM. For example, Griineisen relaxation PAM (GR-PAM)
utilized two laser pulses that have a time interval shorter than sub-microseconds 4. GR-PAM
moderately improved lateral resolution and dramatically improved axial resolution, enhancing
the depth-resolved ability in PAI. GR-PAM for in vivo imaging of the mouse brain, label-free
cell nucleus, and lipid-rich porcine tissue was also demonstrated °~7). Another study showed
contrast enhancement by utilizing heat accumulation caused by multiple pulse trains with
pulse intervals shorter than the thermal relaxation time [®1. Contrast enhancement was
demonstrated for both phantoms and contrast agents injected under the abdominal layer of a
rat. Another work introduced a thermal contrast parameter to emphasize the contrast
enhancement due to heating, and ex vivo imaging of porcine tissue was demonstrated [*/.
Besides, by employing a combination of a set of continuous-wave lasers with different
wavelengths (for heating) and a pulsed laser (for photoacoustic excitation), selective contrast
enhancement of different absorbers was achieved ['%. Another recent work proposed using a
continuous-wave laser for heating an absorber [!!l. This work demonstrated enhancement of
photoacoustic amplitude of multiple samples using the continuous-wave laser with a
wavelength corresponding to the high absorption wavelength of the samples. Photoacoustic
phasoscopy was introduced to greatly improve the contrast of photoacoustic images by
utilizing both light scattering signals and detected photoacoustic signals 2. There were a few
studies based on nonlinear optics such as multi-photon excitation and second harmonic
generation (SHG) for photoacoustic resolution and contrast enhancement 13141,

While the above works are effective, several aspects may limit the wide applications
of nonlinear PAM. First, additional laser sources are required, imposing high cost on the

m 46191 Secondly, sophisticated control of the time intervals between laser

imaging syste
pulses (e.g., a time interval shorter than the thermal relaxation time of a medium of interest)

makes the experimental implementation complicated !%!%. The mechanism is termed
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transient heating, in contrast to steady heating '>-'71. Thirdly, depending on the absorption
spectrum of a sample, continuous-wave lasers with different wavelengths or a tunable laser is
required to effectively modulate the temperature '), which also increases the cost and/or
complexity of the system. While photoacoustic phasoscopy enhances image contrast
dramatically, it cannot be applied to deep samples due to strong light scattering at depth ['].
SHG-based PAI sacrifices axial resolution, and multi-photon excitation for PAI uses high
power illumination, which may cause irreversible photodamage 3141,

Here, we introduce a low-cost and simple approach for nonlinear PAM using an
infrared (IR) lamp for steady heating. To validate the feasibility and versatility of the
proposed scheme, a set of simulations were performed assuming two cases: contrast
enhancement of absorbers with different Griineisen coefficients and enhancement of
photoacoustic amplitude. Then, a variety of samples including porcine tissue and the tubes
containing hemoglobin and indocyanine green (ICG) solutions were studied ex vivo and in
vitro, respectively. The results show that our nonlinear PAM technique applies to these
samples to enhance contrast (for the case of porcine tissue) and signal-to-noise ratio (SNR)
(for the case of tube samples). The contributions of this work include: (i) We propose a new
approach for low-cost and simple nonlinear PAM using an IR lamp; (ii) our approach can be
used to enhance contrast of absorbers and SNR depending on samples; (iii) we further
demonstrate the feasibility and potential of enhancing SNR of our approach for in vitro
nonlinear PAM imaging. In addition, our approach does not lose several advantages of PAM,
including decent penetration and three-dimensional (3D) imaging, although not explicitly

demonstrated in this work.

2 METHODS

2.1  Theory and Simulation
In PAI the initial pressure of generated photoacoustic waves can be simply described

as,

Po = Y (DuaF (1),
where W is the unitless temperature-dependent Griineisen coefficient, T is the temperature, u,
is the absorption coefficient of an absorber, and F is the fluence of illumination !'3]. The
Griineisen coefficient, W, is further expressed as ¥ = fv2 / Cp, where B is the thermal
expansion coefficient, vy is the speed of sound, and C,, is the specific heat >'%1°]. In general,
all of B, vs, and C, are temperature-dependent, too. As the temperature of the absorber and/or

its surrounding medium changes, the Griineisen coefficient changes, which, in turn, results in
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change in photoacoustic amplitude (pg). As a result, the simple linear relation between p, and
F no longer holds as temperature changes, which is called nonlinear photoacoustic effect.
Note that here y, is assumed to be constant.

In this study, a low-cost IR lamp was used to alter the temperature of the absorber and
the medium. By modulating temperature using an IR lamp, depending on the characteristics of
absorbers, contrast enhancement of absorbers with different thermoacoustic properties and
enhancement of photoacoustic amplitude are possible. To be specific, assuming T, is the
baseline temperature (before heating), T; is the temperature after heating. Griineisen
coefficient of one absorber is denoted as W, and that of the other absorber is W},. The change
of Griineisen coefficient of the first absorber is denoted as AW, = W, (T;) — ¥, (T,), and that
of the second absorber is AY), = ¥, (T;) — ¥, (Ty). When AW, # AW, (i.c., two absorbers
having different change of the temperature-dependent Griineisen coefficient W(T) before and
after heating (e.g., described later in Figure 1)), the proposed approach can be utilized to
enhance contrast between the two absorbers. By contrast, when AW, = AW, (i.e., two
absorbers having the same or similar temperature-dependent Griineisen coefficient W (T')
before and after heating (e.g., described later in Figure 2), the two absorbers cannot be
distinguished by our approach. Fortunately, given AW, > 0 and AW}, > 0, our approach can
still be used to enhance photoacoustic amplitude of the first and the second absorbers,
respectively.

To better illustrate the two cases via nonlinear photoacoustic effect, numerical
simulation was performed using k-wave toolbox 2%, To firstly demonstrate contrast
enhancement, properties of porcine tissue were assumed. As temperature rises, porcine
muscle shows increase of Griineisen coefficient while porcine fat shows decrease of
Griineisen coefficient ). The parameters used in this simulation are as follows. (i) Absorption
coefficients, u,: Due to the unavailability of optical properties of porcine tissue at wavelength
of 532 nm (the illumination wavelength used in the study), we used the wavelength-averaged

e [21-25] The absorption coefficient of porcine

(430—630 nm) optical properties of porcine tissu
muscle of ~0.78 cm™! was used 2!, It is known that porcine fat usually consists of 22% of
water and 78% of pure fat 1?2, and thus, we calculated the absorption coefficient of porcine fat
to be ~0.02 cm™! based on the percentage of water and pure porcine fat and their absorption

22-25

coefficients 12221, (ii) Thermoacoustic parameters, including the thermal expansion

coefficient, B, the speed of sound, v, and the specific heat, C,: Due to the unavailable
thermoacoustic parameters of porcine tissue, those of bovine tissue were used instead 132226~

21 (iii) Illumination fluence, F: the fluence was set to a constant of 1 (i.e., F = 1 in Equation
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(1)). The temperature was varied from 25°C to 40°C with an increment of 5°C. Figure 1(a)
shows the photoacoustic image (distribution of photoacoustic amplitude) of two absorbers
with the photoacoustic characteristics of porcine muscle and fat. Figures 1(b) and (c) show the
change of photoacoustic image and one-dimensional (1D) profiles of photoacoustic amplitude
along the lines indicated in Figure 1(b) as temperature rises, respectively. Figure 1(d) shows
the peak photoacoustic amplitude, the differential photoacoustic amplitude (defined as (peak
photoacoustic amplitude of porcine muscle) — (peak photoacoustic amplitude of porcine fat)),
and Griineisen coefficient of porcine muscle and fat as temperature changes. In Figure 1(d),
due to the different change of Griineisen coefficients caused by temperature elevation, as
temperature increases, the photoacoustic amplitude of porcine muscle also increases while
that of porcine fat slightly decreases. The differential photoacoustic amplitude is from 0.19 to
0.96 as temperature increases from 25°C to 40°C (about 5 times enhancement). As a
consequence, this simulation confirmed the feasibility of enhancing photoacoustic contrast of
two different absorbers by modulating the temperature via steady heating. Note that F' can be

set to other constant values, and the conclusions of Figure 1 will remain the same.
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Figure 1. Illustration of contrast enhancement between two absorbers with different trends of Griineisen coefficient via nonlinear
photoacoustic effect. (a) Simulated photoacoustic image of porcine muscle (left) and fat (right). (b) Simulated photoacoustic image as
temperature rises for the two samples: muscle (left) and fat (right). (c) 1D profiles of photoacoustic amplitude along the lines indicated in (b)
as temperature rises. (d) Peak photoacoustic amplitude in (c) as temperature rises for porcine muscle and fat. Blue (muscle) and orange (fat)
lines indicate the variation of the Griineisen coefficient as a function of temperature. Red dots indicate differential photoacoustic amplitude.

In the second simulation, to demonstrate enhancement of photoacoustic amplitude, we

assumed three samples with different absorption coefficients (the ratio of y, = 1:2:4, named

low absorption, medium absorption, and high absorption, respectively), constant fluence of 1

(i.e., F = 1 in Equation (1)), and for simplicity, the same temperature-dependent Griineisen

coefficient W(T') (for convenience, 8, v, and C,, of water P**'! were assumed). The

temperature was varied from 25°C to 40°C with an increment of 5°C. Note that the absorption

coefficients were assumed to be fixed throughout the temperature variation. Figure 2(a) shows

the photoacoustic image of the three absorbers. Figure 2(b) and (c) show the change of
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photoacoustic image and 1D profiles of photoacoustic amplitude along the lines indicated in
Figure 2(b) as temperature rises, respectively. Figure 2(d) shows the peak photoacoustic
amplitude of the three absorbers and Griineisen coefficient of the absorbers as temperature
changes. As can be seen, for the three samples, photoacoustic amplitude increases as
temperature rises because of the increase of W with increased temperature.

W(T) is mainly associated with the thermoacoustic properties of the absorbers. From
Equation (1), py is linearly proportional to W(T). That is, to a first approximation,
photoacoustic amplitude is linearly proportional to W(T). As can be seen in Figures 1(d) and
2(d), the change of photoacoustic amplitude with temperature follows almost the same trends

as the change of Griineisen coefficient with temperature, W(T).
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Figure 2. Illustration of enhancement of photoacoustic amplitude as temperature changes. (a) Simulated photoacoustic image of the three
absorbers with different absorption coefficients (u, ratio = 1: 2: 4 from left to right). (b) Simulated photoacoustic image as temperature rises
for the three absorbers: u, ratio = 1: 2: 4 from left to right. (c) 1D profiles of photoacoustic amplitude along the lines indicated in (b) as
temperature rises. (d) Peak photoacoustic amplitude in (c) as temperature rises for the three absorbers. A cyan line indicates the variation of
the Griineisen coefficient as a function of temperature. For simplicity, this variation is assumed to be the same for the three absorbers.

2.2 IR Lamp

A low-cost 100-W IR lamp (wavelength: ~0.6—2.5 um; peak wavelength: ~1.1 um,;
R95, Philips) with a controller, which costs ~$20 in total, was used to induce nonlinear
variation of photoacoustic amplitude. The controller was used to set the illumination intensity
and period of the IR lamp. Although the controller has 30 levels to adjust the illumination
intensity of the IR lamp with nominal temperature from 30°C to 60°C, in our experiment,

temperature was measured by a thermistor. For AR-PAM measurements, the IR lamp was
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simply placed under a water tank to effectively deliver IR heating light to absorbers and water,
as shown in Figure 3(a). For OR-PAM measurements, the IR lamp combined with a home-
made reflective light guide (using an aluminum foil) for more directed IR lamp heating was
obliquely placed at the same side as the laser illumination probe (Figure 3(b)), which enables
reflection-mode operation. It is worth noting that temperature modulation happens via
increasing water temperature for both AR-PAM and OR-PAM. The stability of the IR lamp
was confirmed by monitoring the temperature of the IR lamp for 30 minutes using a

thermographic camera (Compact Pro, Seek Thermal) prior to experiments for nonlinear PAM.
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Figure 3. Schematic of AR-PAM (a) and OR-PAM (b) with IR lamp heating. The focused transducer in (a) is constructed by attaching an
acoustic lens to a flat transducer.
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2.3  AR-PAM

An AR-PAM system was used for nonlinear PAM experiments, as shown in Figure
3(a). It is similar to the system used in our previous work 21, A 6 ns pulsed laser (Q-smart
450, Quantel) with pulse repetition frequency (PRF) of 20 Hz and wavelength of 532 nm was
used for photoacoustic excitation. The laser was coupled into a multi-mode optical patch cord
(MHP910LO02, Thorlabs). Then, a fiber aligner (LP-05A, Newport) with a collimating lens
(LA1540, Thorlabs) was used to collimate the laser beam. The collimated light was
transformed to a semi-Bessel beam through an axicon lens (131-1240, EKSMA Optics).
Finally, weakly-focused dark-field illumination was achieved by a custom-made acrylic
optical condenser.

To acquire photoacoustic signals, a 50-MHz flat transducer (V214-BB-RM, —6 dB
bandwidth: ~78%, Olympus) with an acoustic lens (45006, Edmund Optics) attached was
placed at the center of the optical condenser. During image acquisition, the imaging head of
AR-PAM, consisting of the laser illumination parts and the acoustic detection parts, was fixed
with a two-dimensional (2D) motorized stage (M-L0O1.2A1, Physik Instrumente) for 2D raster
scanning. Detected photoacoustic signals were amplified by a low-noise preamplifier (ZFL-
500LN+, Mini-Circuits) and recorded by an oscilloscope (HDO4024, Teledyne LeCroy).
When the photoacoustic amplitude was too weak, e.g., for porcine tissue (described later in
Section 3.1), two pre-amplifiers (ZFL-500LN+) were cascaded to further amplify the signals
while the overall noise was less enhanced, leading to net improvement of SNR. This scheme
to boost SNR was also adopted previously 3l The data were saved in a computer for display
and post-processing. Lateral and axial resolutions of the AR-PAM system were measured to
be approximately 65 um and 40 pm, respectively [*2l. A thermistor (10 MQ), connected with
an Arduino board (Arduino Uno, Arduino), was placed inside the water tank to monitor the

temperature changes.

24  OR-PAM

An OR-PAM system used in this work is shown in Figure 3(b). A solid-state 532 nm
pulsed laser (FDSS532-Q3, CryLas) with pulse duration of <2 ns and PRF of 1 kHz was used.
The laser was coupled into a single-mode fiber (SMF) with cut-off wavelength of 1260 nm
(SMF-28e, Corning) using a doublet (AC127-030-A-ML, Thorlabs). An illumination probe
mainly consisting of the SMF and a plano-convex lens (43397, Edmund Optics) was used to
produce a focused laser beam [**3] which was used for photoacoustic excitation. The pulse

energy was set to 300 nJ/pulse for measurements. A custom-made needle hydrophone (35
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MHz central frequency) was used to acquire photoacoustic signals. Similarly, for image
acquisition, the illumination probe and the needle hydrophone were fixed with a 2D
motorized stage for scanning. The photoacoustic signals acquired by the hydrophone were
pre-amplified, recorded by a digitizer (CSE1422, Gage), and then stored in a computer.
Lateral resolution of the OR-PAM system was measured to be ~10 um. The same thermistor

(10 MQ) mentioned above was used to track the temperature changes.

2.5  Nonlinear Photoacoustic Effect through Longitudinal Monitoring

Longitudinal monitoring of photoacoustic signals due to IR lamp heating was
conducted on two samples using the AR-PAM system without raster scanning. The samples
were immersed in water. The first sample, an excised porcine tissue including muscle and fat,
was used to demonstrate photoacoustic contrast enhancement. As described in Section 2.1,
numerical simulation of porcine tissue was also performed. The second sample, three
capillary tubes containing hemoglobin solution (Hefei Bomei Biotech.), 10 mg/mL ICG (ICG,
Cardiogreen Innochem), and 5 mg/mL ICG, was chosen to demonstrate the enhancement of
photoacoustic amplitude and SNR. For the above measurements, we kept monitoring
photoacoustic amplitude from the baseline temperature (before IR lamp heating) and during

the temperature increase (after starting the IR lamp heating).

2.6 In Vitro Imaging

To demonstrate the wide applicability of our approach for 2D imaging with different
spatial resolution, raster scanning over the second sample mentioned above was performed
using both AR-PAM and OR-PAM. Similarly, the tubes were immersed in water. Note that in
OR-PAM, the hemoglobin solution was replaced with sheep blood for higher SNR. The PAM
images before and after IR lamp heating were acquired for comparison.

For photoacoustic images acquired by AR-PAM and OR-PAM, photoacoustic A-line
signals were first processed by a matched filter, and then, maximum amplitude projection

(MAP) along the axial direction was applied to the 3D data to obtain 2D MAP images.

3 RESULTS

3.1  Nonlinear Photoacoustic Effect through Longitudinal Monitoring

-12 -
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Figure 4 shows photoacoustic amplitude and differential photoacoustic amplitude of
porcine muscle and fat as temperature increases. In Figures 4(a) and 4(b), as temperature
increases, similar trends between the simulation and experimental results are observed for
both photoacoustic amplitude (Figure 4(a)) and differential photoacoustic amplitude (Figure
4(b)). Specifically, photoacoustic amplitude of porcine muscle increases with temperature,
while that of porcine fat slightly decreases with temperature. The opposite slopes of the
curves in Figure 4(a) can be utilized to differentiate between porcine muscle and fat. Besides,
the differential photoacoustic amplitude, reflecting the contrast between the two absorbers,
increases from 6.4 mV (the minimum) to 34.9 mV (the maximum). The ~5.5 times
enhancement in experiment is similar to the ~5 times enhancement in simulation mentioned

previously (Section 2.1).
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Figure 5 shows the results from three capillary tubes containing hemoglobin solution
(Hb), ICG of 10 mg/mL (ICG10), and ICG of 5 mg/mL (ICGS5). In Figure 5(a), photoacoustic
amplitude of Hb, ICG10, and ICGS increases as temperature increases. Besides, in Figure 5(b),
SNR of the three absorbers increases as temperature increases, suggesting that noise does not
increase much compared with photoacoustic amplitude for the tube samples.

Therefore, we experimentally confirmed that our approach is applicable for (1)
enhancing photoacoustic contrast of different absorbers with different thermoacoustic

properties and (ii) enhancing photoacoustic amplitude and SNR of the tube samples.

3.2 InVitro Imaging

As mentioned in Section 2.6, the in vitro study was conducted to show the imaging
capability of the proposed approach. The samples used in Figure 5 were also used here.
Figures 6(a) and 6(b) show AR-PAM images of Hb, ICG10, and ICGS in tubes at baseline
temperature and after IR lamp heating, respectively. Figure 6(c) shows 1D profiles of
averaged photoacoustic amplitude along the horizontal line in Figures 6(a) and 6(b). The
averaged photoacoustic amplitude is obtained by calculating the average of photoacoustic
amplitude along the vertical direction in Figures 6(a) and 6(b). Figure 6(c) shows
enhancement of averaged photoacoustic amplitude of the three samples after heating. Besides,
Figure 6(d) shows SNR of the three samples increases after heating. As can be seen, Figures
6(c) and 6(d) are consistent with the longitudinal measurement result (Fig. 5) that the

photoacoustic amplitude and SNR of the three samples increase after heating.
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and after heating.

Figure 7 shows the results acquired by OR-PAM. Overall, the results in Figure 7 are
similar to Figure 6, showing that our approach can be applied based on OR-PAM as well.
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4 DISCUSSION AND CONCLUSIONS

Our proposed approach offers advantages in (i) enhancing photoacoustic contrast of different
absorbers with different temperature-dependent Griineisen coefficients (as demonstrated in
the porcine tissue sample) and (i1) enhancing photoacoustic amplitude and SNR of absorbers
with the increase of Griineisen coefficient with increased temperature (as demonstrated in the
in vitro sample). Notably, for the former, one potential application would be differentiation of
tumor and normal tissue based on the fact that tumor tissue tends to have lower lipid contents
and higher water contents than normal tissue (i.e., utilizing different temperature-dependent
Griineisen coefficients between tumor and normal tissue) 6371,

It was reported that exposure of the skin at temperature of 43°C for less than 8 hours is
not harmful ('), In our ex vivo and in vitro demonstration, the temperature used is below 41°C
and the time required for IR lamp heating is less than 8 hours. Thus, this suggests that safety

may be ensured when applying our technique to in vivo and even clinical applications,

although additional studies are required.

-16 -



The speed of our approach is currently limited by PAM imaging speed and the steady
heating procedure. For example, for the demonstration of in vitro imaging in Figure 7 using
the setup in Figure 3(b), it took a few minutes to acquire the OR-PAM image and another few
minutes for the steady heating procedure (from 26°C to 32°C). The OR-PAM imaging speed
can be boosted by using a pulsed laser with higher PRF. Besides, the steady heating procedure
can be further expedited by heating a smaller region with a more focused IR light. Further
optimization of the speed of our scheme could improve temporal resolution and even enable
dynamic observation of nonlinear PAM.

In our demonstration, photoacoustic signals or images were acquired at different
temperature, which was measured and monitored by placing the thermistor in the water tank
(Figure 3). However, for in vivo and clinical applications, typically no water tank is used. The
temperature measurement and monitoring of target tissue are required, which is also important
to achieve precise and stable control of tissue temperature. To this end, one can employ a
feedback control method to automatically adjust the IR lamp heating by monitoring the
subsurface tissue temperature using a needle thermocouple or the deep tissue temperature
using a high-intensity focused ultrasound (HIFU)-based technique %+,

In Figures 5—7, photoacoustic signals of ICG were excited at laser wavelength of 532
nm because the pulsed laser at this wavelength is easily accessible. Nonlinear PAM of ICG
can be conducted using its optimal absorption wavelength range (700-900 nm) for
photoacoustic excitation %), which enables high SNR at low excitation fluence and thus
facilitates clinical applications of our approach. It is also worth noting that photoacoustic
amplitude (or SNR) does not change linearly with the ICG concentration (e.g., ICG10 and
ICGY) in Figures 5—-7. This may be because of the nonlinear dependence of the optical
properties of ICG on its concentration *!#?]. Overall, in our demonstration, we observed
enhancement of photoacoustic amplitude and SNR for ICG with two different concentrations.

Although PAI utilizing the steady heating mechanism was reported 116171 different
heating lasers were required depending on the absorption characteristics of sample '], and

16171 By contrast, in this work,

only simple 1D imaging with low resolution was demonstrated !
IR lamp is cost-effective, and imaging using AR-PAM and OR-PAM systems with different
resolution is demonstrated.

In conclusion, we demonstrated a low-cost and simple approach for nonlinear PAM
relying on steady heating. Compared with existing nonlinear PAM techniques, our approach
employing an IR lamp is cost-effective and simple to realize sample heating. Because of

heating by the IR lamp, various samples can be heated. By investigating a few samples, we
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experimentally verified the wide applicability of the proposed approach. By contrast, when
heating using lasers, only samples with corresponding absorption wavelength can be used.

Our work may find new opportunities for nonlinear PAM in biomedical applications.
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Graphical Abstract

Infrared
lamp

Pulsed laser
beam with F

Optical
absorber with g,

po = Y(T)ugF po = W(T + AT)u,F

Po: initial pressure of generated photoacoustic wave,
Y(T): temperature dependent Griineisen coefficient,
1, optical absorption coefficient, F: optical fluence

A low-cost infrared lamp-aided photoacoustic microscopy (PAM) is investigated as a simple
alternative to nonlinear PAM, which is based on the temperature-dependent Griineisen
coefficient. After steady heating of both the sample and surrounding, photoacoustic amplitude
varies depending on the change of Griineisen coefficient, which can be utilized for
differentiation of different absorbers and enhancement of photoacoustic amplitude. In this

work, a variety of samples are used for demonstration.

((The table of contents entry should be up to 70 words long. The entry should be written in the

present tense and impersonal style. The text should be different from the abstract text.))

((ToC figure: Please choose one from your article or one specifically designed. Size: 55 mm

broad x 50 mm high. You must hold the copyright to this image.))
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