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Compared with visible light (380-700 nm), near-infrared light (700-1400 nm) undergoes weaker optical attenuation
in biological tissue; thus, it can penetrate deeper. Herein, we demonstrate near-infrared optical-resolution photo-
acoustic microscopy (NIR-OR-PAM) with 1046 nm illumination. A penetration depth of 3.2 mm was achieved in
chicken breast tissue ex vivo using optical fluence within the American National Standards Institute (ANSI) limit
(100 mJ/cm?). Beyond ~0.6 mm deep in chicken breast tissue, NIR-OR-PAM has shown finer resolution than the
visible counterpart with 570 nm illumination. The deep imaging capability of NIR-OR-PAM was validated in both

a mouse ear and a mouse brain. NIR-OR-PAM of possible lipid contrast was explored as well.
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With 100% sensitivity to optical absorption, optical-reso-
lution photoacoustic microscopy (OR-PAM) can provide
both anatomical and functional information with high
spatial resolution [1-5]. In OR-PAM, high lateral resolu-
tion is achieved by tightly focusing the laser beam into a
diffraction-limited spot [6]. In a highly scattering medium
such as biological tissue, the focusing capability of
OR-PAM degrades with the imaging depth [7]. In previous
OR-PAM studies, ultraviolet (UV) or visible (VIS) light
was used for illumination, mainly because of the strong
absorption of DNA/RNA, cytochromes, hemoglobin, and
melanin in these wavelength regions [8,9]. However, the
strong optical scattering limits the penetration depth of
OR-PAM in biological tissue.

To improve the imaging depth, we propose near-infra-
red (NIR) OR-PAM. Compared with VIS illumination, NIR
illumination yields several benefits. First, NIR-OR-PAM
can penetrate deeper into tissue for a given signal-to-noise
ratio (SNR), primarily due to weaker absorption of NIR
light by blood [10]. Second, with weaker scattering of NIR
light, NIR-OR-PAM can maintain its lateral resolution at
greater depths. Third, NIR-OR-PAM can image other tissue
components, such as water and lipid [11,12]. The optical
absorption spectra of four tissue components from 250 to
1150 nm are shown in Fig. 1(a) [13,14]. Fourth, the Ameri-
can National Standards Institute (ANSI) permits stronger
NIR light intensity on the tissue surface [15]. Herein,
we apply NIR light in OR-PAM and demonstrate these
advantages.

In the NIR-OR-PAM system (Fig. 1(b)), an Nd:YLF laser
(INNOSAB, Edgewave, GmbH) generates laser pulses at
its fundamental wavelength of 1046 nm. The laser pulses
then pass through a second harmonic generator to gen-
erate 523 nm laser pulses. After the second harmonic
generator, 523 nm and residual 1046 nm laser beams are
split by a dichroic mirror. A dye laser (CBR-D, Sirah,
GmbH) is pumped by the 523 nm beam and emits laser
pulses with tunable wavelengths. We selected 570 nm for
photoacoustic (PA) imaging—referred to as VIS-OR-PAM
—to compare with NIR-OR-PAM. A flip mirror is used to
select either the 570 or 1046 nm laser beam. Afterward,
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the laser beam is reshaped by an iris (ID25SS, Thorlabs)
and then attenuated by a neutral density filter (NDC-50C-
2M, Thorlabs). A condenser lens (LA1131, Thorlabs) and
a 50-pm-diameter pinhole (P50C, Thorlabs) spatially filter
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Fig. 1. Absorption spectra of four tissue components and the
schematic of near-infrared optical-resolution photoacoustic
microscopy (NIR-OR-PAM). (a) Absorption spectra of oxyhemo-
globin (HbOs) (150 g/L or 2.3 mM in blood), deoxyhemoglobin
(HbR) (150 g/L or 2.3 mM in blood), water (80% by volume in
tissue), and lipid (20% by volume in tissue) from 250 to 1150 nm.
(b) Schematic of the NIR-OR-PAM system. ConlL, condenser lens;
CorL, correction lens; DC, dye cell; DM, dichroic mirror; FM, flip
mirror; M1, M2, and M3, mirrors; ND, neutral density filter; OL,
objective lens; PH, pinhole; PL, pump laser; RAP, right-angle
prism; RhP, rhomboid prism; SHG, second harmonic generator;
SOL, silicone oil layer; UT, ultrasonic transducer; WT, water tank.
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the beam further. The laser beam is then focused into
the sample by an objective (AC127-050-A, Thorlabs;
numerical aperture: 0.1 in air). A high-frequency ultra-
sonic transducer is placed confocally with the objective
to detect the generated PA waves. The acoustic-optical
coaxial alignment is achieved by using a beam combiner
composed of a thin layer of silicone oil sandwiched be-
tween a right-angle prism (NT32-545, Edmund Optics)
and a rhomboid prism (NT49-419, Edmund Optics). Each
laser pulse generates a one-dimensional PA image
(A-line) by recording the time course of the PA signal.
Volumetric imaging is provided by two-dimensional
motor scanning.

To measure the penetration depth of NIR-OR-PAM, we
imaged a 50-pm-diameter black human hair obliquely
inserted into a piece of fresh chicken breast tissue. To
conform to the ANSI safety limit [15], the light fluences
on the tissue surface at 570 and 1046 nm were adjusted to
20 and 100 mJ/cm?, respectively. NIR-OR-PAM was able
to image the black hair 3.2 mm beneath the skin surface
with an SNR of 6 dB compared to only 2.3 mm by VIS-
OR-PAM with the same SNR (Figs. 2(a) and 2(b)). NIR-
OR-PAM can penetrate deeper than VIS-OR-PAM. First,
NIR light undergoes weaker optical attenuation than
VIS light, which allows it to penetrate deeper. Second,
ANSI permits stronger NIR light fluence on tissue sur-
face, which also gives us larger penetration depth. The
same time-gain compensation (TGC) (0.75 dB/MHz/cm)
for acoustic attenuation was applied to improve the vis-
ibility in both cases.

To measure the lateral resolution of the NIR-OR-PAM
system in clear media, a sharp metal edge was imaged
with a step size of 0.625 pm and a scanning range of
100 pm along the x axis. By fitting the measured data to
an edge spread function, the full width at half-maximum
(FWHM) of the corresponding line spread function was
estimated as the lateral resolution. The lateral resolution
of NIR-OR-PAM in a clear medium was estimated to be
6.2 pm (Fig. 3(b)), and that of VIS-OR-PAM was estimated
to be 2.9 pm (Fig. 3(a)), both of which are close to the
theoretical lateral resolutions of OR-PAM, which are
determined by the focal diameters of the laser beams.
The axial resolution of NIR-OR-PAM was estimated to
be ~27 pm based on the transducer bandwidth and the
speed of sound in tissue [16]. In scattering media such
as biological tissue, both the lateral and axial resolutions
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Fig. 2. Penetration depths of the two optical-resolution photo-
acoustic microscopy (OR-PAM) systems. Images of a black
human hair inserted obliquely into a piece of fresh chicken
breast tissue. (a) Visible optical-resolution photoacoustic
microscopy (VIS-OR-PAM). (b) Near-infrared optical-resolution
photoacoustic microscopy (NIR-OR-PAM). Hair was imaged
with a SNR of >6 dB up to 3.2 mm deep in the tissue by
NIR-OR-PAM and 2.3 mm deep in the tissue by VIS-OR-PAM.
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Fig. 3. Lateral resolutions of the two optical-resolution photo-
acoustic microscopy (OR-PAM) systems. Line spread functions
(black dotted lines) extracted from the fitted edge spread
functions (solid red lines) acquired in water. (a) Visible optical-
resolution photoacoustic microscopy (VIS-OR-PAM). (b) Near-
infrared optical-resolution photoacoustic microscopy (NIR-OR-
PAM). Here, the lateral resolution was quantified as the full
width at half maximum (FWHM) of the line spread functions.
Lateral resolution of NIR-OR-PAM in water is 6.2 pm, while lat-
eral resolution of VIS-OR-PAM is 2.9 pm. (c) Lateral resolution
of NIR-OR-PAM and VIS-OR-PAM as a function of imaging depth
in scattering media. Here, the lateral resolution was quantified
as the FWHM of the numerical first derivative of the measured
edge spread function.

decrease with imaging depth due to optical scattering
and frequency-dependent acoustic attenuation in tissue.

The lateral resolutions of NIR-OR-PAM and VIS-OR-
PAM at different imaging depths were measured in scat-
tering media. A sharp metal edge obliquely inserted into a
piece of fresh chicken breast tissue was imaged at differ-
ent depths while the optical focus was maintained on the
metal edge. As optical focusing deteriorated in tissue, the
line spread functions were no longer Gaussian functions
[7]; thus, the lateral resolution could no longer be esti-
mated by fitting the edge spread functions using error
functions, as we did for the clear medium. Therefore, we
estimated the lateral resolution as the FWHM of the
numerical first derivative of the measured edge spread
function. Figure 3(c) shows the lateral resolutions of
both NIR-OR-PAM and VIS-OR-PAM as functions of imag-
ing depth. Due to optical scattering in the chicken tissue,
the optical focusing degrades with depth, deteriorating
the lateral resolution of OR-PAM. At 1046 nm, scattering
in chicken breast tissue is weaker than that at 570 nm.
With weaker optical scattering, NIR light can focus better
than VIS light after traveling through a certain depth,
which results in finer lateral resolution in NIR-OR-PAM
over VIS-OR-PAM. For VIS-OR-PAM, the lateral resolu-
tion is finer than 40 pm up to ~1.6 mm depth, while for
NIR-OR-PAM, the lateral resolution is finer than 40 pm up
to ~2 mm depth. Close to the tissue surface (<0.6 mm),
NIR-OR-PAM has a worse lateral resolution than VIS-OR-
PAM due to the longer wavelength; at ~0.6 mm depth,
NIR-OR-PAM and VIS-OR-PAM show similar resolutions.
As the imaging depth goes beyond 0.6 mm, NIR-OR-PAM
has finer lateral resolutions than VIS-OR-PAM until the
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optical focusing becomes so ineffective that OR-PAM
turns into acoustic-resolution PAM, where the acoustic
focusing of the 50 MHz ultrasonic transducer (~43 pm)
determines the lateral resolution.

A mouse ear was imaged in vivo with NIR-OR-PAM.
All experimental animal procedures were carried out
in conformity with the laboratory animal protocol ap-
proved by the Animal Studies Committee at Washington
University in St. Louis. A 2 x 2 mm? area of the mouse
ear was imaged by both VIS-OR-PAM and NIR-OR-PAM
(Figs. 4(a) and 4(b)). VIS-OR-PAM is able to image only
the blood vessels (Fig. 4(a)). NIR-OR-PAM, however,
is able to image more contrasts (Fig. 4(b)). In addition to
blood vessels, the circular structures imaged by NIR-
OR-PAM are suspected to be fat cells surrounding seba-
ceous glands [17,18]. Close-up images and B-scan images
(Figs. 4(c) and 4(d)) further demonstrate the improve-
ment of NIR-OR-PAM in lipid contrast and imaging depth
n V0.

We also imaged a mouse brain in vivo with NIR-OR-
PAM. The same area of the mouse brain was imaged by
VIS-OR-PAM and NIR-OR-PAM. The scalp was removed,
but the skull was intact. Due to the strong blood absorp-
tion and brain tissue scattering, few blood vessels deeper
than 0.5 mm can be imaged by VIS-OR-PAM (Figs. 5(a)
and 5(b)). However, NIR-OR-PAM can detect signals from
blood vessels deeper than 0.5 mm (Figs. 5(c) and 5(d)).

NIR-OR-PAM can not only penetrate deeper than VIS-
OR-PAM but can also image structures in deep regions
with finer resolution. As shown in Figs. 6(a) and 6(b), at
both illumination wavelengths, OR-PAM was able to
clearly image the cortical vascular network. However,
close-ups of the vessels more than 200 pm deep in
Figs. 6(a) and 6(b) show that the vessels are less blurred
in the NIR-OR-PAM images than in the VIS-OR-PAM im-
ages, as shown in Fig. 6(c). The lateral resolution improve-
ment for in vivo imaging by NIR-OR-PAM was estimated
by comparing the apparent diameters of vessels at the
same depths. The apparent diameters of two representa-
tive vessels were 120 and 160 pm in VIS-OR-PAM, while
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Fig. 4. Comparison of images of a mouse ear acquired using
visible (VIS) and near-infrared (NIR) light in vivo. (a) Maximum
amplitude projection (MAP) image of a mouse ear acquired
by visible optical-resolution photoacoustic microscopy (VIS-
OR-PAM) in vivo within depths up to 300 pm. Two close-ups
show the photoacoustic (PA) signals from blood vessels, as in-
dicated by the dashed boxes. (b) MAP image of the same mouse
ear acquired by near-infrared optical-resolution photoacoustic
microscopy (NIR-OR-PAM) in vivo within depths up to 300 pm.
(c) and (d) B-scan images along the dashed lines in (a) and (b),
respectively, on a logarithmic scale after acoustic attenuation
compensation with an acoustic attenuation coefficient of
1 dB/MHz/cm.
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Fig. 5. Comparison of in vivo imaging depths in a mouse
brain. (a) x—= projection of a visible optical-resolution photo-
acoustic microscopy (VIS-OR-PAM) image of the mouse brain
acquired in vivo. (b) x—y projections of the mouse brain at dif-
ferent depths. No structure can be detected at depths beyond
500 pm. (c) x—= projection of a near-infrared optical-resolution
photoacoustic microscopy (NIR-OR-PAM) image of the same
mouse brain acquired in vivo. (d) x—y projections of the mouse
brain at different depths. Structures can be detected at depths
up to 750 pm. Dashed lines in the x—= projections mark the
approximate location of the skull.

they were 50 and 80 pm in NIR-OR-PAM, respectively
(Fig. 6(d)). The apparent diameters of blood vessels were
approximately two times smaller in NIR-OR-PAM.

Due to strong absorption, an overlying blood vessel
may shadow vessels underneath in VIS-OR-PAM. At
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Fig. 6. Comparison of in vivo lateral resolutions in mouse
brain. (a) In vivo mouse brain maximum amplitude projection
(MAP) image acquired by visible optical-resolution photoacous-
tic microscopy (VIS-OR-PAM). (b) In vivo mouse brain maximum
amplitude projection (MAP) image acquired by near-infrared
optical-resolution photoacoustic microscopy (NIR-OR-PAM).
(c) Close-ups of the dashed boxes in (a) and (b) show that more
blood vessels can be imaged by NIR-OR-PAM. (d) Normalized
photoacoustic (PA) amplitudes across two selected blood vessels
at 225 pm (solid lines) and 330 pm (dashed lines) depths in (c),
respectively. Both vessels have smaller apparent diameters in
the NIR-OR-PAM image than in the VIS-OR-PAM image because
they are less blurred.
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Fig. 7. Comparison of penetrations in blood. (a) Top: visible
optical-resolution photoacoustic microscopy (VIS-OR-PAM)
maximum amplitude projection (MAP) image of a mouse brain
acquired in vivo within depths up to 300 pm in which blood
vessels were covered by a bleeding layer. Bottom: VIS-OR-PAM
MAP image of the same area in the mouse brain acquired in
vivo within depths of 100-300 pm after digitally peeling off the
bleeding layer. Underlying blood vessels can barely be resolved.
(b) Top: near-infrared optical-resolution photoacoustic micros-
copy (NIR-OR-PAM) MAP image of the same region as (a)
within depths up to 300 pm. Signal strength from the bleeding
layer is weaker than that from the VIS-OR-PAM counterpart.
Bottom: NIR-OR-PAM MAP image of the same area in the
mouse brain acquired in vivo within depths of 100-300 pm after
digitally peeling off the bleeding layer. Underlying blood vessels
can be clearly resolved.

1046 nm, the optical absorption of hemoglobin is approx-
imately 40 times less than that at 570 nm (Fig. 1(a)).
Therefore, 1046 nm NIR light has a 1/e penetration depth
of 1.2 mm in blood and is able to image multiple layers
of blood vessels. This advantage was demonstrated by
imaging a bleeding area in a mouse brain. The bleeding
layer appears weaker in NIR-OR-PAM than in VIS-OR-
PAM (Figs. 7(a) and 7(b)). By peeling off the bleeding
layer in data processing, we can clearly see that the
optical shadowing from the bleeding layer is weaker in
NIR-OR-PAM, and the vascular network underneath can
thus be better resolved with greater SNR. However, due
to the strong absorption, nearly all the VIS light is ab-
sorbed by the blood pool; this generated strong PA sig-
nals that were reverberated by other underlying brain
structures, showing as a “ghost” image of the blood pool.

Lower optical absorption in the NIR region allows
deeper penetration but results in weaker PA signals. How-
ever, with nanosecond pulse excitation, the tissue damage
mechanism is mainly photothermal [19]. Therefore, lower
absorption allows for stronger excitation fluence, which
can partially compensate for the reduced signal strength.

In conclusion, we have demonstrated that NIR-OR-
PAM offers new imaging contrast and better resolution
at deeper imaging depths than VIS-OR-PAM. By
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employing NIR light with our fast-scanning OR-PAM
[20] and incorporating multiple wavelengths [21], we
should be able to measure hemodynamic parameters, in-
cluding blood flow speed, the oxygen saturation of
hemoglobin, and the metabolic rate of oxygen [22].
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