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Abstract. Grueneisen relaxation photoacoustic microscopy (GR-PAM) can achieve optically defined axial res-
olution, but it has been limited to ex vivo demonstrations so far. Here, we present the first in vivo image of a
mouse brain acquired with GR-PAM. To induce the GR effect, an intensity-modulated continuous-wave laser
was employed to heat absorbing objects. In phantom experiments, an axial resolution of 12.5 um was achieved,
which is sixfold better than the value achieved by conventional optical-resolution PAM. This axial-resolution
improvement was further demonstrated by imaging a mouse brain in vivo, where significantly narrower axial
profiles of blood vessels were observed. The in vivo demonstration of GR-PAM shows the potential of this modal-
ity for label-free and high-resolution anatomical and functional imaging of biological tissues. © 2016 Society of Photo-
Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0O.21.6.066005]
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1 Introduction In this paper, we demonstrate in vivo GR-PAM. To generate

Photoacoustic microscopy (PAM), based on the photoacoustic
effect, is a hybrid imaging modality that acoustically detects
the optical absorption contrast in biological tissues.! PAM
can provide both anatomical and functional information about
biological systems by probing a wide variety of endogenous
contrast agents, such as hemoglobin, melanin, DNA/RNA,
and lipids.>”” With tightly focused light, PAM can achieve opti-
cal diffraction-limited lateral resolutions down to the submicron
scale.> This optical-resolution PAM (OR-PAM) enables
in vivo functional imaging of blood vessels down to the capillary
level. However, the axial resolution of conventional OR-PAM,
which is determined by the frequency bandwidth of the detect-
able ultrasonic signal from a targeted depth in tissue and the
speed of sound (SOS), is typically one order of magnitude
worse than its lateral resolution.® Increasing the frequency band-
width of the ultrasonic transducer (UT) can improve the axial
resolution in conventional OR-PAM, at the expense of
tissue attenuation of high-frequency photoacoustic (PA)
signals.”!? Reducing the SOS can also improve the axial reso-
lution but often necessitates disturbing the original biological
environment.!" In addition, a multiview OR-PAM, which
images the sample from multiple view angles and then recon-
structs the image with a multiview deconvolution method,
has been proposed to realize three-dimensional (3-D) optical
resolution.'> However, it was demonstrated only in (semi-)trans-
parent samples, such as zebra fish.

Micron and submicron axial resolutions have been achieved
in OR-PAM by exploiting several nonlinear effects, such as tran-
sient absorption,'? photobleaching,'* and Grueneisen relaxation
(GR).' However, all of these nonlinear effects have been limited
to ex vivo imaging of red blood cells, and no in vivo imaging has
been demonstrated thus far, despite its importance in biomedical
studies.

*Address all correspondence to: Lihong V. Wang, E-mail: Inwang@wustl.edu
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the GR effect, an intensity-modulated continuous-wave (CW)
laser was used to heat absorbing objects. With its optical-sec-
tioning capability, GR-PAM demonstrated an axial resolution
of ~12.5 um, which is determined by the depth of focus of
the laser beam. This axial-resolution improvement was first
demonstrated by imaging a human hair phantom and then by
imaging bovine blood in a plastic tube. The blurring of the
hair and the tube along the axial direction in the PA images
were significantly diminished. We then applied GR-PAM to
image mouse brains in vivo and observed narrower axial profiles
of blood vessels. This in vivo demonstration of GR-PAM shows
its potential for label-free and high-resolution anatomical and
functional imaging of biological tissues.

2 Methods

GR-PAM relies on the nonlinear GR effect, which describes the
Grueneisen parameter change induced by heating absorbers
with light emitted from a pulsed laser or an intensity-modulated
CW laser.'>!® As the temperature rises, the Grueneisen param-
eter, which exhibits an approximate linear dependence on the
temperature, increases and results in a stronger PA signal.”
The original experimental process to obtain PA signals with
the GR effect was fully described in our previous study.'
Briefly, two identical laser pulses are delivered to absorbers
sequentially with a submicrosecond delay. The first laser
pulse generates a PA signal and simultaneously heats the
absorber. Within the thermal relaxation time of the first pulse
excitation out of the voxel, the second laser pulse excites the
heated absorber, which generates a stronger PA signal than
the first, based on the GR effect.

For the first laser pulse, with an optical fluence of F(x,y),
the generated initial pressure rise p;(x,y) can be expressed as
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p1(x,y) = Lonmpta (X, y)F1(x,y), 1)

where Iy is the Grueneisen parameter at the initial temperature
and depends on the local temperature of the absorber, 7, is the
heat conversion efficiency, and y,(x, y) is the optical absorption
coefficient. Within the thermal relaxation time of the heating
from the first laser pulse, the second laser pulse, with an optical
fluence of F,(x,y), generates another initial pressure rise

pa(x,y):

pa(x,y) = [[o + Gnnpta (X, ) F1 (X, y) [napta (X, y) Fa (%, y),
)

where G is a coefficient that relates the change of the Grueneisen
parameter to the absorbed energy from the first laser pulse.
The GR-PAM signal Ap(x,y) is obtained by subtracting
pi(x,y) from p,(x,y). If two identical laser pulses [F,(x,y) =
F,(x,y) = F(x,y)] and a planar target with uniform yu,(x,y)
[uq(x,y) = p,] are considered, the GR-PAM signal Ap(x,y)
can be written as

Ap(x.y) = pa(x.y) = pi(x.y) = GniuaF(x.y)?, 3)

which shows a quadratic dependence on the optical fluence of
the laser pulse. This nonlinear relationship, analogous to
other nonlinear microscopies, such as two-photon fluorescent
microscopy'® and two-photon absorption-induced PAM,'**
can significantly improve the axial resolution of GR-PAM. In
this work, an intensity-modulated CW laser, instead of a nano-
second pulsed laser as in Ref. 13, was used for heating absorbers
because the CW laser is much less expensive.

3 Experimental Setup

Figure 1(a) shows a schematic of the GR-PAM system. Light
from a diode-pumped solid-state pulsed laser (532 nm, 10-ns
pulse duration, Innoslab BX2II-E, Edgewave) and a CW laser
(532 nm, MLL-III-532, Changchun New Industries) is com-
bined and focused by an objective lens with a numerical aper-
ture (NA) of 0.3. The light, with a focal spot diameter of
~1 pym, is then delivered to the sample. Light beams from
the two lasers are adjusted to be confocal for generating the
maximum nonlinear PA signals. The intensity of the light
from the pulsed laser is monitored with a photodiode
(SMOSPD1A, Thorlabs) to compensate for intensity fluctua-
tions. Figure 1(b) shows the time sequence of the pulsed

3-D translation stage

laser, CW laser, and PA signals. The pulsed laser generates
a 1-kHz-repetition-rate dual-pulse train. In each train, the
first pulse is triggered to generate a baseline PA signal before
the CW laser heating [PA1 in Fig. 1(b)]. The second pulse is
triggered at the end of the CW laser heating to create a stronger
PA signal induced by the GR effect [PA2 in Fig. 1(b)]. The time
interval between the two pulses is ~100 us. The CW laser,
which serves as the heating source, is intensity modulated
with a frequency of 1 kHz and has an illumination duration
of 30 us. Since the estimated thermal relaxation time for a
1-um diameter optical heating spot is much less than the 1-
ms period of the CW laser,”! the thermal heating generated
by the CW laser in each period can dissipate with negligible
influence on the next period. The generated PA signals are
detected by a focused UT (V324SU, Olympus) with a central
frequency of 25 MHz and then amplified by ~50 dB (ZFL-
500LN+, Minicircuits). The amplified signals are collected
by a data acquisition (DAQ) unit with a sampling rate of
500 MHz (ATS9350, AlazarTech). As shown in Fig. 1(a),
the UT is placed at the side of the sample, orthogonal to
the direction of light delivery. This orthogonal configuration
needs no complicated prism and lens for acoustic-optical
coaxial alignment.”?> To maximize PA signals, the acoustic
focus is adjusted to be confocal to the light focus. During im-
aging, both the laser light and the UT are kept static, and only
the sample is scanned in 3-D with a three-axis motor stage
(PLS-85, PI miCos). At each imaging position, the difference
between the peak-to-peak values of the two PA signals [PA1
and PA2 in Fig. 1(b)] is extracted as the GR-PAM signal for
image reconstruction. It should be pointed out that 3-D scan-
ning instead of 2-D scanning is needed for the GR-PAM to
acquire a 3-D image, because only the peak-to-peak value
of the time-resolved PA signal at each focal position is
extracted for image reconstruction. The 3-D image from con-
ventional OR-PAM is also acquired by 3-D scanning to avoid
optical defocusing, with the peak-to-peak value of the time-
resolved PA signal from the first laser pulse (PA1) used for
image reconstruction. In the rest of this paper, this method
is referred to as 3-D-scanning conventional OR-PAM.
Currently, the imaging speed of GR-PAM is limited by
the laser repetition rate of 1 kHz. For a volume of
200 x 200 x 100 pixels, the imaging time for GR-PAM is
2.2 h. The imaging speed can be greatly improved by using
a laser with higher repetition rate.
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Fig. 1 (a) Schematic of the experimental setup of the GR-PAM system. AMP, amplifier; C1 and C2,
condenser lenses; CW laser, continuous-wave laser; DAQ, data acquisition unit; IR, iris; M1, M2,
M3, and M4, mirrors; ND, neutral density filter; OL, objective lens; PC, computer; PD, photodiode;
PH, pinhole; UT, ultrasonic transducer; 3-D, three-dimension. (b) Diagram of the time sequence of

the pulsed laser, CW laser, and PA signals.
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Fig. 2 (a) Lateral profiles of a sharp metal edge measured by GR-PAM and 3-D-scanning conventional
optical-resolution microscopy (OR-PAM). The values of FWHM of the profiles from GR-PAM and 3-D-
scanning conventional OR-PAM are ~0.7 and 1.0 um, respectively. (b) Axial profiles of a thin layer of ink
acquired by GR-PAM and 3-D-scanning conventional OR-PAM. The FWHMs of the profiles from GR-
PAM and 3-D-scanning conventional OR-PAM are 12.5 and 80 um, respectively. ESFs, edge spread

functions; LSFs, line spread functions.

4 Results

As mentioned previously, the resolution improvement in GR-
PAM results from the quadratic dependence of PA signals on
the incident optical fluence. The lateral resolution was measured
by scanning across a sharp metal edge. Figure 2(a) shows the
edge spread functions (ESFs) of GR-PAM and 3-D-scanning
conventional OR-PAM. For 3-D-scanning conventional OR-
PAM, the ESF was calculated directly from the PA signal gen-
erated by the first excitation pulse without CW laser heating
[PA1 in Fig. 1(b)]. The line spread function (LSF) was then
obtained from the derivation of the ESE. The lateral resolution
was qualified by the full width at half maximum (FWHM) value
of the LSF [inset of Fig. 2(a)]. GR-PAM has a lateral resolution
of 0.7 ym, which is ~1.4 times better than the value of 1.0 ym
for 3-D-scanning conventional OR-PAM, and is close to the
theoretical improvement factor of v/2.'> The axial resolution
of GR-PAM was quantified by imaging a thin layer of black

[
0 Normalized PA amplitude

ink coated on a cover glass. From the LSFs, the measured
axial resolution of GR-PAM was ~12.5 ym, which is close
to the theoretical value of 10.6 ym estimated from the optical
depth of the focus (L,) given by L, = 1.8 1,/NA?, where 4,
is the laser wavelength and NA is the numerical aperture of
the objective.'> This value is ~6.4 times better than that mea-
sured by 3-D-scanning conventional OR-PAM (~80 ym), as
plotted in Fig. 2(b).

The optically defined axial resolution of GR-PAM was dem-
onstrated by imaging a human hair phantom. Figures 3(a) and
3(b) are images of the phantom captured by GR-PAM and 3-D-
scanning conventional OR-PAM, respectively. Two hairs of the
phantom were imaged, one along the y-axis and the other in the
x-z plane crossing atop the first one, as illustrated by the dashed
box in Fig. 3(e). The hair image from 3-D-scanning conven-
tional OR-PAM is severely blurred due to the inferior acousti-
cally determined axial resolution. Figures 3(c) and 3(d) show,
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Fig. 3 (a) 3-D volume-rendered PA images of a hair phantom from GR-PAM and (b) 3-D-scanning con-
ventional OR-PAM. FOV, field of view. (c) Schematic configuration of the hair phantom experiment. The
dashed box indicates the imaged area of the phantom. UT, ultrasonic transducer. (d) and (e) are MAP
images along the x-axis of the volume-rendered PA images in (a) and (b), respectively. (f) Profiles of the

hair along the dashed lines in (d) and (e).
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respectively, the maximum amplitude projection (MAP) images
along the x-axis of the volume-rendered PA images in Figs. 3(a)
and 3(b). The profiles of the hairs along the dashed lines in
Figs. 3(c) and 3(d) are plotted in Fig. 3(f). The diameter of
the hair measured by 3-D-scanning conventional OR-PAM
was ~140 ym. In contrast, the diameter of the same hair mea-
sured by GR-PAM was ~85 pym, which is much closer to the
value of 84 ym measured by an optical microscope. As a result,
the measured diameter of the hair structure along the z-axis is
significantly reduced in GR-PAM, owing to its optical-section-
ing capability.

To mimic blood vessels, we imaged bovine blood in a plastic
tube with an inner diameter of 100 ym. Figures 4(a) and 4(b)
show 3-D images of the tube acquired by GR-PAM and 3-D-
scanning conventional OR-PAM, respectively. The shadow of
the tube along the z-axis is reduced, similar to the situation
for the previous hair phantom. Figures 4(c) and 4(d) show B-
scan images of the tube in the x-z plane at the position y,,
as indicated in Figs. 4(a) and 4(b), respectively. By plotting
the profiles along the z-axis at the position denoted by the
dashed line in Figs. 4(c) and 4(d), the fitted diameter from
GR-PAM, as shown in Fig. 4(e), is ~107 ym. This value is
much closer to the actual value of ~100 um than the diameter
of ~160 um from 3-D-scanning conventional OR-PAM.

We then imaged the brain of a female ND4 Swiss Webster
mouse (Harlan Laboratory Inc., Indianapolis) in vivo. All
procedures for the animal experiment were carried out in

Normalized PA amplitude

accordance with the laboratory animal protocol approved by
the Animal Studies Committee at Washington University in
St. Louis. The mouse scalp was removed but the skull was
kept intact. During the experiment, the pulse energy from the
pulsed laser was 0.5 pJ, and the average power for the modu-
lated CW laser was 20 mW. For the modulated CW light with a
duration of 30 us, the energy delivered within each modulation
period was ~0.6 uJ. Below the skull with a thickness of
~150 um,? the combined optical fluence of the pulsed and
CW laser on the brain surface was ~16 mJ/cm?, which is within
the American National Standards Institute (ANSI) safety limit
(20 mJ/cm?). For this optical fluence, the maximum amplitude
of the PA signal with laser heating (PA2) was about 10% greater
than the PA signal (PA1) without heating at the same position,
which corresponds to a temperature increase of 3°C.'® Figures 5
(a) and 5(b) show the mouse brain images from GR-PAM and 3-
D-scanning conventional OR-PAM, respectively. Because GR-
PAM reconstructs the image from the difference of PA signals
generated with and without CW laser heating, the signal-to-
noise ratio of GR-PAM is nearly 4 times lower than that of
3-D-scanning conventional OR-PAM. Thus, the image con-
trast-to-noise ratio of GR-PAM is generally inferior to that of
3-D-scanning conventional OR-PAM, as shown in Fig. 5(b).
Figures 5(c) and 5(d), respectively, show the GR-PAM and
3-D-scanning conventional OR-PAM images obtained by aver-
aging five adjacent B-scan images at the location indicated by
the dashed lines. From the profiles along the dashed lines in

Normalized PA amplitude
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Fig. 4 (a) 3-D volume-rendered PA images of a blood-filled tube from GR-PAM and (b) 3-D-scanning
conventional OR-PAM. (c) and (d) are B-scan images at the position y,, as indicated by the dashed box
in the volume-rendered PA images in (a) and (b), respectively. (e) Profiles of the blood-filled tube along

the dashed lines in (c) and (d).
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Fig. 5 (a) In vivo mouse brain images acquired by GR-PAM (b) and 3-D-scanning conventional OR-
PAM. (c) B-scan images from GR-PAM and (d) 3-D-scanning conventional OR-PAM obtained by aver-
aging five adjacent B-scans at the location indicated by the dashed lines in (a) and (b), respectively. (e)
and (f) are the blood vessel profiles along the dashed lines in (c) and (d), respectively.

Figs. 5(c) and 5(d), the axial diameters of two blood vessels fit-
ted from GR-PAM are ~150 and ~74 ym, much smaller than
that measured by 3-D-scanning conventional OR-PAM (~266
and ~132 pym), as shown in Figs. 5(e) and 5(f). Currently,
the wavelength of the laser used is 532 nm, and the maximum
imaging depth for our GR-PAM is around 500 ym in our in vivo
experiments. For deeper imaging, a red or near-infrared laser
should be employed.?*

The acquisition time for a 3-D image with a volume of 200 X
200 x 100 pixels is ~2.2 h. Over this period, minute brain
motions, e.g., caused by cardiac pulsation, may degrade the
image quality. This motion influence can potentially be reduced
by using a laser with a high-repetition rate of 500 kHz,** which
would reduce the acquisition time for the same 3-D image
to 16 s.

5 Conclusion

We have demonstrated in vivo mouse brain imaging by GR-
PAM for the first time. With a 25-MHz central-frequency
UT, the measured axial resolution of GR-PAM in the phantom
experiments was ~12.5 um, sixfold better than that of 3-D-scan-
ning conventional OR-PAM. The in vivo demonstration of GR-
PAM shows the potential of this technique for label-free and
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high-resolution anatomical and functional imaging of biological
tissues.
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