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Dynamic physiological and pathological phenomena
involving the oxygen consumption of tissue may oc-
cur over a wide field of view (FOV) and at small
time scales. For example, vessel dilation and contrac-
tion, a process of physiological interest, occurs at a
frequency of 1.5 Hz in mice [1]. Processes of patho-
logic interest include the spreading of neural firing
and subsequent vascular coupling of oxygen con-
sumption during epileptiform activities or cortical
ischemia. Specifically, such spreading waves travel at
2-5 mm/min [2, 3] under cortical ischemia and 3.2-
6.8 mm/min during epileptiform activities [4, 5]. Re-
cently, optical-resolution photoacoustic microscopy
(OR-PAM) has proven to be capable of high-resolu-
tion, noninvasive, and label-free imaging of oxygen
metabolism in vivo over a wide FOV [6-10]. How-
ever, the monitoring of rapid hemodynamic pro-
cesses on the second-to-minute timescale has been
limited by the inability to simultaneously achieve a
high scanning speed and a wide FOV; therefore, im-
provements in scanning speed and FOV have re-
mained major research interests for OR-PAM.

Laser-scanning OR-PAM has demonstrated a
high scanning speed, but with a limited scanning
range of ~200 pm [11]. An unfocused ultrasonic
transducer can expand the scanning range to a few
millimeters, but at the expense of detection sensitiv-
ity and working distance. For a 500 pm scanning
range (equal to the transducer size), the reduction
was only 6 dB [12]. But larger scanning ranges will
require larger transducers which passively load the
amplifier input, further reducing voltage sensitivity
in proportion to the scanning range. Simultaneous
scanning of the optical-acoustic dual foci based on a
novel water-immersible microelectromechanical sys-
tem (MEMS) mirror has achieved rapid scanning
(4 frames/second) over an extended FOV (0.3 x
1 mm?). However, the fixed scanning path often re-
quires MEMS OR-PAM to raster-scan the entire ob-
ject, thereby limiting the overall scanning speed if
only a small arbitrarily shaped region is of interest
[13]. Furthermore, to the best of our knowledge, cur-
rent OR-PAM systems cannot overcome the reduced
signal-to-noise ratio (SNR) arising from the depth
variations of uneven features.

In this letter, we present three-dimensional arbi-
trary trajectory (3-DAT) OR-PAM to address the
aforementioned challenges. In 3-DAT OR-PAM,
the scanning path follows the selected vessels. Such
a technical innovation significantly improves the
scanning speed by excluding extraneous regions.

The system, based on second-generation OR-
PAM, has a 3-D scanning stage [14]. As shown in
(Figure 1(a, b)), the system consists of two solid-
state lasers (SPOT, Elforlight: 532 nm; INNOSLAB,
Edgewave: 559 nm) for spectroscopic imaging. The
combined laser beam first passes through an iris
(ID25SS, Thorlabs, 2 mm aperture), then a 50 pm-
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Figure 1 3-DAT-scanning photoacoustic microscopy. (a)
Schematic diagram of OR-PAM. ConL, condenser lens;
FC, fiber collimator; ND, neutral density; SMF, single-
mode fiber. (b) Schematic diagram of the 3D scanning stage
and method. A raster scan acquires a global map for offline
data processing. A vessel of interest is selected, then the
maximum amplitude of the PA signal along the vessel is
projected onto the x—y and x—z planes. The projected
curves are then each fitted with b-spline interpolation, re-
spectively, and assembled into a 3D map [x, y(x), z(x)]. The
3D map guides the 3D scanning stage to follow the vessel
of interest.

diameter pinhole (P50C, Thorlabs). The beam is fo-
cused by a condenser lens (LA1131, Thorlabs) be-
fore entering a single-mode fiber (LMA-10, NKT
Photonics). The output from the fiber is collimated
by a microscope objective (RMS4X, Thorlabs), re-
flected by a stationary mirror, and focused by an-
other identical objective. The generated photoacous-
tic wave is reflected by a layer of silicone oil sand-
wiched between two prisms. The wave is then de-
tected by an ultrasonic transducer (V214-BB-RM,
Olympus-NDT, 50 MHz center frequency, 35 MHz
nominal bandwidth). The optical-acoustic scanning
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head is fully motorized by two linear motor stages
(PLS-85, PI miCos) in the x—y plane and a linear
stage (VT-21 S, PI miCos) in the z-direction.

The 3-DAT scanning requires a 3-D adjustment
of both the optical and the acoustic foci at each posi-
tion. To determine the path of the foci, a coarse
scouting raster scan is first acquired as a global map.
Second, the vessels of interest are identified by in-
spection of the global map and manually segmented
in MATLAB (R2012b, MathWorks). Third, the seg-
mented mask is further thresholded via the Otsu
method [15, 16] to refine the shape of the selection
and is morphologically thinned to attain the approx-
imate 3-D coordinates of the vessel's centerline.
Fourth, the maximum amplitude of the photoacous-
tic signal along the centerline is then projected onto
the x-y and x—z planes, yielding two projections,
which are each fitted with b-spline interpolation to
predefine the 3-D trajectory of the focus. Finally,
the trajectory is exported from MATLAB into Lab-
View (National Instruments), and converted into
trigger pulses, which orchestrate the three-axis scan-
ning stages for real-time control of the focal posi-
tion.

To experimentally compare traditional raster
scanning and 3-DAT scanning in OR-PAM, we im-
aged an obliquely oriented human hair within a 3.5
x 2.0 mm? region. Figure 2(a) shows the maximum-
amplitude projection (MAP) of the hair acquired by
raster scanning. To obtain the 3-D trajectories of tar-
geted vessels, we first acquired a global map with a
large step size (50 pm), which took about 30 seconds.
Then, we traced the trajectory of the same hair and
shortened the data acquisition time by 18 times (Fig-
ure 2(b)). The axial position of the hair, z, from the
ultrasonic transducer is plotted as a function of dis-
tance along the hair in Figure 2(c). As expected, the
raster scanning lost focus as the hair moved outside

the optical depth of focus, while 3-DAT scanning
preserved the optimal focus, as demonstrated by the
nearly constant depth along the hair relative to the
focal plane of the ultrasonic transducer. Addition-
ally, the 3-DAT scanning preserved a nearly con-
stant SNR, with a maximum SNR improvement of
132% over that of the raster scanning (Figure 2(d)).
Here, SNR is calculated from each A-line and com-
pared between raster scanning and 3-DAT.

For in vivo OR-PAM, a 2.30 x 0.55 mm? region
on the ear of a living mouse was imaged by raster
and 3-DAT scanning at two wavelengths (532 nm
and 559 nm). The mouse was anesthetized with iso-
flurane (1.0-1.5% isoflurane, airflow rate of 1 1/min)
and body temperature of the animal was maintained
at a 37 °C heating pad. All experimental animal pro-
cedures were carried out in conformity with the la-
boratory animal protocol approved by the Animal
Studies Committee at Washington University in St.
Louis. Raster scanning acquired the structural and
sO, maps of the main vascular trunk within 103.9
seconds (Figure 3(a, b)). The trajectories of the ar-
tery-vein pair were computed as described above.
The artery was imaged first, and then the vein was
imaged. The 3-DAT scanning took only 17 seconds
to scan the selected vessels, 6 times faster than raster
scanning (Table 1). The blood flow speed (Figure 3(c))
was calculated by two adjacent B-scans using photo-
acoustic Doppler bandwidth broadening [17-21], and
the sO, map was computed from the dual-wave-
length measurement (Figure 3(d)). The vessel dia-
meter and blood flow flux were also calculated from
the 3-DAT scanning image (Figure 3(e, f)). While
the diameter and flux of the artery decreased slightly
after bifurcation, those of the vein decreased drama-
tically, which agrees with well-known physiology
[22]. For normal mice, while the diameter of a vessel
decreases with each bifurcation, the total cross sec-
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Figure 2 Imaging of a human hair. The maximum amplitude projection (MAP) of the PA signal along the z direction of (a)
the raster scan image and (b) the 3-DAT scan image. The out-of-focus hair image in (a), as indicated by the arrow, was
clearly resolved in the 3-DAT scanning image. (¢) Relative axial position of the hair from the focal plane of the ultrasonic
transducer versus lateral position of the raster scan (blue line) and the 3-DAT scan (red line). (d) SNR versus lateral posi-
tion.
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Tabelle 1 Comparison of raster scanning and 3-DAT  monitor physiological states in vivo (Figure 4(a)). In
scanning over a 2.3 x 0.55 mm? region in the ear of a this experiment, the mouse was breathing 8% oxygen
living mouse. gas for over 1 min. Then the physiological state was
B B switched from hypoxia to hyperoxia by altering the

Rasterscan  3-DATscan  3-DAT scan, inhalation gas from 8% O, gas mixture to 100% O,.

©) ©) Central line The 3-DAT scanning was completed in 0.39 seconds,

() which was 320 times faster than global raster scan-

sO, map 103.9 17.3 (6x)" 0.8 (134x)" ning. The sO, changes in the spatial and temporal do-
Flowmap ~ 103.9 173 (6x)" 1.6 (67x) mains were clear (Figure 4(b, c)). The spatial change
Diameter ~ 103.9 173 (6x)"  NA in sO, is related to oxygen transportation via the

blood flow. Thus, the blood flow speed can be calcu-
lated from the slope of the sO, contour map. From
only the functional sO, map, we were able to deter-
tional area of a vessel system increases. Therefore, mine the flow speeds in the artery and vein. First, the
according to the continuity equation, the blood flow contour lines of constant sO, across the sO, map were
speed decreases. In most situations, the sO, and flow determined in MATLAB. The step for two adjacent
speed at a vessel’s cross section can be approximated contour lines was 0.5%. Due to the limited motor
by the values at the center of the cross section. By  speed, the time delay (Af) between the start and end
following only the center lines of the vessels of inter- A-lines of one B-scan is 0.39 seconds. If the total
est, 3-DAT scanning acquired the sO, and flow maps number of A-lines in a given B-scan is N, the corre-
within 0.8 and 1.6 seconds, respectively, which were sponding time interval between two adjacent A-lines
134 times and 67 times shorter than those by raster was estimated to be At/N by linear interpolation. The
scanning, respectively (Table 1). B-scans of sO, formed (Figure 4(b, c)), where the

To further demonstrate the advantages of 3-DAT slopes of sO, contours encoded blood flow speeds.
OR-PAM, we imaged an artery-vein pair in a nude The slopes of the contour lines were then averaged to
mouse ear (Hsd:Athymic Nude-FoxnlNU, Harlan) to estimate the average speed of blood travelling in the

* Speed improvement over that by raster scanning.
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Figure 3 For in vivo measurement, a 2.3 x 0.55 mm? region in the ear of a living mouse was imaged by OR-PAM with raster
and 3-DAT scanning. Global raster scanning acquired (a) a structural image and (b) a sO, map of the main vascular trunk.
The artery-vein pair was selected as the region of interest to guide 3-DAT scanning, yielding (¢) the blood flow speed, (d)
the sO, map, (e) the diameter, and (f) the flow flux. The asterisks indicate the locations of bifurcations.
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Figure 4 sO, change in response to switching the physiological state from hypoxia (8% O, gas mixture inspiration) to hyper-
oxia (100% O,): (a) Globally raster scanned image. The arrows denote the blood flow directions. Monitoring the changes of
sO, in (b) the selected artery and (c¢) the selected vein using 3-DAT scanning. The 3-DAT scanning was 320 times faster than
the global raster scanning. The dashed lines indicate slopes of the contour lines.

vessels. The arterial and venous flow speeds were
2.26 = 0.22 mm/s and —-1.37 + 0.12 mm/s, respectively,
which agreed with measurements (artery: 1.85 =+
0.19 mm/s; vein: —1.20 + 0.15 mm/s) obtained using
photoacoustic Doppler bandwidth broadening [17, 18].
In summary, we have developed three-dimen-
sional arbitrary trajectory (3-DAT) optical-resolu-
tion photoacoustic microscopy (OR-PAM), which
enhances the scanning speed compared to traditional
raster scanning, and also dynamically focuses on an
uneven or user-selected region of interest. The max-
imum speed improvement, depending on the object’s
(vessel) geometry and size, can be estimated by
ta/ty = AyZ A, Zy, where t; is the scanning time for
raster scanning, ¢, is the scanning time for 3-DAT
scanning, A, is the area of the object of interest, A,
is the minimal rectangular region encompassing the
object, Z is the depth range occupied by the object,
and Z is the depth of optical focusing. Given a spe-
cial case, the improvement can be estimated by
ta/t, = (L*/8Rd + 1)(z/z0), where L is object’s
length, d is its diameter, R is its radius of curvature, z
is the depth range occupied by the object, and
Zo ~ 40 um is the depth of optical focusing. For a re-
presentative case of a 50 pm diameter, 5 mm long
vessel with 10 mm curvature in the x—y plane and oc-
cupying 1 mm in the z direction, the imaging time
can be up to 150 times faster than raster scanning.
We further demonstrated that blood flow speed can
be derived from time-variant sO, maps, a new ap-
proach that can potentially be used even beyond the
optical diffusion limit. 3-DAT scanning is a promising
tool for investigating rapid physiological processes in
vivo. In the future, we can further extend the frame
rate via a high speed motor such as a voice-coil mo-
tor [23] and/or a hybrid scanning method such as gal-
vo-motor scanning [24]. Either of them can further
improve the scanning speed by at least 5 times.
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