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Label-free photoacoustic ophthalmic angiography

Song Hu, Bin Rao, Konstantin Maslov, and Lihong V. Wang*

Department of Biomedical Engineering, Washington University in St. Louis, St. Louis, Missouri 63130, USA
*Corresponding author: Ihwang@biomed.wustl.edu

Received September 10, 2009; revised November 15, 2009; accepted November 16, 2009;

posted November 19, 2009 (Doc. ID 116816); published December 17, 2009
We present label-free functional photoacoustic imaging of the ocular microvasculature in living animals. The
anterior segment of an adult mouse was imaged with a laser exposure level well within the American Na-
tional Standards Institute safety standards. Individual red blood cells traveling along the iris capillaries
were clearly resolved, and the hemoglobin oxygen saturation in the iris microvasculature was imaged spec-
trally. We believe that photoacoustic imaging has the potential to advance the diagnosis and treatment of
ocular diseases in humans. © 2009 Optical Society of America

OCIS codes: 170.3880, 170.5120, 330.7327, 140.3360.

Visual impairment is highly prevalent worldwide.
Ten percent of the U.S. adult population has experi-
enced vision problems [1], many of which are mani-
fest in the ocular circulation [2]. Fluorescence angiog-
raphy is very successful in the diagnosis of ocular
vascular diseases and has been well accepted as the
gold standard for ocular circulation imaging. How-
ever, an inherent limitation of fluorescence angiogra-
phy is the required injection of contrast agents (fluo-
rescein or indocyanine green) that can cause pain
and complications such as emesis, anaphylactic reac-
tions, or even death [3]. Moreover, the angiographic
agents may fail to perfuse if there is a conspicuous
vascular leakage. Thus, the development of label-free
imaging techniques to avoid these problems is war-
ranted.

Our previous work on photoacoustic tomography,
an emerging hybrid technique capable of detecting
optical absorption ultrasonically, has demonstrated
its unique advantage of utilizing endogenous hemo-
globin contrast for subcutaneous and cortical vascu-
lar imaging in living animals as well as in humans
[4,5]. With recent advances in optical illumination
and ultrasonic detection mechanisms [6], we have
successfully extended the application of this tech-
nique to ophthalmology. Here, we report optical-
resolution photoacoustic microscopy (OR-PAM) for in
vivo label-free functional imaging of the ocular micro-
circulation.

To achieve spectroscopic measurements, our OR-
PAM system (Fig. 1) employs a wavelength-tunable
laser system consisting of a Nd:YLF pump laser
(INNOSLAB, Edgewave) and a dye laser (CBR-D,
Sirah). The laser beam is attenuated by a neutral
density filter (NDC-100C-2, Thorlabs) before being
spatially filtered through a 25 um pinhole (P25C,
Thorlabs) and then is focused by a microscope objec-
tive (RMS4X, Thorlabs) to achieve micrometer lateral
resolution. An optical beam splitter, in combination
with a photodiode (SM05PD1A, Thorlabs), is inserted
between the pinhole and the microscope objective to
monitor the laser intensity fluctuation. A homemade
acoustic-optical beam splitter, consisting of two right-
angle prisms (NT32-545, Edmund Optics) and a
100-um-thick layer of silicone oil (1000c¢St, Clearco
Products), is placed under the objective lens to sepa-
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rate optical illumination and acoustic detection [6]. A
75 MHz ultrasonic transducer (V2022 BC, Olympus
NDT) is attached to the vertical side of the bottom
prism. An acoustic lens (with an NA of 0.46 and a ra-
dius of curvature of 5.2 mm) is attached to the bottom
of the splitter and immersed in the water tank to col-
lect photoacoustic signals. An imaging window in the
bottom of the water tank is sealed with an ultrasoni-
cally and optically transparent polyethylene mem-
brane. Typically, before imaging, an adult Swiss Web-
ster mouse (Hsd:ND4, Harlan Co., 25-30 g) was
anesthetized and transferred to a homemade stereo-
taxic imaging stage. Lubricating drops (Butler AHS)
were gently administered to both eyes, and then ul-
trasonic gel was evenly applied between the imaging
window and the eye for ultrasound coupling and eye
hydration. The water tank had a low-pressure con-
tact with the cornea to avoid possible disturbances to
the intrinsic ocular circulation. Anesthesia was main-
tained throughout the experiments by an isoflurane
machine (1.0%-1.5% vaporized isoflurane with an
airflow rate of 1 I/min). The body temperature of the
animal was maintained at 37°C with a temperature
controlled heating pad. At the end of the experi-
ments, the animals were euthanized by an intraperi-
toneal administration of pentobarbital at a dosage of
100 mg/kg.
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Fig. 1. (Color online) Schematic of the photoacoustic oph-
thalmic angiography system. The inset photograph shows
the animal positioning: A, wavelength; AO, acoustic-optical;
ND, neutral density.
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Compared with conventional fluorescence angiog-
raphy, the OR-PAM has multiple advantages. First,
hemoglobin absorption provides endogenous and
functional imaging contrast. In the OR-PAM, a
nanosecond-pulsed laser beam is absorbed by hemo-
globin molecules circulating in the ocular microvas-
culature. The resulting transient thermoelastic ex-
pansion induces wideband ultrasonic waves, which
are detected by a high-frequency ultrasonic trans-
ducer to form a projection or a volumetric angiogram
[Fig. 2(a) and Media 1]. Since hemoglobin is the pre-
dominant light absorber in the intrinsic microcircula-
tion, blood vessels detected by the OR-PAM must con-
tain red blood cells (RBCs), the carrier of hemoglobin.
This characteristic guarantees that the OR-PAM im-
ages only RBC-perfused capillaries, the functional
subset of capillaries responsible for supplying oxygen
to the eye.

A second advantage is that the tight optical focus-
ing and the high nonradiative quantum yield of he-
moglobin enable single-RBC resolution and sensitiv-
ity. The 5 um resolution in our current design
matches the average size of single RBCs. Moreover,
hemoglobin is a nonfluorescent molecule, and thus al-
most all the absorbed photon energy is converted to
heating, which elicits photoacoustic emission. OR-
PAM’s micrometer spatial resolution enables visual-
izing individual RBCs traveling along iris capillaries
[Fig. 2(b)]l. The Gaussian fit of the cross-sectional
photoacoustic signal profile [Fig. 2(c)] of a chosen par-
ticle observed by OR-PAM |[crossed by the dashed
curve in Fig. 2(b)] has an FWHM of ~6 um. The size
and the high contrast-to-noise ratio (~20 dB) suggest
that these particles [the arrows in Fig. 2(b)] are
single-RBC disks imaged sideways. The high detec-
tion sensitivity also permits the use of a laser expo-
sure level well within the American National Stan-
dards Institute (ANSI) safety standards (expanded
upon later).
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Fig. 2. (Color online) Label-free photoacoustic ophthalmic
angiography of the iris microvasculature of a living adult
Swiss Webster mouse. (a) Maximum amplitude projection
image acquired at 570 nm (volumetric visualization is
available online as Media 1). (b) Close-up of the boxed area
in (a). The arrows indicate individual RBCs in iris capillar-
ies. (c¢) Profile of RBC crossed by the dashed curve in (b).
LIC, lesser iris circle; PA, photoacoustic signal.

Third, endogenous contrast combined with a low-
level exposure enables repetitive imaging or chronic
monitoring, which is highly desirable for the treat-
ment evaluation and drug development. As a simple
demonstration, we re-imaged the same region of in-
terest shown in Fig. 2(a). With the focal plane low-
ered toward the posterior segment, the peripheral
vascular structures—the ciliary process, the recur-
rent choroidal branch, and the major iris circle,
which bifurcates into multiple radial iris arteries
(RIAs)—are better visualized in Fig. 3, although the
lesser iris circles are slightly blurred. Compared with
Fig. 2(a), Fig. 3 shows essentially no change in the
general microvascular morphology.

As a fourth advantage, spectroscopic measure-
ments offer functional characterization of blood oxy-
genation. Capitalizing on the distinct difference in
the absorption spectra of oxyhemoglobin (HbO5) and
deoxyhemoglobin (HbR), we used two excitation
wavelengths (570 and 578 nm) to estimate the con-
centrations of HbO, and HbR, thereby mapping the
hemoglobin oxygenation saturation (sO,) on a single-
vessel basis (dashed box in Fig. 3). Blood oxygenation
levels are pseudocolored from blue to red in an as-
cending order. From the sO, mapping, we can clearly
identify the RIAs, and we can also observe the tran-
sition in blood oxygenation from arteries to veins.

For potential clinical applications, the maximum
permissible exposure (MPE) that the OR-PAM can
apply is subject to the ANSI safety standards for the
eye [7]. Since the pulse repetition frequency (PRF) of
our OR-PAM laser is less than the critical frequency
(55 kHz for wavelengths between 0.4 and 1.05 um),
three ANSI rules need to be tested. The experimental
parameters used for the following calculation are
listed in Table 1.
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Fig. 3. (Color online) Label-free photoacoustic ophthalmic
angiography of hemoglobin oxygen saturation (sOs) in the
iris microvasculature of a living adult Swiss Webster
mouse. The imaged region is the same as that shown in
Fig. 2(a) but with a focal plane closer to the posterior seg-
ment to better visualize the peripheral vascular structures.
A dual-wavelength (570 and 578 nm) sO, measurement
was performed on the boxed region of interest. A vessel-by-
vessel sO, mapping was generated and overlaid on the
maximum amplitude projection image acquired at 570 nm.
CP, ciliary process; MIC, major iris circle; RCB, recurrent
choroidal branch; RIA, radial iris artery.


http://ol.osa.org/viewmedia.cfm?uri=ol-35-1-1&seq=1
http://ol.osa.org/viewmedia.cfm?uri=ol-35-1-1&seq=1

January 1, 2010 / Vol. 35, No. 1 / OPTICS LETTERS 3

Table 1. Experimental Parameters”

A PRF t TB.scan Tnax a
(nm) (Hz) (s) (s) (s) (mrad)
570 and 578° 600° 7%1079 2.7 7200¢ 2007

“\, wavelength; PRF, pulse repetition frequency; ¢, duration of a single pulse; T ¢can, €xposure duration of each B-scan;

T ax, duration of a complete exposure; «, angular subtense.

Because 570 and 578 nm are close to each other and show minimal differences in terms of the safety limits, we use 570

nm throughout the calculation.

‘In the experiments shown in Figs. 2(a) and 3, the imaged region of interest is 4 mm X 4 mm, with a scanning step size
of 2.5 pum. Unidirectional cross-sectional scanning (B-scan) is utilized to avoid the effect due to the backlash of the me-
chanical scanner. Each forward B-scan takes ~2.7 s, and the scanner reposition takes another ~1.8 s. The total image
acquisition time is ~2 h (7200 s), which is limited by the mechanical scanning speed.

4The angular subtense is estimated by the NA of the microscope objective, which is 0.1 in our current system.

Rule 1. Single pulse limit. The MPE for a
single laser pulse is MPEgp=5.0C5Xx10"7=1.33
X 1074 [J/em?], where Cg=a?/(yaxtimin) =267 is the
extended source correction factor. Here, ap .
=100 mrad is the apparent angle subtended by a
source above which the thermal hazard is propor-
tional to the radiance of the source, and ap;,
=1.5 mrad is the apparent angle subtended by a
source above which extended source MPEs apply.

Rule 2. Average power limit. First, consider one
cross-sectional scan (B-scan). During each B-scan,
the OR-PAM laser sends a pulse train containing
1600 pulses with a PRF of 600 Hz. Since the B-scan
exposure time (~2.7 s) is longer than 0.7 s and the
wavelength is between 400 and 600 nm, dual limits
due to both photochemical and thermal effects apply
here. For photochemical effects, the MPE for the
B-scan pulse train is MPEg . ..,(photochemical)
=100Cg X (7/4)a?x1076=790 [J/cm?], where Cp
=100-020-4500 = 951 is the wavelength correction factor
and =200 mrad is the angular subtense. For ther-
mal effects, the MPE for the B-scan pulse train is
MPEjp ;can(thermal) = 1.8C5T%™ X 1073 = 1.01 [J/
cm?], where T can=2.7 s is the exposure duration of
each B-scan as listed in Table 1. Thus, the MPE/pulse
for the B-scan pulse train is MPEg_...,(thermal)/
NB-scan=6.3 X 107 [J/cm?], where np ..., =1600 is the
number of pulses in each B-scan. Second, consider
the total 2 h laser exposure. For photochemical ef-
fects, the MPE for the total exposure duration is the
same as that for each B-scan, which is 790 [J/cm?].
For thermal effects, the MPE for the total ex-
posure duration is MPEq,(thermal)=1.8C5T5%%*
X 10737 1 0x=1093 [J/cm?], where T5=100 s is the ex-
posure duration beyond which the thermal MPE for
an extended source is constant in terms of irradiance
and T',.,x=7200 s is the duration of a complete expo-
sure. Thus, the MPE/pulse for the total 2 h laser
exposure is  MPEq(photochemical)/nry,1=3.1
X 1074 [J/em?], where npy=2.56 X 108 is the number
of pulses in the total 2 h exposure.

Rule 3. Repetitive pulse limit. The MPE is

MPEgp=n12?MPEgp=3.3X 1076 [J/cm?]. Rule 3 is
the most conservative of the three. Therefore, the
overall MPE for each pulse is 3.3 X 107 J/cm?. If the
pupil diameter D is 7 mm [7], the maximum permis-
sible single laser pulse energy in our OR-PAM system
is MPEgp X mX (D/2)?=1.3 [ud], which is ~30 times
greater than our experimentally used laser pulse en-
ergy of ~40 nd.

Thus, we conclude that the OR-PAM eliminates the
need for injected contrast agents, offers significant
promise for the diagnosis and monitoring of ocular
diseases, and poses essentially no radiation hazards.
For clinical applicability, the next step is to improve
the imaging speed of the system through methods
such as optical scanning [8].
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