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1 Introduction

Abstract. The optoacoustic technique is a noninvasive imaging
method with high spatial resolution. It potentially can be used to
monitor anatomical and physiological changes. Photodynamic
therapy (PDT)-induced vascular damage is one of the important
mechanisms of tumor destruction, and real-time monitoring of vascu-
lar changes can have therapeutic signicance. A unique optoacoustic
system is developed for neovascular imaging during tumor photo-
therapy. In this system, a single-pulse laser beam is used as the light
source for both PDT and for concurrently generating ultrasound sig-
nals for optoacoustic imaging. To demonstrate its feasibility, this sys-
tem is used to observe vascular changes during PDT treatment of
chicken chorioallantoic membrane (CAM) tumors. The photosensi-
tizer used in this study is protoporphyrin IX (PplX) and the laser wave-
length is 532 nm. Neovascularization in tumor angiogenesis is visu-
alized by a series of optoacoustic images at different stages of tumor
growth. Damage of the vascular structures by PDT is imaged before,
during, and after treatment. Rapid, real-time determination of the size
of targeted tumor blood vessels is achieved, using the time difference
of positive and negative ultrasound peaks during the PDT treatment.
The vascular effects of different PDT doses are also studied. The ex-
perimental results show that a pulsed laser can be conveniently used
to hybridize PDT treatment and optoacoustic imaging and that this
integrated system is capable of quantitatively monitoring the structural
change of blood vessels during PDT. This method could be potentially
used to guide PDT and other phototherapies using vascular changes
during treatment to optimize treatment protocols, by choosing appro-

priate types and doses of photosensitizers and doses of light. © 2007
Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.2437752]
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age blood vessels in the tumor, thereby preventing the cancer
from receiving necessary nutrients.*” Thus, in vascular acting

Photodynamic therapy (PDT) can be used as a stand-alone
modality or in combination with chemotherapy, surgery, ra-
diation therapy, or other new methods, such as antiangiogenic
therapy.'™ In PDT, a photosensitizing drug is usually admin-
istered systemically, and over time it becomes preferentially
retained in tumor tissue. When the ratio of photosensitizer
accumulation in cancerous tissue versus surrounding normal
tissue is optimal, the tumor is exposed to an appropriate light
dose, at a selected wavelength coinciding with the absorption
peak of the photosensitizer. Photoexcitation of sensitizer mol-
ecules, followed by energy transfer to molecular oxygen,
leads to the generation of short-lived reactive oxygen species
(ROS) that causes oxidative damage to intracellular target
molecules.'” Experimental results suggest that PDT can dam-
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PDT, the vascular damage pathway is widely considered to be
a prominent mechanism for tumor destruction."*

Currently there are several in vivo techniques for assessing
changes in tumor vasculature, but they all have different limi-
tations. Positron emission tomography (PET) scanning often
involves contrast agents.6 Methods based on magnetic reso-
nance imaging (MRI) can provide spatial maps of vessels, but
are limited in temporal and spatial resolutions.” Optical Dop-
pler tomography (ODT) is able to determine® both vessel size
and intraluminal blood flow during PDT. However, ODT suf-
fers from strong light scattering in dermal and subdermal tis-
sues, hence resulting in limited tissue penetration depth and
low resolution.

Due to technical limitations of available modalities, tran-
sient vascular changes are difficult to observe so that the
mechanism(s) underlying vascular effects have not been com-
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pletely understood. Therefore, a noninvasive, simple method
providing both high-resolution and high-contrast images
would be beneficial in investigations of vascular effect in-
duced by PDT.

Optoacoustic imaging combines advantages of both ultra-
sound imaging and optical imaging, to provide high-
ultrasonic-resolution and high-optical-contrast tissue images.
Recently, optoacoustic imaging has become a popular re-
search subject and has been suggested as a new technique for
noninvasive imaging of blood vessels and tumors.”'?

The optoacoustic technique is based on the generation of
acoustic waves when pulsed light is absorbed by tissue chro-
mophores such as haemoglobin in blood. The induced tem-
perature rise generates a thermoelastic pressure transient.' ™
The amplitude of the generated ultrasound is dependent on the
amount of absorbed light, determined by the local energy flu-
ence and the optical absorption coefficient of the target tissue.
Measurement of this pressure transient using piezoelectric
sensors is the commonly used method in optoacoustic imag-
ing. The resulting image of the absorber distribution can be
used for the quantification of blood vessel size or the vessel
density.

The chicken chorioallantoic membrane (CAM) tumor
model is an ideal system for in vivo studies of PDT-induced
vascular damage and for the assessment of angiogenic
activity.'"*'> The CAM has a well-vascularized chorioallantoic
membrane of fertilized chicken eggs and presents an attractive
in vivo model. The CAM system has been used to study both
the growth and neovascularization of a variety of implanted
tumor nodules or tumor cell suspensions.””17

We developed a unique optoacoustic imaging system to
monitor the vascular damage during PDT treatment using the
CAM tumor model. In this system, a single pulsed laser
serves two purposes concurrently: a light source for PDT ir-
radiation and a light source for ultrasound generation. We
obtained optoacoustic images of CAM vasculature and quan-
titatively determined target blood vessel size during PDT
treatment. We also investigated the relationship between the
vessel damage and PDT dose.

2 Materials and Methods
2.1 CAM Preparation

In our experiments, fertilized eggs were purchased from
Guangdong Academy of Agriculture Science (Guangzhou,
China). The eggs were placed in a hatching incubator at
37 °C and 60% humidity. On day 3, while incubation being
continued in a static incubator, a 1.5 X 2 cm window was cut
into the shell, exposing the CAM.

2.2 Implantation of Tumor Cells in CAM

C8161, a highly invasive and spontaneously metastatic human
melanoma cell line, was obtained from the Medical School of
Jinan University (Guangzhou, China). Cells were maintained
in a 1:1 mixture of Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum (Invitrogen, New
Zealand) and 1-ug/ml puromycin (Gibco BRL). The cells
were cultured at 37 °C in humidified air with 5% CO,. At a
density of 70% confluence, cells were removed from the in-
cubator and left at room temperature for approximately
20 min. The resultant cell clusters (consisting of approxi-
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mately 10 cells) were transferred to a Petri dish and grown to
tumor spheroids of approximately 1.0 mm diameter. Prior to
placement on the CAM, each spheroid was embedded in col-
lagen gel (collagen concentration 2 mg/ml). The collagen
disk was typically 3 mm in diameter and 2 mm thick. On day
3 of the egg’s incubation, the spheroid/collagen gel was
placed on the CAM in close proximity (=1 mm) to a capil-
lary bed.

2.3 Photosensitizer

The photosensitizer used in this study was protoporphyrin IX
(PpIX), purchased from Aldrich Chem. Co. (St. Louis, Mis-
souri). For the photosensitization reaction, photosensitizer
photoporphyrin IX disodium salt (PpIX) was prepared accord-
ing to the manufacturer’s directions to a concentration of
200 uM. The stock solution was stored in the dark at 4 °C
until needed. PpIX solutions were diluted in phosphate-
buffered saline (PBS) to concentrations of 20, 30, and
40 umol/L, respectively. Solutions of PpIX were freshly pre-
pared and protected from light before use. A sensitizer of the
desired dose was topically applied on the CAM at day 11 of
incubation.

The doses for the experiments were selected based on the
experimental trials so as to avoid too high a dose for damage
of surrounding tissue and to avoid too low a dose for insuffi-
cient PDT effect on the blood vessels.

2.4 Integrated PDT Treatment and Optoacoustic
Imaging System

The experimental system for optoacoustic imaging and pho-
todynamic therapy is shown in Fig. 1. A Q-switched
Nd: YAG laser (LOTIS TII Ltd, Minsk, Belarus) was used to
provide 532-nm laser pulses with a full width half maximum
(FWHM) value of 6.5 ns, with a repetition rate of 10 Hz. The
laser beam was expanded and homogenized to provide an
incident energy density of <10 mJ/cm? on the surface of the
CAM. It was used for therapeutic irradiation of tumor and
simultaneously for generating optoacoustic signal during
PDT. The hydrophone (Precision Acoustics Ltd., Dorchest,
United Kingdom) for recording the optoacoustic signals has a
diameter of 1 mm and a sensitivity of 850 nV/Pa. The trans-
ducer, driven by a computer-controlled step motor to scan
around the chicken embryo, detected the optoacoustic signals
in the imaging plane at each scanning position. A pulse am-
plifier received the signals from the transducer and transmit-
ted the amplified signals to a digital oscilloscope. One set of
data at 200 different positions was taken when the receiver
moves over 360 deg. After 200 series of data were recorded,
the optoacoustic image was reconstructed with the filtered
back projection algorithm.”

The hydrophone was also placed in one steady position to
provide fast measurement (0.625 Hz) of diameters of targeted
blood vessels during PDT treatment.

2.5 Principle of Optoacoustic Imaging

Optoacoustic imaging is able to accurately localize the mi-
crovascular system because of the large optical absorption
differences between blood and dermis.'* The optical absorp-
tion A(r), within the sample at a given position r is’
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Fig. 1 Experimental setup of the optoacoustic imaging and PDT system. The 532-nm Nd:YAG pulsed laser is used as the source for treating tumors
as well as for generating optoacoustic signals. The laser beam is expanded and homogenized by the concave lens and the ground glass. The
hydrophone, driven by a computer-controlled step motor to scan around the chicken embryo, captures the optoacoustic signal during PDT.
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where Cp is the specific heat of the tissue, v, is the acoustic
speed, 3 is the thermal coefficient of volume expansion, ry is
the detector position with respect to the imaging center, and
p(rg,t) is the optoacoustic signals detected at each scanning
angle 6. According to Eq. (1), the optoacoustic signals can be
reconstructed to monitor the neovascularization in tumor an-
giogenesis and the vascular damage induced by PDT.

The peak-to-peak time (7,,), the time difference between
the occurrences of the positive and negative peaks, of the
laser induced pressure transient was used to determine the
vessel diameter during PDT. The diameter ¢ of blood vessels
can be determined by the relationship'’

b=2cTy, (2)

where c is the speed of sound in blood.

2.6 Optoacoustic Tomography of Tumor
Neovascularization

During the experiments, the eggs were placed on a vertical
adjustable pad. Acoustic coupling between the tissue surface
and optoacoustic sensor was obtained by using temperature-
controlled water in the tank. Optoacoustic scanning was per-
formed on days 7, 9, and 11 of the incubation. An area of
approximately 1.5X 1.5 cm around the tumor in the CAM
was defined by a marker in order to locate the same spot for
serial scanning. To prevent hypothermia the embryo was
placed on a pad covered by electric heating blanket and water
in the tank was maintained at 37 °C, as shown in Fig. 1. The
egg was covered by sufficient amounts of ultrasound gel
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(Sonogel, Germany) to provide an acoustic coupling medium
for the acoustic pressure waves before starting the optoacous-
tic scanning procedure..

2.7 PDT Treatment and CAM Vasculature In Vivo

Eleven days after incubation, the embryos were injected with
100 uL of freshly prepared PpIX solution, 30 wmol/L. The
beam diameter of the pulsed laser radiation at 532 nm was
25 mm to cover the entire tumor area. The CAM was exposed
to the laser irradiation with a dose of 4 mJ/cm? per pulse and
a pulse rate of 10 Hz for 30 min. Light doses were measured
with a calibrated photometer (IL1700 Radiometer; Interna-
tional Light, Newburyport, Massachusetts). The interval be-
tween the photosensitizer injection and the laser irradiation
was 2.5 h. After irradiation, the egg was covered with black-
ened Parafilm (Aldrich, Buchs, Switzerland) and returned to
the incubator. To study the effects of PDT on blood vessels,
two types of blood vessels (diameters 70 um=5 wm and
140 um=5 wm) on the CAMs were monitored. Different
PpIX doses, 100 uL. with concentrations of 20, 30, and
40 umol/L were used. Two different light doses, 2 and
4 mJ/cm? per pulse, were also used.

2.8 Statistics

A custom software utility was written and incorporated into
the computer software package MATLAB (MathWorks, Massa-
chusetts, USA) to analyze and display recorded data. This
software enables the reconstruction of the optoacoustic im-
ages and the determination of the blood vessel diameter.

At least five CAMs were used for each light and drug dose
and the resulting damage was averaged. Data were repre-
sented as mean = standard error of measurement (SEM).
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Fig. 2 Measured artificial blood vessel diameters. (a) A linear relation-
ship between the peak-to-peak times of the pressure transients gener-
ated by the laser beam and the sizes of the artificial blood vessels
determined by Eq. (2), averaged over five measurements, and (b) lin-
ear relationship between microscope-determined vessel size and
optoacoustic-system-determined vessel size.

3 Results
3.1 Calibration of the Detection System

Artificial blood vessels made of silicon rubber tubes with
various diameters, filled with flowing chicken blood (antico-
agulated with lithium heparin), were immersed in a 10% In-
tralipid 10% dilution. The phantom containing the vessel and
the Intralipid was immersed in the water. The transducer was
also immersed in the water with a perpendicular distance of
55 mm from the vessel. The vessel was illuminated by the
laser system as described in the Sec. 2. The resulting peak-to-
peak times, plotted as a function of vessel diameters are given
in Fig. 2(a). The relation between vessel diameter and peak-
to-peak time was determined using Equation (2).

The actual diameters of the artificial vessels, measured
with a calibrated microscope, ranged from 047 to
1.14+0.01 mm. The vessel sizes were also measured by the
optoacoustic system. The results by the two methods agree
well, as shown in Figure 2(b).
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Fig. 3 Optoacoustic tomography of tumor neovascularization on (a)
day 7, (b) day 9, and (c) day 11 of the incubation. The series of
images reveal significant size increase of the vessels on the tumor over
time.

3.2 Optoacoustic Tomography of Tumor
Neovascularization

As shown in Fig. 3, the series of images reveal significant
increase of the vessel size on the tumor during the incubation
period between day 7 and day 11. On day 7, several blood
vessels were seen in the optoacoustic image, suggesting a
tumor mass surrounded by developing vessels [Fig. 3(a)]. On
day 9, the vessel density has noticeably increased and some
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vessels have increased in size [Fig. 3(b)]. The vessel diam-
eters further increased on day 11, as shown in Fig. 3(c).

3.3 Observation of Vascular Damage by PDT

On day 11 of the incubation, the sensitizer was topically ap-
plied on the chick CAM. The hydrophone was controlled to
scan around the CAM to obtain the optoacoustic image. The
scanning was performed before, during, and after treatment by
light-only irradiation and by PDT with a light dose of
4mJ/cm? per pulse and a pulse rate of 10 Hz. During the
30-min light irradiation, three complete scans were performed
at 10, 20, and 30 min. The CAM vasculature treated by light
only is shown in Fig. 4(a); there is no vessel damage during
and after the light treatment. Significant vessel damage is ob-
served during and after PDT treatment, as shown in Fig. 4(b).
The absence of small vessels in the irradiated field after PDT
suggests that they have been completely destroyed.

3.4 Measurement of Target Vessel Size During PDT

The transducer was placed in one steady position perpendicu-
lar to one of the target vessels on CAM and the optoacoustic
signals were measured and recorded in a time interval of 1.6 s
(0.625 Hz). Figure 5(a) shows some typical optoacoustic sig-
nals from a target vessel at 0, 5, 10, 15, and 20 min during
PDT treatment. These signals were used to determine the ves-
sel size. Figure 5(b) shows the size change of the target vessel
during the 30-min PDT treatment. The vessel experienced an
initial venodilation during the first 2 min of the PDT treat-
ment. Then the vessel diameter decreased monotonically. Re-
sults in Fig. 5(b) show a 41.3% decrease in vessel diameter
(from 140 to 57.8 wm) during the 30-min PDT treatment.

3.5 Vascular Damage by PDT of Different
Doses

Two groups of blood vessels (70 um=5pum and
140 pm =5 wm) were monitored during PDT treatment with
different light doses and PpIX doses as described in Sec. 2. To
demonstrate the vessel damage in relation to PDT dose, the
optoacoustic signals were recorded in the midpoint of PDT
treatment. The results from five CAMs are given in Fig. 6.
The results clearly show the dependence of vessel damage on
the PDT dose. The PDT apparently had more impact on
the smaller vessels [Fig. 6(a)]. At the highest PDT dose
(40 umol/L and 4 mJ/cm?) used in our experiments, the
70-um vessel was completed destroyed, as shown in Fig.

6(a).

4 Discussion

A unique optoacoustic system has been developed for real-
time vascular imaging. In this study, this system was used to
determine vascular changes during PDT treatment to demon-
strate its feasibility. The salient feature of this system is the
use of a single pulsed laser as both the therapeutic and the
detection light source. This can significantly simplify the
imaging-treatment combination system. This unique method
utilized the tissue optical absorption differences and the
acoustic signal changes to determine the size of the blood
vessels during the therapeutic intervention.

The results of the system calibration, as shown in Fig. 2,
show the accuracy and the reliability of the system. These
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Fig. 4 Optoacoustic images of vascular structures before, during, and
after PDT. (A) Light-only control. The eggs were treated by the light
only with a dose of 4 m)/cm? per pulse and a pulse rate of 10, without
application of photosensitizer. The images were taken at (a) 0, (b) 10,
(c) 20, and (d) 30 min during light irradiation and (e) after irradiation.
(B) PDT treatment [with the application of photosensitizer and the
same light dose as in (A)]. The time sequence is the same as in (A).
The vessel damage is clearly seen during the PDT treatment in B (b) to
(e), while no damage is observed during light-only treatment in A (b)
to (e). The arrows point to a small vessel in the irradiated field and the
arrowheads point to a large vessel.

results demonstrated that the vessel diameter could be pre-
cisely determined by the speed of sound in blood and the
peak-to-peak time of pressure transient induced by laser light.
The feasibility of the system was further demonstrated by the
images of the vascular structures in vivo, as shown in Fig. 3.
These images of the blood vessel growth in the tumor region
show that the imaging system can non-invasively and accu-
rately monitor the tumor neovascularization.
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Fig. 5 Real-time determination of the target vessel size of 140 um
diameter using optoacoustic technique during PDT: (a) typical optoa-
coustic signals from the target vessel at different times and (b) the
change of target vessel size during PDT treatment. The concentration
of PpIX is 30 umol/L, and the light dose is 4 m)/cm? per pulse.

We obtained high-ultrasonic-resolution and high-optical-
contrast tissue images during PDT, to further demonstrate the
system’s ability in directly observing vascular damages. Fig-
ure 4 shows the vascular effects due to the treatment by light
only and by PDT before, during, and after the 30-min irradia-
tion. The vascular structure remained intact under the treat-
ment of light [Fig. 4(a)], while the combination of photosen-
sitizer and light irradiation resulted in significant blood vessel
damages [Fig. 4(b)]. Our findings indicate that the vessel di-
ameter decrease monotonically in the therapeutic process, in
agreement with previous studies.'®"

In our experiment, the optoacoustic signals were measured
by a transducer. Several positive and negative peaks could be
recorded at one time. One of the positive and negative acous-
tic peaks induced by a vessel was sorted out as a target signals
to analyze the change of the vessel diameter. The size of the
blood vessel determined using the optoacoustic signals de-
creased during PDT, as shown in Fig. 5(a). It is apparent that
the decrease of the optoacoustic amplitude is related to the
decrease of blood perfusion during PDT. This decrease corre-
sponds well with the change of the vessel size [Fig. 5(b)].
Rapid and substantial reductions in tissue oxygenation can
also occur during illumination by direct utilization of oxygen
during the photochemical generation of reactive oxygen spe-
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Fig. 6 Vascular damage by PDT of different doses. The concentrations
of PpIX are 20, 30, and 40 wmol/L; the light doses are 2 and
4 m)/cm? per pulse. (a) The size change in target vessels of
70 um=5 um diameter and (b) the size change in target vessels of
140 um=5 um diameter. Bars, + SEM.

cies. Studies have shown that the amplitude of optoacoustic
signal may be related to total hemoglobin concentration in
blood vessel. Histologic and microscopic observations in vari-
ous animal models have shown that PDT leads to destructive
vascular effects such as thrombosis, thromboxane release by
activated platelets, endothelial cell membrane damage, or vas-
cular leakage and constriction. One important aim of PDT is
to cause destruction of the microvasculature in and around the
tumors. 20!

With the aid of the peak-to-peak time of the laser-induced
pressure transient, the axial vessel diameter can be determined
without the need of mechanically scanning. This provides a
more accurate method to assess the PDT-induced damage to
blood vessels than by the damage scales in traditional
methods.*

We observed the vascular effects of PDT of different doses
on blood vessels of different sizes. Figure 6(a) shows the size
change of a target vessel of 75 um diameter under the treat-
ment with three different doses of PpIX. As expected, the
damage to the vessels strongly depends on the PDT dose; at
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the 40 wmol/L PpIX dose, the vessel was completely de-
stroyed. For a larger vessel (140 um diameter), the PDT ef-
fect is moderate, as shown in Fig. 6(b).

A comparison between irradiation by pulsed wave and by
continuous wave with the same average dose showed™** that
there was no statistically significant difference in the necrosis
of tumor induced by PDT. Studies with high peak pulse pow-
ers have demonstrated an increase in the PDT-affected tumor
response rate and an increase in the depth of necrosis, com-
pared to the continuous wave irradiation.”>** Previous studies
also indicated that pulsed laser light at high intensities could
cause a transient change in the absorption of the sensitizer by
exciting large fractions of the molecules to the excited states
within the time of the laser pulse. For sensitizers that have
lower extinction coefficients in the upper singlet and triplet
states than in the ground state, such population changes are
observed as a decrease in the light absorption by the sensi-
tizer. The transient decrease in absorption then allows a higher
fraction of the light to be transmitted to the deeper tissue
layers; the magnitude of this effect can be estimated from the
transmission measurements from thin tissue slices.”** Previ-
ous studies showed that a pulsed laser with an incident energy
density less than 10 mJ/cm? on the skin of a rat head induced
an estimated skin temperature increase less than 20 mK.
However, that was enough to generate photoacoustic waves
for imaging.9 In our experiments, a pulsed laser with an en-
ergy density of 4 mJ/cm? was shown to be sufficient to cause
PDT effects as well as to produce strong optoacoustic signals
for imaging.

PDT sensitizers with fast clearance in the future may pro-
vide a highly effective antivascular approach to tumor
therapy. Due to the fast clearance, tissue illumination must
take place shortly after, or even during, photosensitizer ad-
ministration. Optoacoustic imaging can be used to guide the
tumor positioning before photosensitizer application, provid-
ing a significant advantage to enable drug and light adminis-
tration in a relatively short, single treatment session. More-
over, when the maximum absorption spectrum of new
photosensitizers, such as Tookad®, is at a longer wavelength
(around 760 nm), the light can penetrate deeper into the tis-
sue, enabling the treatment of deep tumors.”*® Optoacoustic
imaging has a significant advantage over conventional optical
methods with far less scattering. It can, consequently, provide
deep imaging greater than 5 cm in chicken breast tissue.”’
Therefore, the optoacoustic imaging system can be an effec-
tive means for monitoring and evaluating the vascular damage
efficacy by using longer excitation wavelength photosensitiz-
ers and a longer wavelength laser.

Our new optoacoustic system involves only a single-
element ultrasonic transducer. The total acquisition time for
one optoacoustic time trace, consisting of 16 averages and
including the data transfer from the oscilloscope to the com-
puter, was about 1.6 s at each position. For a 27 angular scan
with a step size of 1.8 deg, the image acquisition time is
about 5 min. In the future, the reduction of the scanning time
will be realized by using an array of simultaneously sampled
acoustic detectors and a laser with a higher pulse rate.”>*

It is known that the biology of cancer varies from tumor to
tumor and from patient to patient. Thus, there is a need for an
in vivo assay enabling rapid assessment of tumor response to
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PDT to determine optimal PDT parameters on an individual
patient basis. Our in vitro and pilot in vivo experiments dem-
onstrate that the optoacoustic technique has the potential to
provide continuous, accurate, and real-time measurement of
the vascular changes during PDT. The ability of the optoa-
coustic technique to monitor the vascular effect during PDT
conveniently and accurately recommends its incorporation
into clinical trials of antivascular therapies.

Optoacoustic tomography can provide both high-resolution
and high-tissue-contrast images to quantify changes in vessel
morphology as well as tumor development in early tumor re-
producibility. In particular, this feature makes optoacoustic
tomography a promising new tool in tumor angiogenesis re-
search. Furthermore, noninvasive assessment of the extent of
tumor vasculature is important in clinical evaluation of the
tumor development and treatment.

To the best of our knowledge this is the first time that
optoacoustic tomography was used to monitor the photody-
namic therapy treatment of tumor in vivo. This paper demon-
strates that optoacoustic technique is a noninvasive means for
monitoring the antiangiogenic or proangiogenic therapies with
high optical contrast and high ultrasonic resolution in vivo.
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