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Abstract. Focused ultrasound (FUS) is a recently discovered noninvasive technique for local and temporal
enhancement of vascular permeability, which facilitates drug delivery from the vessels into the surrounding tissue.
However, exposure to FUS at a high intensity may cause permanent damage. To investigate the effects of the FUS
treatment on blood vessels, we propose to use fluorescein angiography (FA) and optical coherence tomography
(OCT) for real-time observation of the diffusion of fluorescence dye from blood vessels and to evaluate the mor-
phological changes of the vessels in vivo. With time-resolved FA imaging, the relationship between the exposed
power and the improved permeability of the vessels can be assessed according to the enhancement of the fluo-
rescent intensity due to the dye leakage. Furthermore, the variation of the time-resolved fluorescent intensities can
be used to identify the occurrence of dye leakage. In contrast, OCT can be implemented for the reconstruction of
tissue microstructures. To quantitatively evaluate the morphological changes of the vessels after the FUS exposure
with OCT, a new algorithm was proposed to estimate the vessel area based on the comparison of backscattering
properties resulting from the tissue and vascular structures. Results showed that the vessel area increased as the
exposed power increased, and the area became significantly larger at a higher FUS exposure power of 10 W. In
conclusion, integrated FA and OCT observation can be potentially effective for monitoring the outcome and inves-
tigating the effects of FUS treatment. © 2013 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.18.10.101307]
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1 Introduction

Focused ultrasound (FUS) enhanced with microbubbles could
be a potential tool for affecting endothelium for permeability
enhancement of vessels,"? treatment of thrombolysis,l4 or tran-
sient blood-brain barrier (BBB) opening.’>® Previous studies
have demonstrated that FUS can enhance enzymatic thrombol-
ysis by increasing the transport of thrombolytic agents into
clots.” The FUS combined with microbubbles can enhance
thrombolysis even without the presence of thrombolytic agents.
In addition, BBB disruption using FUS in the presence of micro-
bubbles can increase localized chemotherapeutic drug delivery
for brain tumor treatment.® Also, when the acoustic wave
encounters microbubbles, the local tissue motion contributed
from microbubble oscillation may be enhanced,”'® which
enhances the mechanical effect. Yet, the local motion/vibration
caused by FUS exposure is difficult to observe and is poorly
understood, owing to high spatial and temporal requirements.
Also, the effect of FUS exposure can be influenced by acoustic
parameters, such as acoustic pressure, exposure duration, or
exposure mode (continuous or pulsed waves). Therefore, an
imaging technique with a high resolution is required to monitor
and evaluate the effects of FUS treatment.
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Fluorescein angiography (FA) is a common approach for the
examination of circulation in biological tissues by using a spe-
cific fluorescence dye and a CCD camera.''~!* Angiography can
be performed by the injection of fluorescence dye into the ves-
sels. Fluorescence is one type of photoluminescence that occurs
when fluorophores absorb photon energy and are excited to a
higher energy state. As the molecules return to their original
energy level, they emit light at a different, usually longer, wave-
length. FA is currently considered a standard approach in oph-
thalmology and a powerful imaging modality to identify the
presence, location, and size of the vascular complex, composed
of the choroidal vascular lesion and its associated compo-
nents.'*1® Additionally, optical coherence tomography (OCT)
has also been widely used for biomedical and industrial appli-
cations because of its advantages of noninvasiveness, depth-
resolved imaging, and high-speed scanning.!”!'® Aside from
these advantages, functional variations such as polarization-sen-
sitive OCT for the measurement of tissue birefringence;lg’20
phase-resolved OCT for the measurement of blood velocity;>*?
and spectroscopic OCT for the measurement of tissue content
of, for example, the oxygen-hemoglobin complex are feasible.”
In the last decade, with the development of swept sources and
line-scan CCDs, Fourier-domain OCT, including swept-source
OCT (SS-OCT)*** and spectral-domain OCT,?*’ can provide
superior system performances over time-domain OCT, and the
imaging speed and system sensitivity can be greatly improved to
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hundreds of kilohertz and more than 100 dB, respectively.
Furthermore, OCT systems can provide resolutions as high as
a few micrometers in the longitudinal and transverse directions
and reconstruct the tissue structure from the backscattered signal
of the sample. Given that OCT is based on the backscattered
property of the sample, an extraneous contrast agent is not
required. Currently, OCT is commonly used in clinical trials
and studies on ophthalmology,?®?° dermatology,’**! and cardiac
diseases.*>™

Because FUS-induced morphological changes on biological
tissues and vessels as well as the relationship between morpho-
logical change and permeability are poorly understood, we pro-
pose to use FA and OCT techniques for monitoring the outcome
and investigating the effects of FUS-induced local permeability
change. In this study, an FA system was implemented for the
investigation of permeability enhancement caused by microbub-
ble-facilitated FUS exposure. Additionally, an SS-OCT system
was used to evaluate the morphological changes after FUS expo-
sure. In Sec. 2, the schematic setups and operation specifications
of FUS, FA, and OCT are described. The methods for animal
preparation and experiments are also discussed. In Sec. 3, the
results obtained from using the FA and OCT systems are pre-
sented, discussed, and analyzed. To quantitatively evaluate the
morphological changes, a new algorithm to determine vessel
structures from OCT images and to estimate the vessel area
is proposed. Finally, conclusions are drawn in Sec. 4.

2 System Setup and Experimental Method

Figure 1 shows the platform for FUS treatment, the setup of
the FA system, and the setup of the OCT system. In this study,
the blood vessels in mouse ears were imaged using the FA and
OCT systems sequentially. In Fig. 1(a), a high-intensity FUS
transducer (Imasonics, Besancon, France; diameter: 60 mm,
radius of curvature: 80 mm, frequency: 400 kHz, electric-to-
acoustic efficiency: 70%) was driven by a function generator
(33220A, Agilent, Santa Clara, CA) to generate the acoustic
wave. Before feeding the driving signal into the FUS transducer,
the FUS excitation signal was amplified by a radiofrequency
power amplifier (150A100B, Amplifier Research, Souderton
PA) and monitored by a power meter (Model 4421, Bird,

Atlanta). Then, the acoustic wave was transmitted through a
homemade water tank and focused on the mouse ear, which
was mounted on a transparent plastic plate. The focal zone dis-
tribution of the intensity of the ultrasound field was measured in
an acrylic water tank filled with deionized and degassed water.
The measured diameter of the half-maximum pressure ampli-
tude was 2 mm, and the length of the produced focal zone
was 15 mm. As shown in Fig. 1(b), a halogen lamp (Lumen
200, Prior Scientific, Rockland, MA) was used as the excitation
source in our FA system, and the output light was transmitted to
an excitation filter to reserve the 488-nm light. In this study,
fluorescein isothiocyanate (FITC) was used as the fluorescence
dye to visualize the vessels. Therefore, a dichroic mirror was
used to combine the 488- and 515-nm light. Then, the 488-
nm light was focused on the mouse ear using a 10X objective
lens (UPLFLN 10x, Olympus, Tokyo, Japan) and a 515-nm
light was generated. Finally, a two-dimensional (2-D) CCD
(Evolution VF, MediaCybernetics, Silver Spring, Maryland)
was employed after an emission filter to capture the fluorescence
images. A swept source (HSL-2000, Santec, Komaki, Aichi,
Japan) was connected to a Mach-Zehnder interferometer as
shown in Fig. 1(c), which can provide an A-scan rate of
30 kHz and output power of 6 mW. The center wavelength
of the swept source is approximately 1310 nm, with a scanning
range of 110 nm. In the sample arm, a two-axis galvanometer
was used to provide the transverse and lateral scanning. Ten per-
cent of the output power from the swept source was connected
to a narrowband fiber Bragg grating (FBG) with a Bragg
wavelength of 1270 nm, generating the trigger signal for each
interference spectrum.** The reflected signal from the FBG
combined with the interference signal using a 90/10 coupler
and only 90% of the output power port was utilized. To effec-
tively eliminate the DC component of the interfered spectrum,
the other output port of a 50/50 coupler was also connected to a
90/10 coupler. The combined signal was subsequently detected
by using a balanced detector (PDB150C, Thorlabs, Newton,
NJ). The data were acquired by utilizing a high-speed digitizer
(PXIe-5122, National Instruments, Austin, TX) with a sampling
rate of 50 MHz. In our OCT system, the longitudinal and trans-
verse resolutions are approximately 8 and 15 pm, respectively,
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Fig. 1 (a) Setup of the FA system, (b) the platform for FUS treatment, and (c) setup of the OCT system. DM, dichroic mirror; OL, objective lens; PC,
optical polarization controller; CIR, optical circulator; FBG, fiber Bragg grating; FC, fiber coupler; Galva, galvanometer; and M, mirror.
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and the frame rate can achieve 30 frames/s, each consisting of
1000 A-scans. In addition, a three-dimensional image composed
of 1000 x 300 x 600 voxels, which corresponds to a physical
image size of 1.5 1.5x2 mm?, was acquired in 10 s. In
our experiments, the mouse ear was mounted on the plastic
plate, and the acoustic wave was focused on the ear from the
bottom side of the ear, as shown in Fig. 1. Additionally, the opti-
cal beams of the FA and OCT systems were focused on the top
side of the ear sequentially.

Before FUS exposure, the mice (C57 wild-type; male; 7-to-
8-weeks old) were anesthetized with Avertin and the ears were
mounted on a plastic plate. Ultrasound gel was swabbed on both
sides of the ear to provide acoustic path coupling. To ensure that
the imaged regions by the FA and OCT systems were over-
lapped, the field-of-view (FOV) region of the ear was marked.
An intravenous catheter was then inserted into the tail to allow
tail vein injections of microbubbles and FITC fluorescence dye.
After microbubbles and fluorescent dye injection, burst-mode
wave was delivered (burst length: 10 ms, pulse repetitive fre-
quency: 1 Hz, duration: 120 s). The exposed FUS powers
from the ultrasound transducer were set at 1, 4, and 10 W,
which are equivalent to the rarefactional peak pressure of
0.075, 0.15, and 0.24 MPa, respectively. However, to reduce
the damage accumulated on the same mouse ear and to better
observe the relationship between vascular leakage/deformation
and exposure power, only three different powers were used in
our experiments. When the mouse ear was exposed under ultra-
sonic pressure, the FOV was simultaneously monitored by the
FA system. After FA imaging and FUS exposure, the same
marked region was scanned by the OCT system. The experiment

was repeated with various FUS exposure powers on the same
marked region.

3 Experimental Results and Discussion

Figure 2 shows the FA images obtained using various exposure
powers of 1, 4, and 10 W. The images were captured 2 min after
the injection of the fluorescence dye. Figure 2 shows that the
fluorescent intensities of the extravascular spaces adjacent to
the blood vessels increased after exposing the FUS due to
the disruption of the cytoplasmic membrane of the endothelial
cells, with which the signal increases as a function of the expo-
sure level. To further illustrate the enhancement of fluorescent
intensities as a function of time, Fig. 3 depicts the time-intensity
curve (TIC) of the selected region of interest (ROI) from FA
images at different time points (0, 5, 10, 15, 20, and 25 s)
after the FITC dextrans injection and FUS exposure (10 W).
Different diffusion patterns of the fluorescent dextrans were
observed after FUS exposure (the difference between white
and yellow arrows). Such information might be useful for char-
acterizing vessel types, such as the differences between arteries
and veins, and may be beneficial for further investigation of the
effects of FUS on artery and vein.

After FA imaging, the same marked regions were scanned by
the OCT system. The FOV of the FA system was 8 x 12 mm?,
but limited by the focus lens used in the sample arm of our OCT
system, the scanning range was approximately 1.5 X 1.5 mm?
[OCT scanning regions are squarely marked in Fig. 3(a)].
Figure 4 shows the corresponding 2-D OCT images of the iden-
tical locations indicated in Fig. 2(a). Figure 4(a) to 4(c) corre-
sponds to the OCT scanning results at location I under the

3 mm

Fig. 2 FA images of the mouse ear obtained using various exposure powers of 1, 4, and 10 W. The images were captured 2 min after the injection of

fluorescence dye.

3 mm

Fig. 3 FA images obtained 0, 5, 10, 15, 20, and 25 s after the injection of the fluorescence dye.
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500 um

Fig. 4 2-D OCT images obtained from the three different locations indicated in Fig. 2(a) using various FUS exposure powers. (a) to (c) OCT scanning
results at location | using exposure powers of 1, 4, and 10 W. (d) to (f) OCT scanning results at location Il using exposure powers of 1, 4, and 10 W. (g) to
(i) OCT scanning results at location Ill with various exposure powers of 1, 4, and 10 W. The vessel structures were magnified 1.5%, as shown in the

lower right corner.

FUS exposure of 1, 4, and 10 W. Similarly, Fig. 4(d) to 4(f) and
Fig. 4(g) to 4(i) show the OCT scanning results at locations II
and III, respectively, under various FUS exposure levels (1.5%
roomed vessel structures were shown in the same figures to bet-
ter observe the morphological changes of blood vessels). It can
be qualitatively observed that the vessels present a significant
lumen formation and intravascular space change, particularly
at the FUS exposure level of 10 W.

4 Quantitative Analysis and Discussion

Next, we present a more quantitative analysis of the information
obtained from FA and OCT images. To further analyze time-de-
pendent intensity variation, three different regions in Fig. 2 were
chosen for evaluating time-resolved changes of fluorescent

intensities [denoted as A (black), B (red), and C (blue)]. The
fluorescent intensities in each selected ROI was averaged to
obtain mean intensities, and the TIC changes under exposure
of 1, 4, and 10 W are demonstrated in Fig. 5(a) to 5(c). For
the extravascular region (region A), the fluorescent intensity
appeared to be a relatively low increase (20%) at 1 and 4 W
exposure after FITC dextran injection, indicating that lower
FUS exposure power did not cause dye leakage in region A.
Here, nonzero background intensity in region A might be con-
tributed from the fluorescence intensity of the vessels and capil-
laries at various depths. Relatively increased signal change in
region C may be presumably due to fluorescence coupling
from deeper vessels or microvascular leakage beyond our detec-
tion resolution limit of FA (currently a 10X objective lens was
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Fig. 5 Time-resolved intensity variation with various exposure powers of 1, 4, and 10 W. Three different regions, which are indicated as A (black line),
B (red line), and C (blue line) in Fig. 2, were chosen for the evaluation of time-resolved fluorescent intensities.
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Fig. 6 Flow chart of OCT image-processing algorithm for the estimation
of vessel area.

applied). When increasing the power to 10 W, a significant fluo-
rescent signal increase (>60%) due to the vessel disruption
caused FITC dextran leakage. Concurrently, in blood vessel
regions (regions B and C), similar signal increases were
observed after FITC injection, which was relatively independent
of the FUS exposure. Yet, the TIC patterns in vessel region B
presents a signal overshoot, which the vessel region C did not.
Here, the overshot signal at ~10 s was due to the dye delivery
through the artery. Thus the region B, indicated by the red lines,
represents the artery. As time increases, the dye was delivered
into the vein, resulting in the intensity decrease in region B and

|

(a) (b)
e “-", —
)

intensity increase in region C as shown in the blue line.
Moreover, the vessel region C was not influenced by the signal
enhancement due to FUS exposure, but the vessel region B
seems to have a compensated signal reduction against the leak-
age of region C. These distinct TIC patterns may be utilized to
characterize the blood vessel type (i.e., artery and vein) or the
scale that vessels have been affected by FUS exposure. Also, we
confirm that time-resolved intensity variation can be used
to identify the occurrence of permeability increase, and FA
might serve as a powerful tool to observe the dynamics of
dye leakage and to identify the exposed outcome induced by
FUS exposure.

To quantitatively evaluate the morphological changes of the
blood vessels from the OCT images, we propose an algorithm to
determine the vessel area, which is based on the comparison
of the backscattered properties of the skin tissue and vessels.
Figure 6 shows the flow chart of OCT image processing algo-
rithm for the estimation of vessel area. First, we evaluated the
mean backscattered intensity over the entire lateral range at vari-
ous depths from a 2-D OCT image, which can be expressed as

Em: Exzn;l(x, z)} =>"1(2), (1)

z=1 z=1

where x and z are the lateral and longitudinal pixels, respec-
tively, and n and m are the total pixels in a 2-D OCT image
in the lateral and longitudinal directions, respectively. I(x, z)
and I(z) represent the backscattered intensities of the 2-D
OCT image and the mean backscattered intensities at various

500 um

Fig. 7 Binary vascular image of Fig. 4 obtained using the proposed algorithm.

Journal of Biomedical Optics

101307-5

October 2013 « Vol. 18(10)



Tsai et al.: Quantitative observation of focused-ultrasound-induced vascular leakage and deformation. ..

depths, respectively. In this study, each frame consists of 1000
A-scans, corresponding to n equal to 1000, and only 500 pixels
in the longitudinal direction are chosen for the evaluation of
I(z). The intensity variation of each pixel in a 2-D OCT
image can be obtained by using I(z) as a threshold value.

The intensity variation 7,(x, z) can be expressed as
1,(x,2) = I(x,2) = 1(2). @)

Figure 4 shows that the vessels in the ROI have weaker back-
scattered intensities than those of other skin tissues, making the
I,,(x, z) values less than zero. Then, a binary image of vascular
structures, I,,(x, z), can be obtained by using zero as a threshold
value. Thus, the vessel area also can be determined from
I,,(x,z). Subsequently, to further eliminate the background
noise, the moving average method with a window size of
11 x 11 pixels was implemented to acquire an averaged OCT
image. Ij(x,z) is the intensity of each pixel in the averaged
OCT image after the moving average. In the averaged OCT
image, a threshold value, V,, was chosen to distinguish the back-
ground noise from the tissue signal. Here, V, can be determined
from the intensity of the vessel region of the A-scan intensity
profile. Then, the logic operation was used to eliminate the
background noise. When Iy;(x, z) is larger than V,, the pixel
is set to zero. Thus, the other binary image can be obtained
from I, (x,z), denoted as [Iy,(x,z). Finally, the vascular
image can be acquired from Eq. (3), and the pixel intensity
can be denoted as V(x, z). Based on this algorithm, the vessel
area in an OCT image also can be estimated.

V(x,z) = Lp(x,2) N Lyp(x, 2). 3)

After obtaining the binary vascular image of Fig. 4, the vessel
area can be estimated by summation of the pixel numbers of
bight area, corresponding to vessel structures. Then, the sum
is multiplied by the area of the single pixel. In our system,
the area of the single pixel approximately equals 7.5 um?.
Finally, Fig. 7 shows the binary vascular image of Fig. 4,
which was obtained from the proposed algorithm. To further
investigate the relationship between morphological changes in
vessel dimension and exposure power, the vessel area was esti-
mated (Fig. 7 and the area summarized in Table 1). Table 1 indi-
cates that the vascular area increased as a function of exposure
power. The vascular area increased slightly when the ear was
exposed to a lower FUS power (4 W). In contrast, the vascular
area increased significantly when high-power FUS (10 W) was
exposed. From the OCT results, it can be seen that high-power
FUS exposure could induce vascular deformation, and it became
more severe when the exposure power was increased. Based on
the proposed algorithm, OCT can be used for the detection and
quantitative evaluation of vascular deformation due to FUS

Table 1 Summary of intravascular area (um?) after FUS exposure
(obtained from Fig. 7).

Exposure power TW 4 W 10W
Location | 2400 2670 3578
Location |l 803 825 1043
Location |ll 713 990 1410
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exposure. Such information cannot be obtained from FA
imaging.

5 Conclusions

In this study, the FA and OCT systems were implemented to
investigate the effects of FUS treatment and to monitor vascular
deformation after FUS treatment. The FUS-induced mechanical
effect resulted in disruption of the cytoplasmic membrane of the
endothelial cells of the blood vessels, making it easy for mol-
ecules to diffuse to the surrounding tissue. Thus, the diffusion
process after the FUS treatment can be observed by using the FA
system with the injection of fluorescence dye. The results indi-
cate that the fluorescent intensities increased with the exposure
power, likely because higher exposure power caused severe dis-
ruption of the cytoplasmic membrane of the endothelial cells.
Moreover, the occurrence of permeability improvement can
be identified from the time-resolved fluorescence intensities.
Therefore, an FA system can be useful for real-time monitoring
of molecular leakage induced by FUS. Although FUS treatment
can effectively improve blood vessel permeability, a high-power
FUS exposure may cause permanent histological damage.
Therefore, an OCT system can be used to evaluate the deforma-
tion of blood vessels after FUS treatment. OCT scanning
showed that FUS results in the morphological changes of
blood vessels, a finding that could not be obtained using FA
system. Additionally, to quantitatively evaluate the morphologi-
cal changes of blood vessels, we proposed an algorithm to esti-
mate the vascular area. The estimated results showed that the
vascular area increased as the exposed FUS power increased.
Such information is in agreement with the results obtained
by using the FA system. The combination of the FA and
OCT systems can be a powerful tool for real-time monitoring
and evaluation of the effects of FUS treatment.
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