Photodiagnosis and Photodynamic Therapy 33 (2021) 102173

ELSEVIER

Contents lists available at ScienceDirect
Photodiagnosis and Photodynamic Therapy

journal homepage: www.elsevier.com/locate/pdpdt

Check for

The synergistic effect of focused ultrasound and biophotonics to overcome  [%&s
the barrier of light transmittance in biological tissue

Jaehyuk Kim *", Jaewoo Shin ¢, Chanho Kong®, Sung-Ho Lee®, Won Seok Chang ¢,

Seung Hee Han *®*

@ Molecular Imaging, Princess Margaret Cancer Centre, Toronto, ON, Canada
Y Health and Medical Equipment, Samsung Electronics Co. Ltd., Suwon, Republic of Korea

¢ Department of Neurosurgery, Brain Research Institute, Yonsei University College of Medicine, Seoul, Republic of Korea

4 Department of Medical Biophysics, University of Toronto, Toronto, ON, Canada

ARTICLE INFO ABSTRACT

Keywords:

Light transmission enhancement
Focused Ultrasound

Air bubble

Mechanical deformation

Rat brain

Optical technology is a tool to diagnose and treat human diseases. Shallow penetration depth caused by the high
optical scattering nature of biological tissues is a significant obstacle to utilizing light in the biomedical field. In
this paper, light transmission enhancement in the rat brain induced by focused ultrasound (FUS) was observed
and the cause of observed enhancement was analyzed. Both air bubbles and mechanical deformation generated
by FUS were cited as the cause. The Monte Carlo simulation was performed to investigate effects on transmission

by air bubbles and finite element method was also used to describe mechanical deformation induced by motions
of acoustic particles. As a result, it was found that the mechanical deformation was more suitable to describe the
transmission change according to the FUS pulse observed in the experiment.

1. Introduction

Optical technology in the biomedical field has many possibilities.
This technology is relatively free of overdose-related problems
compared to other technologies such as CT and PET, and is sensitive to
soft tissue compared to ultrasound-based technology. However, optical
technology has a fatal limitation produced by the nature of light.
Delivering optical photons to the deep biological tissue is one of the
main objectives for bio-optical imaging and treatment technique.

Conventionally, scattering of light caused by the heterogeneous op-
tical properties of biological tissues limit the penetration ability of op-
tical photons. To overcome this limitation, many studies combining
ultrasound technology and optical methods have been reported. For
example, photoacoustic technology has solved this limitation by con-
verting scattered and non-ballistic light photons into non-scattering ul-
trasound waves. Researchers also have been trying to use ultrasound
technology as a tagging method in diffuse optical tomography [1]. Un-
like these research focused on detecting efficiency, there have been
research to increase light delivery itself [2-7]. These kinds of methods
are based on feedback between scattered light inside the tissue and the
incident wavefront. Ultrasound, photoacoustic and non-linear

photoacoustic are used as a method for feedback. As a result, modulated
incident photons are gathered at the region of interest.

Other researchers have been trying to modulate optical properties of
biological tissues. The optical properties of biological tissues are
described in terms of parameters related with absorption (the absorption
coefficient) and scattering (the scattering coefficient and the anisotropy
of scatter) [8]. The anisotropy of scatter represents features of tissue
scattering in terms of the relative forward versus backward direction of
scatter. Raymond et al. has studied the relationship between the optical
properties modulated by high intensity focused ultrasound and the
transmission of light [9]. Recently, a more intuitive and simple study by
Kim et al. showed that irradiation of focused ultrasound inside tissues
could increase light penetration in the tissues [10]. They insisted that air
bubbles generated by focused ultrasound energy within the focal area
turns biological tissue into a Mie scattering dominant medium. Since
Mie scattering has a high forward-dominant scattering pattern, more
incident light can reach directly into deep tissue. However, because the
values of the anisotropy of scatter in biological tissue are more than 0.8
at visible wavelength [11], it seems that Mie scattering already occurs
frequently in the biological tissue. Therefore, we predicted that there
should be some other elements to explain the increase of light
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Fig. 1. Blood-eliminated rat brain.

penetration by FUS.

The interaction of ultrasound with tissue can be classified into two
categories — thermal and non-thermal procedures. Thermal effects are
related to direct absorption of the ultrasound energy and converting
absorbed energy into heat. Acoustic radiation force, radiation torque,
acoustic streaming, shockwave and cavitation belong to non-thermal
effects [12]. When mechanical pressure caused by acoustic force is
applied to biological tissue, the target tissue is displaced. Typically, this
displacement is only in the axial direction. However, because most
biological tissues are nearly incompressible, axial displacement makes
tissues expand in the lateral direction [13,14].

Photodynamic therapy (PDT) is one of the most popular optical
treatment technologies used for cancer treatment. The recent approval
of 5-aminolevulinic acid (5-ALA) by the United States Food and Drug
Administration (FDA) raised interests in leveraging this agent as a means
to PDT. In the case of brain cancer, more than 80% of recurrences are
located adjacent to the resection cavity. In principle, PDT to the resec-
tion cavity can minimize the risk of local recurrence [15]. Focused ul-
trasound (FUS) technology is also a highly promising treatment for brain
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disease such as Parkinson’s disease. Currently, treatment using FUS has
mainly used a method based on thermal ablation. However, other
methods such as drug delivery through the blood-brain barrier (BBB)
opening has been studied recently [16]. Therefore, FUS has the potential
to efficiently deliver agents for brain PDT, and has the ability to over-
come the limitation of light penetration. In order to take full advantage
of these novel methods and technologies, the mechanism behind both
the advantage and limitation must be properly understood. In this paper,
we observe a FUS assisted enhancement of light transmission in the rat
brain and calculate the influence of mechanical deformation by acoustic
force and air bubbles on enhancement in biological tissue.

2. Methods and materials
2.1. Experimental setup

To validate a FUS assisted enhancement of light transmission in rat
brain, a FUS-combined light irradiation system was constructed. A
continuous wave (CW) laser diode with wavelength 637 nm (LP637-
SF70, Thorlabs Inc.) was used as a light source for the system. Output
light from the end of the fiber coupled with laser diode was collimated
by using a collimator (F260FC-B, Thorlabs Inc.). A compact laser diode
controller (CLD1010LP, Thorlabs Inc.) was responsible for turning on
and off the laser diode. It also adjusted the output power and the tem-
perature of the laser diode. The pulsed FUS was generated from a ring-
shape transducer with a frequency of 0.515 MHz, a diameter of 63.2 mm
and a radius of curvature of 63.2 mm (H107, Sonic Concept Inc.). As a
driving equipment for the transducer, a waveform generator (33220A,
Agilent) which was connected to a 50-dB Radio Frequency Power
Amplifier (240 L, ENI Inc.) was used. The impedance of transducer and
amplifier was matched by using an external matching network (Sonic
Concept Inc.). The transducer was mounted on a cone filled with
degassed water, and the end of its tip was wrapped in a polyurethane
membrane. The degassed water was circulated by water circulation
device. Peak pressure was varied from 2.2 to 4.175 MPa corresponding
to the value from 76.66 to 270 W/cm?. The burst pulse repetition rate
was 1 Hz and the duty cycle was 50%. The transmission image was
captured by a smartphone camera (Galaxy Note 9, Samsung Elec-
tronics). The “expert mode” was used to keep the parameters of a camera
such as ISO, shutter speed, etc.

To restrict the observations of the symptoms to the brain tissue, a rat
brain was extracted and blood inside the brain was flushed out using
saline. An ultrasonic gel covered the gap between the cone and the rat
brain (Figs. 1 and 2 ).

2.2. Monte-Carlo simulation

Changes in distribution of optical photon according to the existence
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Fig. 2. Experimental setup.



J. Kim et al.

o0
o0

oo
A

Layer

Air bubbles
[y

|

|

Incident Liiht

Grey mattg

=

White matter

Position A Position B
Fig. 3. Simulated structure.
Table 1
Optical properties of simulated materials.
n L, (mm) Ly (mm) & r
White matter 1.46 12.5 0.024 0.87 1
Gray matter 1.46 50 1

0.11 0.89

Air bubble

of air bubbles inside a brain tissue were calculated by using a Monte
Carlo (MC) simulation. An open source library, GEANT4 (Geometry ANd
Tracking) which can simulate the passage of particles through the
matter, was selected as an engine of our Monte Carlo Simulation [17].
Dubois et al. carried out GEANT4 based MC simulation to optimize the
design of optode to perform optogenetic modulation [18]. In our
simulation model, an EMPhysics_op4 class was applied as a physical
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engine. Absorption, Mie scattering, Rayleigh scattering, refraction and
reflection at boundaries were included. The refractive index (n), ab-
sorption length (L,), scattering length (L;) and forward-scattering
anisotropy (gr), backward scattering anisotropy (gy) and the ratio be-
tween forward and backward scattering (r) are defined for each struc-
ture [19]. The calculation of Mie scattering follows the
Henyey-Greenstein approximation with the forward and backward an-
gles treated separately. L, and L are defined as follows:

1 1-—
Lo=—, 8
Ha Hy

s —

@
The differential cross-section is defined by using g,, g and r as fol-
lows [20]:

do
dQ

do do
:’E(efv gf)+(1*’)E(9bv 8»)

Simulated structure is shown in Fig. 3. Thicknesses of grey and white
matter are 1 cm and 100 pm, respectively. Air bubbles (diameters of
50-200 pm) inside white matter, 5 layers, and 10 pm gaps between
bubbles were modeled. Number of light photons passed through planes
located in position A and B were recorded. Materials and Optical
properties of each material used in our Monte Carlo simulation are
summarized in Table 1 [21].

(2)

2.3. Elastic wave simulation

As mentioned above, when FUS is applied on biological tissue, both
compressional and shear wave can exist. The propagation of compres-
sional and shear wave can be described using Hooke’s law and the
conservation of momentum. In biological tissues, Hooke’s law is
extended to the stress-strain relation. The Kelvin-Voigt model is widely
used for calculating the elastic behavior of viscoelastic materials:
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Fig. 4. (a) shape of modeled source (yellow line), (b) wave field generated by source, and (c) RMS pressure applied on media.
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(a) Laser only (b) Laser + FUS

Fig. 5. Change in light transmission pattern in the rat brain according to the existence of FUS irradiation.
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Fig. 6. Changes in averaged pixel value at focal point. (a) Average intensity variation when starting to FUS signal. Shaded area indicates FUS pulse irradiation period,
(b) intensity variation normalized by intensity before FUS irradiation of 75 W/cm?, and (c) intensity change over time after FUS off (75 W/cm?).
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Here, o is the stress tensor, ;¢ and 1 are the Lame parameters, v is the
particle velocity and y and 5 are the compressional and shear viscosity
coefficients. The open source k-wave toolbox can solve elastic wave
equation described above [22].

Because of the limitation of computing power, a two-dimensional
simulation was performed. Fig. 4(a)-(c) shows a shape of ultrasound
source, wave pattern, and distribution of calculated RMS pressure,
respectively. Inner and outer radius of source are 64 and 22.6 mm. The
radius of curvature is 63.2 mm and source frequency is 0.515 MHz. All
values of the transducer used in this experiment is the value of H107. An
isotropic medium with density 1046 kg/m® and sound speed 1552 m/s
was assumed. For simplicity, all types of absorption were ignored.

3. Results

Fig. 5 shows acquired rat brain images. The focal point of FUS is
located slightly above the center of the images. When FUS was not
applied (Fig. 5(a)), incident light was dramatically scattered by brain
tissues and most of the transmitted light was observed near crevices in
the brain. However, when FUS was applied (Fig. 5(b)), the amount of
light transmitted through the brain tissue was increased. FUS with peak
pressure from 2.2 to 4.175 MPa corresponding to the value of averaged
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Fig. 7. The number of photons passed through a plane located at position A: (a) with air bubbles and (b) without bubbles.

ultrasound intensities from 76.66 to 269 W/cm? was applied. Burst
pulse was applied once per second and the length of the burst pulse was
500 ms. To measure changes in light transmission in the time domain,
images of the brain were acquired at a speed of 30 fps. Region of interest
(ROI) was set around the focal point of the FUS as shown in Fig. 5(b).
Pixel values inside ROI were accumulated, normalized with background
signal, and plotted in Fig. 6. It was observed that the intensity increased
abruptly as soon as the first FUS pulse was applied. In contrast, from the
second FUS pulse, the increase fluctuated in the direction of reduction.
Note that FUS pulses were applied with frequency 1 Hz. To analyze these
changes in light transmission, two types of simulation were performed.

Cavitation air bubbles were the first variable to consider. Unfortu-
nately, it is hard to measure the size and number of actual microbubbles
inside brain tissue. Also the rheological applications are relatively un-
explored. What we know is acoustic induced cavitation produces a group
of microbubbles and owing to its collective characteristics, a threshold
of the cavitation was reported [23]. Therefore, parameters that fit the
assumptions about the role of air bubbles were selected. According to
the paper by Kim et al. [10], the main role of air bubbles that leads to
light enhancement, is the generation of the forward scattering pattern.
To make a forward scattering, scattering by air bubbles must be the Mie
scattering. If the bubble sizes were sufficiently large, it could result in
Mie scattering with a high forward scattering rate. And because the
refractive index inside the air bubble (n = 1) was different from the
surrounding biological material, air bubbles could affect the scattering
pattern inside biological media, in our case, the brain. The type of
scattering according to the bubble size can be easily predicted with a
parameter called size parameter, x, if we assume that the bubbles are
shaped as spheres:
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Fig. 8. The number of photons passed through a plane located at position B: (a) with air bubbles and (b) without bubbles.
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Fig. 9. The number of photons passed through a center line in planes described in Fig. 3: (a) at position A and (b) at position B.
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Fig. 10. Lateral displacement at point near the boundary of focal area, (a) 1 burst signal and (b) 2 burst signals. Shaded area indicates FUS pulse irradiation period.

x=— (5)

where r is the radius of spherical particle and 1 is a wavelength of
incident light. If the x value is less than 0.2, it means the Rayleigh
scattering will occur and from 0.2 to 2000 represents the Mie scattering
region. Therefore, because a wavelength of the light source used in our
experiment was 637 nm, the size of air bubbles should be between
diameter 40 nm and 400 pm, approximately. In this paper, effects by air
bubbles with three different diameter, 50, 100 and 200 pm, were
calculated.

Since air bubbles are generated in the focal volume of FUS, multi-
layered air bubbles are modeled. Also, to avoid calculation error
caused by the overlap between modeled air bubbles, a 10 pm gap be-
tween bubbles was applied.

Figs. 7 and 8 show the number of light photons that have passed
through planes located at position A and position B illustrated in Fig. 3.
In all cases, our calculation showed that the effect of reflection by air
bubbles was greater than the effect of changes in the forward scattering
rate by air bubbles. When there are air bubbles in the tissue, the number
of photons in position A increased and the number of photons in position
B decreased. Because the refractive index of the air bubbles is lower than
the surrounding tissue, those calculation results show that photons are
reflected in a backward direction. Therefore, the effect by the air bub-
bles alone cannot explain the observed increase of light transmission
(Fig. 9).

Mechanical deformation of biological tissues by FUS can be another
clue that can explain the light transmission enhancement. When the

tissue is stretched by ultrasound, the density of scattering particles in-
side the stretched area will decrease. As the density decreases, the
probability of scattering will decrease as well, leading to improved
transmission. Therefore, if the change in the lateral displacement around
the focal area can be calculated, the change in transmission also can be
predicted.

Unfortunately, it was impossible to calculate according to the actual
time range because our lateral displacement calculation was based on
the finite time domain method. This type of calculation needs a huge
amount of memory to calculate the actual time range. Therefore, our
calculation was made in the shortened time range. However, it would
not be unreasonable to look at the trend of changes in lateral displace-
ment when FUS is applied. Fig. 10 shows lateral displacement near focal
point caused by time-variant pressure at source points. Time variant
shear stress was applied at the source point (Fig. 4(a)) and lateral
displacement (displacement along x-axis) of acoustic particle located in
the focal area (Fig. 4(c)) was calculated. Frequency of burst signal was
set to be 0.515MHz. All burst signals were composed of 10 cycles.
Calculated time range was 200 ps which could contain 4 burst signals
with different time gap between burst signals. Note that a positive lateral
movement represents that the tissue has stretched.

4. Discussion

The increase of light transmission induced by FUS was observed in
the rat brain tissue, as it was in chicken breast. [7] However, the
transmittance of light increased by FUS was of relatively low intensity in
the brain tissue than in the chicken breast. This is thought to be because
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the elasticity of the brain tissue is less than the elasticity of the chicken
breast, based on the reason to be described later.

In this paper, changes in the density of scattering particles by the
elastic shear wave and the modulation of scattering pattern caused by air
bubbles via FUS, were considered as causes of the light transmission
enhancement. Changes in optical properties by thermal effect were not
taken into account because the tissue alteration caused by heat increases
the absorption and scattering within the tissue [9].

Kim et al. insisted that air bubbles generated by FUS irradiation
convert chicken breast tissue from the Rayleigh scattering region into
the Mie scattering region; the existence of a threshold FUS power was
suggested as one of the evidence. However, the enhancement of light
transmission observed in FUS power was lower than Kim’s findings [24].
The scattering anisotropy of the brain tissue approaches 0.9, indicating
that the main optical scattering process inside the brain tissue is Mie
scattering. Therefore, we need to check the effects of air bubbles on light
transmission. According to Monte Carlo simulation results, air bubbles
have been shown to reduce the transmittance of light. It was calculated
that the transmission decreases even when there are air bubbles in
water, although a simulated structure is slightly different from our case
[25]. Basically, due to the occurrence of scattering prior to reaching the
air bubbles, incident light is bound to have a variety of incident angles.
Incident light having an angle of incidence more than a critical angle,
determined by the difference between refractive index, is totally re-
flected. Therefore, there has to be some loss of light transmittance. And
in our case, according to simulation results, that loss seems to be bigger
than the gain of light transmittance by air bubbles. Therefore, we need

another assumption to explain the enhancement.
Fundamentally, an ultrasonic wave is a travelling pressure
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Fig. 11. Map of transmitted optical photons. (a) Original, (b) @Dmean free path = 1%, (c) 5%, and (d) 10%.

disturbance that produces alternating compressions and expansions of
the propagating medium [26]. As mentioned above, most biological
tissues are nearly incompressible; therefore, alterations by the ultrasonic
wave causes tissues to expand in a lateral direction [13,14]. Since the
total number of cells in tissue is constant and the biological tissue is
incompressible, the expansion of tissue indicates that the number of cells
in unit volume decreased. Expansions and compressions in a lateral di-
rection make an elastic shear wave in a medium. The ultrasound elas-
tography uses signals caused by an elastic shear wave to generate images
of elastic properties. Therefore, the existence of scientific reports about
elastography of the brain also indicates that tissue expansion along the
lateral direction could occur in brain tissue [27,28]. In this paper, we
indirectly predicted the change in density through the lateral movement
of the acoustic particle by the elastic wave. Although calculation was
performed in a shorter time range than the actual time, the results show
that the deformation by the first excitation by burst signal affects the
deformation by subsequent excitation. Considering that lateral move-
ment causes the stretching of tissues which decreases cell density and
leads to an increase in transmitted light, these calculated results can
explain the actual measurement (Fig. 6) of changing transmitted light
intensity. From Fig. 10(a), it is shown that there exists a sudden motion
of compression right after FUS pulse irradiation. And there also exists a
relaxation process to return to the equilibrium position. Therefore, the
decrease of transmitted intensity after FUS irradiation observed in Fig. 6
(c) could be explained by this motion of tissue compression. Considering
that all experiments were performed with several minutes period and
intensities before FUS irradiation of all experiments have little differ-
ence (Fig. 6(b)), it could be concluded that the previously observed
decrease is temporary. Therefore, the relaxation phenomenon shown in
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the calculation result has also occurred. Since the second excitation
occurred while the tissue was compressed due to the influence of the first
FUS pulse, the increase in transmission intensity by the second excita-
tion inevitably decreased compared to that by the first excitation. This
phenomenon was observed both experiment (Fig. 6(a) and (b)) and
calculation (Fig. 10(b)).

The reduced scattering coefficient is dependent on cell density [29].
The influence on the scattering parameters by changes in density was
measured and reported [30]. Understandably, these lateral displace-
ments are related to the elasticity of the material. Therefore, in the case
of brain tissue which has lower elasticity compared to chicken breast,
the tissue can be stretched more easily. The enhancement of trans-
mission can also occur in the lower acoustic power compared to chicken
breast.

An estimated change in cell density could be calculated by simple
Monte-Carlo simulation. In our Monte-Carlo simulation, absorption and
scattering length are used as important parameters. Considering that the
sum of the absorption and scattering lengths is mean free path, which is
inversely proportional to the density, the effect of change in cell density
could be calculated by changing the values of the absorption and scat-
tering lengths. Calculation results are shown in Figs. 11 and 12 .
Comparing the calculation and the measurement results, it can be pre-
dicted that about 10% density change occurred. And assuming that there
is no axial change in consideration of the incompressibility of the tissue,
it can be predicted that the tissue has increased by 5% in the lateral
direction.

Contrary to expectations, the fluctuation in peak pixel values in the
269 W/cm? was different from other results. It seems likely that this
result is in fact due to the generation of air bubbles. According to Kim
etal. [10], the power of 269 W/cm? is enough to generate cavitation air
bubbles. Therefore, the underlying physics to explain the phenomenon
in the power of 269 W/cm? is more complicated than other cases.
However, we can still observe the phenomena in which the first exci-
tation affects the second excitation.

5. Conclusions

Enhancement of light transmission in the rat brain caused by FUS
irradiation is confirmed. We thought that both cavitation air bubbles
and lateral movements in focal area could be the reason for this
enhancement. Therefore, we carried out two types of simulation to
calculate the effects of air bubbles and lateral movements on the
enhancement. According to our calculation results, lateral movements
are thought to be the cause of the enhancement while air bubbles play a
negative role.

Unfortunately, our study had a limitation. The lateral movement
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caused by FUS was not accurately calculated or measured. The lack of
computing power made calculations in the real-time domain impossible.
However, the association between ultrasonic excitation events was
observed in the calculation results of the lateral movement and the
experimental results. The degree of lateral movement according to the
experimental results was also predicted. Therefore, the measurement of
lateral displacements by using other imaging technique will be our next
step.

The limitation of penetration depth due to the scattering of biological
tissues is one of the biggest hurdles of many light-based treatments and
imaging techniques. In particular, many researchers have tried to
overcome this limitation in photodynamic therapy (PDT), leading to the
development of X-ray PDT and interstitial PDT. This phenomenon, as
reported in this paper and preceeding papers, could be considered as
another clue to overcome that limitation. Moreover, because this phe-
nomenon is essentially based on reduction of scattering by biological
media, the side effects on the surrounding normal tissue by scattered
light photon will also be reduced.
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