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Abstract

Photoacoustic (PA) imaging is a novel ultrasound-based imaging modality which has shown tremendous
diagnostic potential by providing complementary functional and molecular information. PA imaging utilizes short
laser pulses to excite the tissue and probes its optical properties. Fiber guided light delivery is the most common
approach for clinical PA imaging devices due to its high flexibility and ease of maintenance. It is always a challenge
during the design and development of a new PA device to maximize the PA imaging penetration depth with limited
fibers. In this paper, we evaluated two key parameters which affected the PA imaging penetration depth, the initial
light intensity, and illumination directionality, by using a 3D Monto-Carlo based light simulation. We performed
several sets of virtual tissue-mimicking phantom simulations to quantify the effects. We demonstrated the fiber size
(initial light intensity) had insignificant effects for PA penetration depth under the condition of the different core-size
fibers covered similar illumination diameter. We also indicated the initial light beam direction (illumination
directionality) has significant impacts for the PA imaging depth. We compared several illumination patterns revolving
around a clinical endocavity ultrasound (US) probe, the focused strategy which focused the light energy towards the
US imaging plane and non-focused strategy. Based on our simulation results, we can indicate that the focused light
delivery strategy has the ability to image twice the depth than the non-focused. We concluded during the design and
development of any new integrated US and PA imaging system, the capability of the design to focus the delivered light
more towards to the center of US imaging plane can potentially increase the PA imaging depth within the fiber and

fluence limitations.
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Introduction
Photoacoustic (PA) imaging is an application of optoacoustic effect which was first explored by Alexander

Graham Bell in 1880 [1]. Physics and chemistry researchers initially used and studied photoacoustic techniques in
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non-biological fields [2]. Since Theodore Bowen introduced PA imaging technique as a biomedical imaging modality
in 1981 [3], this technology has been developing quite rapidly by several early adopters of photoacoustic imaging
[4,5]. Fundamentally, the photoacoustic technique measures the conversion of electromagnetic energy into Acoustic
Pressure Waves (APW). In biomedical PA imaging, the tissue is irradiated with a nanosecond pulsed laser, resulting
in the generation of an ultrasound wave due to optical absorption and rapid thermal expansion of tissue [2]. The
amplitude of APW which is received by an ultrasound probe and usually defined as PA signal amplitude which is a
positive correlation with the amount of electromagnetic energy delivered at its location. Therefore, the PA signal
amplitude is proportional to the fluence which is distributed inside the target tissue. The challenge for designing an
integrated ultrasound (US) and PA imaging system is the optimization of the light delivery system with limited fibers
and fluence [6]. There are two key factors in the design, initial light intensity, and illumination directionality. Initial
light intensity is the initial illumination area determined by the fiber core-size. The illumination directionality is the
beam direction exiting the fiber. Researchers had created a variance of simulation methods based on Monte-Carlo
algorithm, which is a flexible method to simulate randomized light propagation within the tissue [7-11]. The approach
of Monto-Carlo method simulates the photons randomly traveling inside the tissue depending on the statistical
sampling probability distributions. These probability distributions are estimated for each step size and angular
deflection per scattering. After transmitting many photons, the net distribution of energy yields an accurate
approximation [12-14]. By using Monto-Carlo light simulation method, it can accurately simulate the light fluence

delivered inside tissue mimicking phantoms and real biological tissues based on the defined light delivery strategy.

In this paper, we used a Monte-Carlo based light simulation program to perform several simulation studies
to indicate the initial light intensity and illumination directionality effects in fiber-guided light delivery around a
clinical endocavity US probe. We studied the fiber core-size (initial light intensity) and beam direction (illumination
directionality) effects for PA imaging depth. We found the optimized light delivery strategy for an endocavity US
probe (Co-5, ATL) which can potentially increase the PA imaging depth within the clinical and laser safety limitations.

Materials and Methods
Effect of initial illumination intensity on PA penetration depth

Initial light intensity is a key factor to indicate the penetration of light in the scattering medium [15]. In a
fiber guided light delivery system, the initial light intensity is determined by the fiber core-size. To evaluate the effect
of fiber diameter, two scenarios were demonstrated, (1) large core-size fiber with a diameter of 1 mm and (2) five
small core-size, 200 um fiber covering the same diameter of illumination, Figure 1a. The simulation block diagram is
shown in Figures 1b and 1c. The simulations are performed in a virtual human tissue-mimicking phantom. The
phantom is a volumetric cube of side 50 mm. There are four layers within the simulated phantom, the first layer is the
escape layer for photons, followed by 5 mm space filled with water and the remaining amount is filled with human
tissue. A blood vessel was located within the virtual phantom, at a depth of 25 mm from the surface of the human
tissue. The radius of the blood vessel is 2.5 mm. The simulation beam wavelength was selected at 680 nm within the
PA imaging range for imaging deep biological tissues [16,17]. The optical properties of the simulated phantom were
adopted from [7,18-24]. The simulated energy at the surface of the phantom is about 20 mJ/cm?2. The simulated

energy lies within the laser safety requirements [6] and close to the clinical application.

Effect of illumination directionality on PA penetration depth
INlumination directionality is also a key parameter which describes the path of light traveled inside the tissue
[15]. In clinical PA imaging, the highly collimated laser beams entering the highly scattering human tissue are

immediately diffused, lose their directionality [23,25], and affects the photon distribution possibility which leads to
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different PA imaging penetration depth [26]. The distribution changes in photon path by different illumination

directionality (beam direction), was evaluated by creating several illumination patterns around a clinical transvaginal
US probe (TVUS), ATL Co-5.
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Figure 1: Diagrammatic simulation scenarios indicating the effect of different fiber core-size on initial illumination intensity
to PA imaging penetration depth.

The TVUS probe has a radius of ~1.5 cm and each side of the aperture consisted of an arc length ~20 mm
which can be used for aligning 18 large core-size fibers. Several scenarios of simulation studies (focused and non-
focused) were performed to evaluate the effect of illumination direction to the PA imaging penetration depth. In the
non-focused alignment strategy (Figure 2a), the fibers were equally placed around the arc of the probe and the laser
beams from the fibers were directed along the same direction of the transmitted US waves. Similar to the non-focused
alignment strategy, focused illumination strategy also consisted of equally aligned fibers at each side of the probe
(Figure 2b), but each fiber had an individual bending angle to form a focused illumination line at 25 mm away from
the transducer surface towards the center of the probe. Figures 2¢ and 2d show the transverse view at the center plane
of the simulations. In both simulations, the fiber core-size is 1 mm and the distance between the two fiber is 0.2 mm.

The virtual tissue mimicking phantom used in the simulations have the same optical parameters as shown before.
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Figure 2: Diagrammatic simulation scenarios indicating the effect of different beam direction on illumination directionality to PA
imaging penetration depth.
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Results and Discussion

The simulated fluence results in the virtual phantom for indicating the effects of initial illumination intensity
are shown in Figures 3a-3d. The color map of the images presents the fluence intensity. We also calculated the
simulated fluence to compare the different initial illumination and plotted in Figure 3e. From those results, we can
indicate there is an insignificant difference between large core size and small core size scenarios with the illumination

area and averaged fluence intensity.
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Figure 3: Results of Monto-Carlo simulation indicating the effect of different fiber core-size on PA imaging penetration depth. Left
panel indicates the fluence results from large core-size fiber (1 mm). Right panel indicates the fluence results from 5 small core-size
(200 pm) fibers, (a, b) Transverse view at 2 mm depth. (c, d) Frontal view from the center. (e) Gaussian fitted energy distribution
curves at a depth of 10 mm at the center line for the two illumination strategies. The scale bar indicates 10 mm.
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The Full Width Half Maximum (FWHM) of these two scenarios has a different less than 5%. In Figure 4,
shows the simulation results for indicating the illumination directionality effects for PA imaging penetration depth. In
Figures 4a-4f shows the colored fluence distribution in the simulation results. From Figures 4c and 4d we can easily
identify there is more fluence delivered in the focused light illumination compare to the non-focused at 25 mm deep
inside the phantom. To quantitatively compare the energy difference, we calculated the fitted Gaussian cure represent
the light intensity at 10 mm deep inside the tissue (Figure 4g). From the Gaussian fitted fluence cure, there is a
significant difference in energy distribution between those two scenarios. The intensity of focused illumination
delivered five times more energy than the non-focused illumination. Therefore, we can conclude that the
directionality of the laser beam has effects for the PA imaging penetration depth. By targeting the initial beam direct

more towards the desired imaging object gives higher PA imaging penetration depth.
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Figure 4: Results of Monto-Carlo simulation indicating the effect of different initial beam direction on PA imaging penetration depth.
Left panel indicates the fluence results from non-focused illumination strategy. Right panel indicates the fluence results from focused
illumination strategy. (a, b) Transverse view at 2 mm depth. (c, d) Transverse view at 25 mm depth. (e, f) Sagittal view at the
centermost (first) fiber. (g) Gaussian fitted energy distribution curves at a depth of 10 mm at center line for the two illumination
strategies. The scale bar indicates 10 mm.
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Conclusion

A series of Monto-Carlo simulation studies were performed to indicate the initial illumination intensity and
directionality effects for PA imaging penetration depth. The results stipulated that the fiber core-size has insignificant
effects for the penetration depth of PA under the condition where the different core-size fiber covering the same
illumination diameter. The initial beam direction has a significant impact on the penetration depth of PA imaging.
The design and development of any integrated US and PA imaging system revolve around the ability of the designed
system to focus their fiber-guided illumination pattern towards the acoustic imaging plane of their transducer, which
may lead to a higher PA imaging penetration depth.
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