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ABSTRACT

Wavefront shaping based on optoacoustic (photoacoustic) feedback has recently emerged as a promising tool
to control the light distribution in optically-scattering media. In this approach, the phase of a short-pulsed
light beam is spatially-modulated to create constructive light interference (focusing) at specific locations in the
speckle pattern of the scattered wavefield. The optoacoustic signals generated by light absorption provide a
convenient feedback mechanism to optimize the phase mask of the spatial light modulator in order to achieve the
desired light intensity distribution. The optimization procedure can be done by directly considering the acquired
signals or the reconstructed images of the light absorption distribution. Recently, our group has introduced a
volumetric (three-dimensional) optoacoustic wavefront shaping platform that enables monitoring the distribution
of light absorption in an entire volume with frame rates of tens of Hz. With this approach, it is possible to
simultaneously control the volumetric light distribution through turbid media. Experiments performed with
absorbing microparticles distributed in a three-dimensional region showcase the feasibility of enhancing the light
intensity at specific points, where the size of particles is also essential to maximize the signal enhancement.
The advantages provided by optoacoustic imaging in terms of spatial and temporal resolution anticipate new
capabilities of wavefront shaping techniques in biomedical optics.
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1. INTRODUCTION

Light scattering in nanoscale heterogeneities is responsible for the opacity of many relevant biological and tech-
nological materials.! Indeed, although photons can generally penetrate scattering objects, progressive changes
in the propagation direction impede tracing the location of light sources and hence seeing through this type of
samples. The light intensity distribution caused by photon interference is however not random but determined
by the type and location of optical scatterers, which leads to a characteristic speckle pattern. By controlling the
shape of the incident light beam, it is then possible that photons propagating along multiple paths positively
interfere at specific locations, so that focusing through scattering objects is enabled. Based on this principle,
wavefront shaping techniques have recently emerged as a promising tool to image beyond strongly scattering
samples, with unprecedented applications foreseen in imaging, photodynamic therapy and optogenetics.?

Of particular importance is the possibility to control the light distribution deep into biological tissues, where
scattering limits the penetration of optical microscopy to a few hundred microns.? Diffuse light on the other
hand can reach several centimeters in the so-called near-infrared window,? so that wavefront shaping techniques
can potentially operate at these depths, ultimately limited by light absorption. Wavefront shaping techniques
are based on the spatial modulation of the phase of the light wavefront being incident on a scattering object,
which is generally done by means of a spatial light modulator (SLM). The optimum phase mask at the SLM is
determined from readings of the light intensity at the desired point(s), for which a feedback mechanism capable
to resolve the light intensity distribution is needed.?

The feasibility to focus through scattering objects with wavefront shaping techniques was first demonstrated
by using the two-dimensional image acquired with a camera as a feedback means to measure the light energy
distribution.* Optical feedback is however not suitable to focus light inside a scattering object as very low
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Figure 1. Lay-out of the volumetric optoacoustic wavefront shaping set-up.

resolution is rendered in the diffuse regime.? Indeed, the light enhancement at the target point(s) is inversely
proportional to the number of speckle grains contained in the resolved volume.® A more promising approach
based on optoacoustic feedback (optoacoustic wavefront shaping) was recently suggested, which offers important
advantages to control the scattered light distribution. For example, optoacoustic signals can be collected at a
rate ultimately limited by ultrasound propagation, and hence provide a very fast feedback mechanism to opti-
mize the SLM mask. Acquisition of signals with transducer arrays and graphics processing unit (GPU)-based
reconstruction procedures further enable very fast imaging rates.®” Thereby, both single-element transducers
and transducer arrays have been suggested for optoacoustic wavefront shaping.®'! Moreover, the high optoa-
coustic resolution potentially enables a high light intensity enhancement at the target point(s). Finally, taking
into account that any substance absorbing light can generate an optoacoustic signal, the optoacoustic contrast
versatility is arguably higher than in any other imaging modality.

Herein, we make use of a real-time three-dimensional optoacoustic system recently developed by our group
as a wavefront shaping feedback mechanism that enables monitoring the distribution of light absorption in an
entire volume with frame rates of tens of Hz.'?'13 With this approach, it is possible to simultaneously control
the volumetric light distribution through turbid media.'* Experiments performed with absorbing microparticles
distributed in a three-dimensional region showcase the feasibility of enhancing the light intensity at specific points,
where the size of particles is also essential to maximize the signal enhancement.'® The advantages provided by
optoacoustic imaging in terms of spatial and temporal resolution anticipate new capabilities of wavefront shaping
techniques in biomedical optics.

2. MATERIALS AND METHODS
2.1 Experimental setup

A volumetric (three-dimensional) optoacoustic wavefront shaping platform was used for the experiments. A
lay-out of the system is depicted in Fig. 1. It is described in detail in Ref. 14. A phase only SLM (PLUTO-BB
1T, Holoeye Photonics AG) consisting of a liquid crystal on Silicon (LCoS) microdisplay with 1920x1080 pixels
(8 pm pixel pitch) was used to spatially modulate a light beam incident on a ground glass diffuser (Thorlabs
DG10-120). The sample was placed after the diffuser. A frequency-doubled Q-switch Nd:YAG laser (Lab-
190-30, Spectral physics) operating at 15 pulses per second was used for optoacoustic excitation. The laser
beam was collimated and horizontally polarized before being directed to the SLM. The excited optoacoustic
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Figure 2. Focusing light into absorbing microspheres with volumetric optoacoustic wavefront shaping. (a)-(b) Actual
photographs of the phantoms containing the microspheres. (c)-(d) Maximum intensity projections of the volumetric
optoacoustic images for the first and last iterations in the genetic algorithm. (e)-(f) Value of the cost function as a
function of the number of iterations in the genetic algorithm.

signals were simultaneously collected with a spherical array of piezoelectric transducers, and graphics processing
unit (GPU)-based reconstruction was performed to render a three-dimensional optoacoustic image representing
the light absorption distribution for each laser pulse.” This image was used to provide feedback for a genetic
algorithm that iteratively optimizes the phase at the pixels of the SLM based on the maximization of a defined
cost function.'6

2.2 Experiment description

The experiments were designed to compare the performance of the suggested approach with absorbers of different
sizes as described in Ref. 15. Polyethylene microparticles with approximate diameters 100 ym and 200 ym were
embedded in agar phantoms and imaged with the volumetric wavefront shaping platform described above. In
the experiments, a mask of 20x20 phase values was optimized by grouping the SLM pixels accordingly. The
speckle diameter was set to approximately 27 pm, where the elongation of the speckle is larger than the size of
the spheres. The cost function was defined as the maximum in a volume of interest (VOI) of the reconstructed
image enclosing a microsphere, in a way that the genetic algorithm converges to an SLM mask that focuses light
at this absorber.

3. RESULTS

Actual photographs of the phantoms are depicted in Figs. 2a and 2b for microspheres with diameters 100 and
200 pm respectively. The maximum intensity projections (MIP) along the depth direction of the corresponding
reconstructed images are shown in Figs. 2c and 2d for the first and last iterations of the maximization of the
cost function with the genetic algorithm. The MIPs for the first instant were obtained by setting a constant
phase value in the SLM, which represents the initial iteration of the genetic algorithm. The evolution of the cost
function (maximum signal intensity) as a function of the number of iterations in the genetic algorithm for the
two measurements is displayed in Figs. 2e and 2f respectively. As expected, it is shown that signal enhancement
is higher for smaller particles containing a lower number of speckles.
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4. DISCUSSION AND CONCLUSIONS

The results showcased illustrate the performance of volumetric optoacoustic wavefront shaping and indicate
the importance of the dimensions of the absorbing particles, which can determine the focusing feasibility of
this approach. The maximum signal enhancement achieved is of particular relevance when aiming to focus
light within scattering samples, e.g. biological tissues, for which volumetric wavefront shaping offers promising
prospects. The speckles at depths beyond the light diffusion limit are expected to have a characteristic length
converging to A/2. On the other hand, the optoacoustic resolution scales with the imaging depth due to acoustic
heterogeneities and attenuation in the medium.'" '8 In biological tissues, the optoacoustic resolution is estimated
to be approximately 1/200 of the imaging depth.!® The potential light intensity enhancement achieved for
optoacoustic signals generated by absorbing molecules is then limited. The feasibility of volumetric wavefront
shaping to focus light within biological tissues then appears to be affected by proper selection of efficiently
absorbing particles enclosing a relatively low number of light speckle grains, which can also improve image quality
in limited-view scenarios.?? Focusing light inside biological tissues remains in any case strongly hampered by
millisecond-level speckle decorrelation times as well as by the selection of coherent pulsed light beams for near-
infrared wavelengths, where light penetration is optimal.® Overall, the size of light absorbing particles is meant
to play an essential role in volumetric wavefront shaping.
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