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ABSTRACT

Wavefront shaping could enable focussing light deep inside scattering media, increasing the depth and resolution of
imaging techniques like optical microscopy and optical coherence tomography. However, factors like rapid decorrelation
times due to microscale motion and thermal variation make focusing in living tissue difficult. A way to ease the
requirements could be exploiting prior information provided by memory effects. For example, this might allow partially
or wholly scanning a focus. To study this and related ideas, a computational model was developed to simulate the
generation and correlations of foci formed by WFS in scattering media. Predictions of the angular memory range were
consistent with experimental observations. Furthermore, correlations observed between optical phase maps required to
focus at different positions suggested correlation-based priors might enable accelerated focussing. This work could pave
the way to faster optical focussing and thus deeper imaging in living tissue.
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1. INTRODUCTION

Biological tissue strongly scatters visible and near-infrared light, resulting in attenuated intensity and a loss of coherence
with depth, constraining many optical methods to imaging only a few millimetres deep. However, by spatially modulating
the wavefront of the incident light, the field inside or through a scattering medium can be shaped to constructively
interfere and produce arbitrary fields such as optical foci at depth. This process, known as wavefront shaping (WFS)? (see
Figure 1), has been successfully used to generate foci deep inside scattering mediaZ2. This has been used to improve the
resolution and imaging depth of techniques such as multiphoton microscopy,? light sheet microscopy,* optical coherence
tomography,®> endoscopy,® and photoacoustic microscopy’.

Unfortunately, focusing light in living tissue via WFS is stymied by the dynamic nature of biological tissue, in which even
microscale tissue motion and temperature fluctuations cause the scattering matrix to shift and any shaped light to
decorrelate8. This results in a prohibitively short time window (<50 ms) in which to shape light®. The problem is further
exacerbated if a large number of input modes are required, e.g. in the case of focusing light into multiple output modes
or generating foci with high enhancement.
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Figure 1. Light incident upon a highly turbid medium is strongly scattered. However, appropriately structured light
propagates through the same medium in such a way that the transmitted field constructively interferes within a target
region, producing (in this example) an optical focus. Depicted speckle patterns are physically realistic simulation data
generated by shaping light through a titanium dioxide (TiO2) medium.

One way to reduce the time needed to generate a focus in a scattering medium could be to exploit correlations present
in the medium. For example, the angular memory effect (AME) - a small tilt invariance of scattered light that is present
even in strongly scattering media - has been exploited to image through turbid media® and rapidly focus light onto
dynamic targets!O. Interestingly, the strength of these AME correlations are known to be particularly strong in highly
anisotropic materials such as biological tissue!!. Furthermore, if, owing to the AME, correlations exist between the input
modes (e.g. phase values on a spatial light modulator (SLM)) required to generate foci at different (e.g. adjacent)
locations, then this could provide a route to using prior information to accelerate focussing at one or more of these
locations. Such possibilities provide significant motivation to study memory correlations and related phenomena in
optically scattering media.

The experimental investigation of memory correlations is difficult due to the challenging nature of measuring the light
field inside scattering media. In contrast, computational methods could allow predicting these fields, aiding validating
theory and interpreting experimental data. Unfortunately, existing tractable computational methods are too incomplete
to model the underlying deterministic scattering and interference processes that characterise physically realistic light
transport. This leads to inaccurate predictions. For example, AME predictions made by random phase screen simulations
have been shown to differ significantly from measurements in highly anisotropic mediall. Unfortunately, at the same
time, more accurate methods such as those that directly solve Maxwell’s equations are typically too computationally
expensive to study optical phenomena deepin tissue. This rendersit challenging to study WFS and memory effects using
existing computational tools.

To address this challenge, a full-wave discrete-particle model of scattering media was coupled with a T-matrix method of
calculating light fields'2. This full-wave approach directly solves Maxwell’s equations (and as such can accurately simulate
the physics of light scattering), without requiring a computationally expensive subwavelength discretisation of the
simulation medium, and as such is both relatively time and memory efficient. It is found that the proposed method can
be used to model memory correlations in scattering media. For demonstration, the model is used to simulate angular
memory effect ranges and investigate how correlation-based priors might enable accelerated focussing via WFS.

2. METHODS

Mie theory was used to design a 100um?3 tissue-like discrete particle medium. Embedding particles with a radius of
1.72pm and a refractive index of 1.6 in a medium with a refractive index of 1.33 at a concentration of 0.0077 by volume
producesa tissue-like medium with a scattering coefficientof 10mm-tand an anisotropy of 0.9 when the wavelength of
incidentlight is 1064nm. The scattering coefficientand anisotropy were verified by simulating transmission and reflection
measurements and applying the Inverse Adding Doubling technique?!3, and found to be as intended (within ~3%).
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Using the T-matrix method, an angular spectrum of 441 different optical plane waves were propagated one at a time
through the medium, with the polar and azimuthal angles of the incident waves varying from -10 to 10°. The field on a
50x50um? plane behind the medium was evaluated for each angle. Simulations were performed using CELES'4. To enable
studying the memory effect, the cross-correlation coefficientwas calculated for each generated speckle pattern relative
to the field produced from a directly incident plane wave.

To study the correlation between the phase patterns required to form different foci, WFS was used to form foci at two
different locations behind the medium. To do the WFS, a stepwise sequential algorithm was used to optimise the phase
of each the incident plane waves (which thus constituted the input modes)!. Correlation coefficients were calculated
between the phase maps resulting for different foci.

3. RESULTS AND DISCUSSION
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Figure 2. Using the T-matrix method to simulate the AME through scattering tissue-like media, and calculating the
correlation coefficient of the scattered light as a function of the angle of the incident light.15(a) Light incident on a tissue-
like discrete particle medium is scattered and a speckle pattern is generated on a plane behind the medium. As the
incident angle is shifted, the speckle begins to decorrelation. (b) The decorrelation of a speckle pattern as a function oof
the angle of incident light can be calculated by determining the cross-correlation coefficient.

Figure 2 shows the results of the memory range simulation experiments. As expected, the plane waves that propagated
through the medium were scattered, producing speckle patterns behind the medium (Figure 2a). As the incident angle
was varied, the speckle decorrelated. The cross-correlations between the speckle patterns were plotted in Figure 2b. To
provide error bars, the whole simulation experiment was repeated 5 times (with different stochastic re-creations of the
medium). The decorrelation curves show the bell-shaped curve characteristic of the angular memory effect. The
experiment was repeated using media of different degrees of anisotropy (results not shown). The results showed
differences in the memory range consistent with existing experiments!?!,

Figure 3 shows the results of the focussing simulations. As expected, WFS enabled intense foci to be generated behind
the medium, and shifting the location of the focus caused a change in the optimised phase map. The phase patterns
required to form the foci were found to decorrelate in a way emblematic of the memory effect range. The phase maps
decorrelated quickly, with total decorrelation occurring after a few um of spatial translation of the focus.
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Figure 3. A plane wave propagating through a tissue-like medium is scattered and a speckle pattern is generated. A
stepwise sequential algorithm is used to optimise the phase of the incident light to produce an optical focus at an arbitrary
location within the imaging plane. The correlations between the phase maps used to optimise a focus at a given location
along the x-axis are calculated and plotted.
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4. CONCLUSIONS

We computationally modelled light propagation through scattering media using a discrete-particle medium and a T-
matrix method. Using this method, we performed optical simulations that allowed quantifying the AME and the
correlation between phase maps required to produce foci at different locations via WFS. This approach could help
researchersunderstand if and how memory correlations could be exploited to enhance optical focussing and scanning in
tissue.

(1]
(2]
(3]

(4]
(5]
(6]
(7]
(8]
(9]
(10]
(11]

(12]
(13]

REFERENCES

Vellekoop, I. M. and Mosk, A., “Focusing coherent light through opaque strongly scattering media,” optics fetters

32(16) (2007).

Shen, Y., Liu, Y., Ma, C., and Wang, L. V., “Focusing light through biological tissue and tissue -mimicking phantoms

up to 9.6 cmin thickness with digital optical phase conjugation,” Jourmnal of biomedical optics 21(8), 085001 (2016).

Park, J.-H., Sun, W., and Cui, M., “High-resolution in vivo imaging of mouse brain through the intact skull,” pro-
ceedings of the National Academy of Sciences 112(30), 9236-9241 (2015).

Dalgarno, H.I. C,, Ci" zm” ar, T., Vettenburg, T., Nylk, J., Gunn-Moore, F. J., and Dholakia, K., “Wavefront corrected
light sheet microscopy in turbid media,” applied Physics Letters 100(19), 191108 (2012).

Yu, H., Jang, J, Lim, J., Park, J.-H., Jang, W., Kim, J.-Y., and Park, Y., “Depth-enhanced 2-d optical coherence
tomography using complex wavefront shaping,” optics express 22(7), 7514—7523 (2014).

Papadopoulos, I. N., Farahi, S., Moser, C., and Psaltis, D., “High-resolution, lensless endoscope based on digital
scanning through a multimode optical fiber,” Biomedical optics express 4(2), 260—270 (2013).

Yu, Z., Li, H., and Lai, P., “Wavefront shaping and its application to enhance photoacoustic imaging,” applied sciences
7(12), 1320 (2017).

Park, J.-H., Yu, Z., Lee, K., Lai, P., and Park, Y., “Perspective: Wavefront shaping techniques for controlling multiple
light scattering in biological tissues: Toward in vivo applications,” ap photonics 3(10), 100901 (2018).

Katz, O., Heidmann, P., Fink, M., and Gigan, S., “Non-invasive single-shot imaging through scattering layers and
around corners via speckle correlations,” yature photonics 8(10), 784—790 (2014).

Zhou, E. H., Ruan, H., Yang, C., and Judkewitz, B., “Focusing on moving targets through scattering samples,” optica
1(4), 227-232 (2014).

Schott, S., Bertolotti, J., Leger, J.-F., Bourdieu, L., and Gigan, S., “Characterization of the angular memory effect of’
scattered light in biological tissues,” optics express 23(10) (2015).

Waterman, P., “Matrix formulation of electromagnetic scattering,” proceedings of the iec53(8), 805—812 (1965).

Prahl, S., “Everything i think you should know about inverse adding-doubling,” oregon Medicdl Laser center, st. Vincent

Hospital , 1-74 (2011).

Proc. of SPIE Vol. 12632 126321H-4

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 11 Oct 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



[14] Egel, A., Pattelli, L., Mazzamuto, G., Wiersma, D. S., and Lemmer, U., “Celes: Cuda-accelerated simulation of
electromagnetic scattering by large ensembles of spheres,” Journal of Quantitative Spectroscopy and Radiative
Transfer 199, 103-110 (2017).

[15] Bewick, J. A., Munro, P. R., Arridge, S. R., and Guggenheim, J. A., “Scalable full-wave simulation of coherent light
propagation through biological tissue,” in [2021 IEEE Photonics Conference (IPC)], 1-2, IEEE (2021).

Proc. of SPIE Vol. 12632 126321H-5

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 11 Oct 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



