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Imaging in Scattering or Turbid Media

Overview: Adaptive optics was first utilized to correct for aberrations that are introduced when imaging
through atmospheric turbulence. In monochromatic imaging systems or laser communication systems
wavefront correction is most easily accomplished by adding a liquid crystal spatial light modulator to the
imaging system. By applying an equal and opposite phase to the SLM it is possible to restore diffraction
limited images. In recent years, much of the research on atmospheric turbulence correction is translating
to biology, where biological systems introduce scattering and turbidity. For example, SLMs can be used in
STED microscopes for deep tissue imaging. In order to maintain the structure of the excitation and
depletion sources, the aberrations that the sources will encounter when passing through the sample must
be pre-corrected for. Similarly SLMs used in multi-photon imaging systems are used to pre-correct for
scattering and aberrations the illumination will encounter when exciting deep tissue targets.
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Figure 1 Hempihill, A. S., Tay, J. W., & Wang, L. V. (2016). Hybridized wavefront shaping for high-speed, high-efficiency
focusing through dynamic diffusive media. Journal of biomedical optics, 21(12), 121502.

Critical requirements: For this market the SLM must offer high resolution, phase stability, and high
speed switching. The SLM resolution determines the ability to correct for complex aberrations. High phase
stability ensures temporally stable excitation which is important when imaging in scattering media with
significant losses. High speed SLMs allow for real time adaptive optics.

Recommended References:

1. Tzang, O., Caravaca-Aguirre, A. M., Wagner, K., & Piestun, R. (2018, May). Adaptive Wave-front shaping in
Linear and Nonlinear Complex Media. In CLEO: QELS_Fundamental Science (pp. FF3H-5). Optical Society of
America.

2. Zhuang, B, Xu, C., Geng, Y., Zhao, G., Chen, H., He, Z., & Ren, L. (2018). An Early Study on Imaging 3D
Objects Hidden Behind Highly Scattering Media: a Round-Trip Optical Transmission Matrix Method.
Applied Sciences, 8(7), 1036.

3. Turtaey, S., Leite, I. T., Mitchell, K. J., Padgett, M. J., Phillips, D. B., & Cizmér, T. (2017). Comparison of
nematic liquid-crystal and DMD based spatial light modulation in complex photonics. Optics express,
25(24), 29874-29884.

4. Knarr, S. H., Lum, D. J., Schneeloch, J., & Howell, J. C. Compressive direct imaging of a billion-dimensional
optical phase space.

www.meadowlark.com Page 1of3 Rev. 0420



meadouwlark aptics

polarization solutioins

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Duan, D. Y., & Xia, Y. J. (2018). Computational ghost imaging with nondegenerate wavelength light source.
arXiv preprint arXiv:1801.10045.

Duan, D. Y., & Xia, Y. J. (2018). Computational ghost imaging with nonlocal quantum correlations. arXiv
preprint arXiv:1801.10045.

Schneider, J., & Aegerter, C. M. (2018). Dynamic light sheet generation and fluorescence imaging behind
turbid media. Journal of the European Optical Society-Rapid Publications, 14(1), 7.

Burgi, K. W., Marciniak, M. A., Nauyoks, S. E., & Oxley, M. E. (2017, August). Exploiting redundant phase
information of a reflection matrix. In Optical Trapping and Optical Micromanipulation X1V (Vol. 10347, p.
103470K). International Society for Optics and Photonics.

Liu, Y., Ma, C., Shen, Y., Shi, J., & Wang, L. V. (2017). Focusing light inside dynamic scattering media with
millisecond digital optical phase conjugation. Optica, 4(2), 280-288.

Hemphill, A. S., & Wang, L. V. (2016, March). Hybrid iterative wavefront shaping for high-speed focusing
through scattering media. In Adaptive Optics and Wavefront Control for Biological Systems Il (Vol. 9717, p.
97170V). International Society for Optics and Photonics.

Hemphill, A. S., Tay, J. W., & Wang, L. V. (2016). Hybridized wavefront shaping for high-speed, high-
efficiency focusing through dynamic diffusive media. Journal of biomedical optics, 21(12), 121502.
Zhuang, B., Xu, C., Geng, Y., Zhao, G., Zhou, L., He, Z., & Ren, L. (2017, June). Imaging through a scattering
medium based on spatial transmission matrix. In European Conference on Biomedical Optics (p. 104160D).
Optical Society of America.

Zhuang, B., Xu, C., Geng, Y., Zhao, G., Chen, H., & Ren, L. (2018, November). Imaging through highly
scattering media based on optical transmission matrix. In Tenth International Conference on Information
Optics and Photonics (Vol. 10964, p. 109642F). International Society for Optics and Photonics.

Zhang, Y., Wu, C,, Song, Y., Si, K., Zheng, Y., Hu, L., ... & Gong, W. (2019). Machine learning based adaptive
optics for doughnut-shaped beam. Optics Express, 27(12), 16871-16881.

Hofer, M., & Brasselet, S. (2019). Manipulating the transmission matrix of scattering media for nonlinear
imaging beyond the memory effect. Optics letters, 44(9), 2137-2140.

Burgi, K. W., Marciniak, M. A., Nauyoks, S. E., & Oxley, M. E. (2016, September). Matrix methods for
reflective inverse diffusion. In Reflection, Scattering, and Diffraction from Surfaces V (Vol. 9961, p.
996100). International Society for Optics and Photonics.

Burgi, K., Marciniak, M., Oxley, M., & Nauyoks, S. (2017). Measuring the reflection matrix of a rough
surface. Applied Sciences, 7(6), 568.

Premillieu, E., & Piestun, R. (2019). Measuring the Transmission Matrix of a scattering medium using Epi-
Fluorescence light. arXiv preprint arXiv:1909.07955.

Thendiyammal, A., Osnabrugge, G., Knop, T., & Vellekoop, I. M. (2020). Model-based wavefront shaping
microscopy. arXiv preprint arXiv:2002.05279.

Jakl, P., Siler, M., Jezek, J., Tragardh, J., Zemanek, P., & Cizmar, T. (2019, February). Multimode fiber
transmission matrix obtained with internal references. In Adaptive Optics and Wavefront Control for
Biological Systems V (Vol. 10886, p. 1088610). International Society for Optics and Photonics.

Fleming, A., Conti, C., & Di Falco, A. (2018). Nonlinear transmission matrices of random optical media.
arXiv preprint arXiv:1809.07077.

Boniface, A., Gusachenko, I., Dholakia, K., & Gigan, S. (2019). Rapid broadband characterization of
scattering medium using hyperspectral imaging. Optica, 6(3), 274-279.

Ringuette, D., Sigal, I., Gad, R., & Levi, O. (2015). Reducing misfocus-related motion artefacts in laser
speckle contrast imaging. Biomedical optics express, 6(1), 266-276.

Burgi, K., Ullom, J., Marciniak, M., & Oxley, M. (2016). Reflective inverse diffusion. Applied Sciences, 6(12),
370.

Zhuang, B., Xu, C., Geng, Y., Zhao, G., Chen, H., He, Z., ... & Ren, L. (2018). Round-trip imaging through
scattering media based on optical transmission matrix. Chinese Optics Letters, 16(4), 041102.

Pozzi, P., Gandolfi, D., Porro, C. A., Bigiani, A., & Mapelli, J. (2020). Scattering Compensation for Deep
Brain Microscopy: The Long Road to Get Proper Images. Frontiers in Physics, 8, 26.

Yin, X. L., Xia, Y. J., & Duan, D. Y. (2018). Theoretical and experimental study of the color of ghost imaging.
Optics express, 26(15), 18944-18949.

www.meadowlark.com Page 2 of 3 Rev. 0420



meadouwlark aptics

polarizatiion siolovtioin:s

28. Motz, A. M. A., Czerski, J., Adams, D. E., Durfee, C., Bartels, R., Field, J., ... & Squier, J. (2020). Two-
dimensional random access multiphoton spatial frequency modulated imaging. Optics Express, 28(1), 405-
424,

29. Zhao, M., Wang, H., & Tian, Z. (2019). Wavefront-shaping-based pattern regeneration through the
scattering medium. JOSA A, 36(9), 1483-1487.

30. Escobet-Montalban, A., Wijesinghe, P., Chen, M., & Dholakia, K. (2019, February). Wide-field multiphoton
imaging with TRAFIX. In Multiphoton Microscopy in the Biomedical Sciences XIX (Vol. 10882, p. 108821G).
International Society for Optics and Photonics.

HOTO www. phototechnica. co. jp 760017 #ER& - EmmRER 1-2-17

TEL:048-871-0067 FAX:048-871-0068

71b?9:bﬁﬁ%*i e-mail :voc@phototechnica. co. jp

www.meadowlark.com Page 3 of 3 Rev. 0420



