
Wavefront Shaping for Biomedical Imaging:
Advances in Microscopy and Beyond
Wavefront shaping is a powerful optical technique that enables the
manipulation and control of light wavefronts. By introducing specific phase
distortions to a wavefront, it is possible to focus light in unprecedented
ways, overcome limitations of conventional optics, and enhance image
quality in various biomedical imaging applications.
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This article provides a comprehensive overview of the principles,
techniques, and applications of wavefront shaping in biomedical imaging.
We will explore how wavefront shaping is revolutionizing microscopy,
enabling non-invasive imaging, and opening up new avenues for research
and clinical diagnosis.

Principles of Wavefront Shaping
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Wavefront shaping is based on the principle of wavefront modulation. A
wavefront is a surface of constant phase representing the shape of an
electromagnetic wave. By introducing specific phase distortions to a
wavefront, it is possible to control the propagation and focusing of light.

Wavefront shaping can be achieved using various methods, including:

Adaptive optics: Adaptive optics systems use deformable mirrors or
spatial light modulators to introduce controlled phase distortions to a
wavefront.

Holography: Holography techniques can be used to record and replay
wavefronts, allowing for the manipulation and shaping of light.

Digital holography: Digital holography combines holography with digital
image processing to achieve real-time wavefront shaping.

Phase masks: Phase masks are optical elements that introduce
predetermined phase distortions to a wavefront.

Applications in Microscopy

Wavefront shaping has significantly advanced microscopy techniques,
enabling:

Extended depth of field: Wavefront shaping can be used to increase
the depth of field in microscopy, allowing for the imaging of thick
specimens without the need for axial scanning.

Three-dimensional imaging: Wavefront shaping can be used for
three-dimensional imaging techniques such as light sheet microscopy
and optical projection tomography.



Super-resolution imaging: Wavefront shaping can be combined with
other super-resolution imaging techniques to further enhance image
resolution.

Adaptive optics microscopy: Adaptive optics microscopy uses
wavefront shaping to correct for distortions introduced by the sample
or the optical system, resulting in improved image quality.

Non-Invasive Imaging

Wavefront shaping has also opened up new possibilities for non-invasive
biomedical imaging. By using light as a non-ionizing radiation source,
wavefront shaping enables the imaging of biological tissues without
causing damage or harm.

Optical coherence tomography (OCT): OCT combines wavefront
shaping with interferometry to achieve high-resolution images of tissue
microstructure.

Photoacoustic imaging: Photoacoustic imaging uses wavefront
shaping to enhance image contrast and resolution by converting light-
induced acoustic waves into images.

Endoscopy: Wavefront shaping can be integrated with endoscopy
techniques to improve image quality and reduce the need for invasive
biopsies.

Other Applications

Beyond microscopy and non-invasive imaging, wavefront shaping has
various other applications in biomedical imaging, including:



Intraoperative imaging: Wavefront shaping can be used to provide
real-time guidance during surgical procedures by enhancing image
quality and visualization.

Retinal imaging: Wavefront shaping can be used for non-invasive
imaging of the retina, aiding in the diagnosis and monitoring of eye
diseases.

Flow cytometry: Wavefront shaping can be used to manipulate and
sort particles in flow cytometry, improving the accuracy and efficiency
of cell analysis.

Wavefront shaping is a transformative technology that is revolutionizing
biomedical imaging. By enabling the control and manipulation of light
wavefronts, wavefront shaping offers a range of benefits in terms of image
quality, resolution, and non-invasiveness. As research and development
continue, wavefront shaping is expected to play an increasingly important
role in advancing biomedical imaging and improving healthcare outcomes.
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