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Abstract

The last decade has seen the development of a wide set of tools, such as wavefront shaping,
computational or fundamental methods, that allow us to understand and control light propagation
in a complex medium, such as biological tissues or multimode fibers. A vibrant and diverse
community is now working in this field, which has revolutionized the prospect of
diffraction-limited imaging at depth in tissues. This roadmap highlights several key aspects of this
fast developing field, and some of the challenges and opportunities ahead.

© 2022 The Author(s). Published by IOP Publishing Ltd
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Introduction

SylminGiganl and Ori Katz’

! Laboratoire Kastler Brossel, ENS-Université PSL, CNRS, Sorbonne Université, College de France, 24 rue
Lhomond, 75005 Paris, France

2 Department of Applied Physics, Hebrew University of Jerusalem, Jerusalem, Israel

Wavefront shaping in complex media, the high-resolution manipulation of light waves in order to control
light in disordered environments, is a relatively young field. Its commonly accepted inception can be traced
back to 2007 when Vellekoop and Mosk demonstrated that, via an iterative optimization algorithm, a
diffraction-limited focus could be obtained through a visually opaque strongly scattering medium by phase
control of thousands of optical modes [1]. However, while being a relatively young field, it builds on decades
of experimental works performed in several established fields, from adaptive optics (AO) for astronomy,
through holography, phase conjugation, time reversal of ultrasound waves, to RADAR imaging. It also builds
on decades of fundamental insight from mesoscopic physics. Although the exact boundary between AO and
wavefront shaping is still rather fuzzy, one possible way to define the crossover is whenever low-order mode
corrections (in the Zernike basis) are not sufficient anymore, corresponding to at least a few scattering mean
free paths. However, wavefront shaping is essentially nothing more than AO in an extreme regime of wave
perturbation.

Deep imaging in complex environments is a hugely important challenge, from noninvasive biomedical
investigations to seeing through fog. However, due to the highly scattering nature of many real-world
samples, direct imaging in complex samples, such as biological tissues, is conventionally limited to shallow
depths of a few hundred microns. While other imaging modalities, such as ultrasound, magnetic resonance
imaging (MRI), and x-rays, can penetrate deeper into biological tissue, they are inferior to optical
microscopy in terms of resolution (limited by the wavelength of light), variety of contrast mechanisms (e.g.
chemical sensitivity, and functional information), or their non-ionizing nature. Wavefront shaping offers a
unique possibility: to achieve optical resolution focusing and imaging, without being limited by the
exponential decay of ballistic photons with depth. It is relatively safe to say that, to obtain micrometer or
submicrometer resolution images deep in complex media, retrieving information from scattered light (either
through physical wavefront control or through computation) is the only way to go.

One of the main reasons for the fast recent progress in the field of wavefront shaping is the great
technological advances in both digital modulators and detectors. Spatial light modulators (SLMs) based on a
variety of technologies, from liquid crystals through micro-electro-mechanical systems to acousto-optic
modulators, now allow one to ramp up the number of controlled modes and speed. The progress in cameras
and detector technologies has also had a great impact in the field due to several now widely available devices
from multi-megapixel fast cameras, through ultrasensitive electron-multiplying CCDs (EMCCDs) and
sCMOS detector technologies, to single-photon detector arrays.

The great advancements in modulators and detectors come hand in hand with the now available
computational power, data bandwidth and memory, which are required to digitally transfer and process the
huge amounts of scattered light information. The field also naturally strongly benefits from the current
advancements in signal processing and Al revolution, with the emergence of deep learning (DL). In some
instances, these advancements in signal processing and machine learning algorithms allow one to simplify or
even shortcut the stringent requirements of wavefront shaping, both in terms of number of measurements
and even in the need for a wavefront shaping device.

Simultaneously, the field continuously revisits and makes use of theoretical concepts from mesoscopic
physics to improve imaging and light delivery deep inside visually opaque samples. A first example is the
transmission matrix, initially a theoretician concept, which became a versatile tool for imaging once it was
demonstrated that it could be effectively recorded. Another notable example for imaging is the optical
‘memory effect, a correlation of multiply scattered waves predicted in the 1980s. It was proposed for imaging
(and other tasks) as early as the 1990s in a visionary work by Freund [2]. However, it is only in the last decade
that its practical potential has been realized and put into practice thanks to wavefront shaping. Very recently,
fundamental concepts such as open channels, or time-delay eigenstates, have been increasingly studied in the
context of imaging and light control in complex media.

The applications of wavefront shaping now span well beyond simple focusing and imaging inside
complex media: it has been employed to allow looking around corners, for energy delivery through opaque
samples, for trapping and optical manipulation, near-field imaging, plasmonics, spectroscopy, and ultrafast
pulse shaping; virtually all aspects of photonics have been explored in combination with wavefront shaping.
One specifically important extension of wavefront shaping is its application for light control through long
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multimode and multicore fibers, which has emerged as an extremely fruitful path. In particular, it allows the
development of miniature lensless endoscopes for deep imaging, now a very active subfield.

In terms of imaging modalities, wavefront shaping has been experimentally demonstrated in essentially
every widespread optical modality (most often in proof of principle experiments): these include confocal
imaging, multiphoton imaging, photoacoustics, acousto-optics, phase contrast, optical coherence
tomography, fluorescence imaging, structured illumination, temporal and spectral control, Raman, and
other spectroscopic techniques. Interestingly, optical super-resolution techniques, such as STED, PALM, and
STORM, still remain to date largely unexplored in the scattering regime, although significant progress in
aberrating specimens using AO has been reported [3].

By and large, the field is now relatively mature, but remains very active and shows no sign of slowing
down in terms of innovation; one can cite very recent progress such as fluorescence-based incoherent
transmission matrices, applying DL approaches to image reconstruction, and the emergence of novel
ultrafast SLMs, to cite just a few salient results. It also focuses more and more on applications in real-world
samples rather than basic proof of principle demonstrations.

In this roadmap we highlight, from multiple and different perspectives, many of these recent advances as
well as the challenges and opportunities that the field may offer in the years to come.
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1. Three-dimensionally resolved fluorescence microscopy in deep-scattering biological
tissue

Aaron K LaViolette and Chris Xu
School of Applied and Engineering Physics, Cornell University, Ithaca, NY, 14853, United States of America

Status

One-photon (1P) confocal, two-photon (2P) and three-photon (3P) microscopy provide
three-dimensionally resolved, high-spatial-resolution fluorescence imaging in scattering biological tissues. 1P
confocal microscopy is typically only applicable within shallow imaging depths, while 2P microscopy (2PM)
and eventually 3P microscopy (3PM) are preferred as the imaging depth increases. Such a photon
‘upmanship’ [4] for deep tissue fluorescence imaging can be understood by considering the effective
attenuation coefficient (cv.) of the tissues for ballistic photons, the maximum allowable power, multiphoton
cross sections, out-of-focus background fluorescence generation, and availability of fluorophores.

e is a function of excitation wavelength and is the sum of the scattering coefficient («) and absorption
coefficient (a,), i.e. e = 5 + . For in vivo imaging, the absorption of brain tissue is dominated by blood
and water. Figure 1 shows the calculated and experimentally measured . for mouse brain tissue in vivo
[5-11]. Because the excitation power at the focus, P(z), decreases exponentially as a function of imaging
depth z, P(z) = Pyexp(—ae.z), where Py is the power at the brain surface; the value of . is the most
important consideration for deep imaging. Therefore, the preferred excitation wavelengths for deep tissue
imaging reside within the long wavelength windows around 1300, 1700, and 2200 nm.

While a, is the most important consideration for penetration depth, tissue absorption determines the
maximum permissible power for imaging (i.e. the maximum value of Py) [7]. For the three spectral windows
with the lowest ., the absorption increases at the longer wavelength (figure 1). Although the values of «.
around 1300 and 2200 nm are comparable, the 1300 nm window is preferred because of the higher allowable
power due to the lower tissue absorption, while the low « around 1700 nm indicates that the 1700 nm
window is the best for the deepest imaging.

Most existing fluorophores require excitation wavelengths within the visible to near infrared (NIR) range,
which limits 1P confocal imaging to excitations between about 350 and 700 nm, where c. is large. Thus, 1P
confocal microscopy is generally best in shallow regions. While 2P and 3P excitation makes the low
attenuation spectral windows compatible with existing fluorophores, only red or NIR fluorophores can be
excited in the 1300 nm window by 2P excitation, excluding the most commonly used green and yellow
fluorophores for deep tissue 2PM. 3P imaging can be performed within the 1300 nm spectral window for
blue, green, and yellow fluorophores, and the 1700 nm spectral window for red and NIR fluorophores. The
spectral ‘gap’ for 3P imaging is due to the large water absorption between 1400 and 1600 nm. The 2200 nm
window, in addition to the high tissue absorption, is too long for nearly all existing fluorophores even with
3P excitation.

In addition to the practical considerations listed above, the imaging depth of three-dimensionally
resolved imaging is fundamentally limited by out-of-focus background fluorescence [12]. In general, a
higher-order nonlinear excitation will result in a higher excitation confinement and less out-of-focus
background, resulting in a higher signal-to-background ratio (SBR). However, higher-order nonlinear
excitation is less efficient due to the small multiphoton excitation cross sections. Therefore, the improvement
in SBR comes at the expense of the signal strength. The trade-off between SBR and signal strength indicates
that there is a depth for the fluorophore under consideration beyond which 3P imaging outperforms 2P
imaging [7]. This depth can be quantified based on a metric grounded in detection theory (e.g. for the
detection of calcium-transients with the d’ metric [7, 13] or binary objects with the binary detection factor
metric [14]).

Current and future challenges

The penetration depths of 1P confocal and 2P imaging are limited by the SBR (i.e. the depth limit).
Neglecting the Stokes shift and the pinhole size, 1P confocal imaging has nearly the same point-spread
function as 2PM. Therefore, the depth limit determined by the SBR is similar for 1P confocal and 2P imaging
when the excitation wavelength is the same. Both theoretical and experimental studies show that the depth
limit for 1P confocal and 2P imaging is between 1.5 and 2 mm, when imaging mouse brain vasculature, in
the long wavelength windows of 1300 and 1700 nm [15-18]. The biggest challenge facing deep tissue long
wavelength 1P confocal microscopy is the lack of IR dyes with excitation wavelengths >1200 nm. In addition,
low-cost, low-noise, high-gain, high-quantum-efficiency detectors in the 1300 and 1700 nm windows must
be developed. For long wavelength 2PM, the availability and performance of deep red and NIR functional
indicators are major limitations for practical applications.

5
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Figure 1. Absorption coefficient (red), scattering coefficient (blue) and effective attenuation coefficient (black) plotted as a
function of wavelength. The scattering coefficient is calculated using the Mie theory for a tissue-like phantom solution of
polystyrene beads at a concentration of 5.4 x 10° ml~?!, which mimics scattering in the mouse cortex [5]. The absorption
coefficient is the combined effect (sum) of water [10] and blood [11]. The blue dotted line is extrapolated for scattering below
667 nm by fitting an exponential model to the calculated scattering attenuation coefficient values between 667 and 1000 nm. The
black dotted line reflects that extrapolated scattering data were used. Superimposed are green triangles which are experimental
measurements of the mouse brain presented in [5-9]. The black bars below the graph indicate the ranges where 1P, 2P and 3P
imaging are typically done, which are largely determined by the availability of fluorophores and the effective attenuation
coefficient. The grey highlighted regions show the long wavelength windows for deep tissue imaging.

3P excitation best matches existing dyes with the low tissue attenuation windows, and 3P imaging depths
of >1 mm and >2 mm have been demonstrated, respectively, for green/yellow fluorophores using 1300 nm
excitation [19, 20] and red fluorophores using 1700 nm excitation [21]. The higher-order nonlinear
excitation has also enabled 3PM to image deep in densely labeled samples or through a highly scattering layer
(e.g. the mouse skull or corpus callosum [22]) where the imaging depth of long wavelength 2PM is severely
limited by the SBR. Theoretical analysis and experimental studies on tissue phantoms show that 3PM has the
potential to image much deeper than has been achieved so far. Indeed, the predicted maximum penetration
depth limited by the SBR is about 3-4 mm for 3PM when imaging mouse brain vasculature, which is nearly
twice the deepest imaging today [23]. The biggest challenge in pushing the imaging depth of 3PM is the small
3P cross section. Together with the maximum allowable power, small 3P cross sections limit the 3P signal
strength and currently set the practical imaging depth limit.

Advances in science and technology to meet challenges
The depth limits of long wavelength 1P confocal and 2P imaging have already been reached in the mouse
brain. However, further improvements are required to transform them into valuable practical tools for
biological research. For deep tissue 1P confocal microscopy, the biggest advancement would be creating a
plethora of fluorophores, fluorescent proteins, and functional indicators with excitation wavelengths
>1200 nm. However, significant effort has been devoted to finding long wavelength fluorophores for in vivo
imaging in the last 10-20 years, which has proven to be challenging, particularly for fluorophores excited
with wavelengths >800 nm. Quantum dots (QDs), including carbon dots, are probably the most promising
path so far but making QDs into robust functional indicators may yet prove difficult. Additionally, the recent
development of superconducting nanowire detectors (SNDs) is promising for 1P confocal imaging at 1300
and 1700 nm [18]. While still expensive, advancements in materials and manufacturing for SNDs could
reduce the cost and make these detectors affordable for biological imaging. Noticeable progress has been
made in deep red or NIR fluorescent proteins and functional indicators for 2PM around 1300 nm. Further
improvement in their performance will greatly improve the practical utility of long wavelength deep tissue
2PM and could make long wavelength 2PM of deep red or NIR fluorophores an alternative to 3PM of green
fluorophores for many applications.

The depth limit of 3PM has not been reached in any in vivo biological samples and increasing the
imaging depth of 3PM will require improving the signal strength. Fluorophores with enhanced multiphoton
cross sections can increase the imaging depth of 2PM and 3PM and lower the cost of the excitation source.

6
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While past attempts to explore the molecular structures of fluorophores have largely failed to create new ones
with extraordinarily large 2P or 3P cross sections for in vivo imaging, exploring resonance enhanced 3P
excitation appears to be promising. Indeed, already approximately ten times enhanced 3P cross sections have
been demonstrated [24]. Additionally, adaptive optics (AO), which is a well-established technique for
improving the spatial resolution and increasing the signal generation for in vivo brain imaging [25, 26], may
be considered. AO has been shown to have a larger impact in 3PM than in 2PM due to the higher-order
nonlinear excitation and deeper imaging depth [27], where a 5-10 times signal strength increase can be
achieved for deep 3PM [28]. One of the AO challenges is the lack of a fast and direct wavefront sensing
method in deep scattering tissue.

For both 2PM and 3PM, a promising way forward is the development of high-pulse-energy,
low-repetition-rate femtosecond lasers for deep imaging such as optical parametric chirped pulse amplifiers.
This is because the pulse energy required by the laser increases exponentially as a function of imaging depth,
and so the repetition rate of the laser must be reduced exponentially due to the limit on the maximum
allowable power. The ideal laser for deep tissue imaging should provide constant output average power and a
user-defined, tunable repetition rate. While lasers with high pulse energy and tunable repetition rate have
become available for 2PM and 3PM in the last five years, such sources cannot yet maintain a constant output
power as the repetition rate is tuned. Furthermore, by illuminating the regions of interest only,
pulse-on-demand systems (e.g. the adaptive excitation source [29]) can increase the signal strength without
increasing the average excitation power in the sample or requiring higher average laser output. Such adaptive
lasers can improve the performance of deep tissue 2PM (e.g. imaging speed) and are likely to prove essential
for reaching the depth limit for 3PM.

Concluding remarks

This roadmap aims to elucidate the challenges for high-spatial-resolution, deep tissue, three-dimensionally
resolved fluorescence microscopy. The compatibility of the long wavelength windows and the availability of
fluorophores, together with the trade-off between the SBR and the signal strength, form the basis for the
current choices of 1P confocal microscopy, 2PM, and 3PM and the depth limit of each imaging modality.
High-spatial-resolution fluorescence imaging in deep scattering tissue is challenging because the ‘difficulty’
grows exponentially as a function of imaging depth. While long wavelength multiphoton microscopy can
image at >2 mm in the mouse brain, the imaging depth is still less than a quarter of that of an adult mouse
brain in vivo. Future advancements in fluorophores, detectors, and lasers can perhaps push the imaging
depth of three-dimensionally resolved fluorescence microscopy by another factor of two (e.g. 3-4 mm when
imaging the mouse brain vasculature). Breakthrough innovations are needed to image much deeper than
long wavelength multiphoton microscopy.
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2. Adaptive optical multiphoton fluorescence microscopy

Na Ji
University of California Berkeley, United States of America

Status

Adaptive optics (AO) was originally developed to combat atmospheric aberrations that degrade the image
quality of astronomical objects. Here, wavefront distortion is measured directly using devices such as a
Shack—Hartmann wavefront sensor. With increasing applications of optical microscopy in imaging of
complex tissues, AO methods have been developed for microscopy to correct sample-induced aberrations in
order to maintain optimal imaging performance [25]. Biological aberrations are distinct from their
astronomical counterparts in that there is little to no temporal variation in the aberration profile but the
samples are often optically opaque. Together, these characteristics have motivated the development of
indirect wavefront sensing methods whose performance is not affected by light scattering.

Both direct and indirect wavefront sensing have been applied to multiphoton fluorescence microscopy
(MPFM). The most popular and powerful method for imaging opaque samples is to measure the
tissue-induced aberrations in the excitation light and then cancel them out by pre-shaping the excitation
wavefront using a deformable mirror or spatial light modulator (SLM). To reduce scattering in direct
wavefront sensing, far red and near infrared (NIR) fluorophores were employed [30, 31]. Indirect wavefront
sensing methods use serial evaluations of image metrics (e.g. brightness, spatial resolution, contrast, point
spread function) while manipulating the excitation light to deduce the wavefront profile [32-36]. When
implemented properly, both types of methods are capable of forming a diffraction-limited focus deep in
tissue to excite fluorescence at diffraction-limited spatial resolution.

In the opaque mouse brain, AO has enabled MPFM to visualize subcellular structures such as dendrites
and dendritic spines hundreds of micrometers below the brain surface (figure 2). It has also enabled
biological discovery: using an AO-enabled two-photon fluorescence microscope, we characterized the input
from the visual thalamus in the mouse visual cortex and discovered previously unknown orientation
selectivity of their synapses [37]. The rich repertoire of AO technologies and extensive demonstrations of
their capabilities have firmly established AO to be essential for high-resolution MPFM investigations of
complex tissues at depth.

Current and future challenges

Because fluorophores emitting in the visible spectrum are most commonly used to probe biological
processes, the requirement of introducing additional fluorophores with far red and NIR emission for direct
wavefront sensing complicates sample preparation. The easiest way to introduce these far red/NIR
fluorophores into brain tissues is by injecting them (typically chemical dyes) into the blood [31]. However,
this approach may lead to corrections with smaller isoplanatic patches due to the high curvature of blood
vessels and is not applicable to tissues devoid of vasculature. Indirect wavefront sensing methods can work
with fluorophores in the visible spectrum, but the depth at which they can be applied in opaque tissues
remains limited by scattering of the excitation light and the brightness of the fluorophores.

Currently, AO has largely remained the domain of physicists rather than biologists. One challenge,
therefore, is how to maximize their impact on biological fields where optical microscopy is routinely applied
to enable discovery. AO systems developed for telescopes in large observatories have in-house staff that
ensure their optimal performance, allowing external users to benefit from the high resolution without
requiring them to have optical expertise. However, there are no microscopy facilities that operate on a
similarly large scale, with most biology laboratories having their own microscopes or relying on core facilities
at their institutions. Integrating AO modules into existing commercial microscopes is hindered for both
software- and hardware-related reasons. Many AO methods require access to software that controls the
microscope, acquires data, and processes images, which, as provided by microscope manufacturers, are
almost always proprietary and closed source. Typical commercial MPFM:s are also designed without careful
consideration of optical conjugation. For example, the galvos for 2D scanning of the excitation focus are
usually not conjugated to each other. In this case, if the excitation light is shaped by a wavefront corrector
(e.g. an SLM or deformable mirror) before the galvos, the corrective pattern would be in constant motion at
the objective back pupil plane during scanning, reducing the effective area for AO correction. Placing the
wavefront corrector in between the galvos and the objective would solve the motion problem, but requires
physical access that is often unavailable. Finally, in commercial systems, the microscope objective is often
placed with its back focal plane substantially offset from the plane conjugated to the wavefront sensing
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b Z=747-767 um No AO

Figure 2. AO improves image quality of multiphoton fluorescence microscopy in the live mouse brain. (a) Two-photon
fluorescence images of dendrites and dendritic spines before and after AO using direct wavefront sensing [31]. (b) Three-photon
fluorescence images of a neuron, its dendrites, and dendritic spines before and after AO using indirect wavefront sensing [37].

device, which can lead to similar performance degradation. Given the lack of commercially available adaptive
optical microscopes, implementation of AO in laboratories that pursue biological inquiry has been limited to
a few groups straddling optics and biology.

Advances in science and technology to meet challenges

Because longer wavelength light is less scattered by tissue, using excitation light of longer wavelengths (three-
versus two-photon, e.g. 1.3 um versus 0.9 pm excitation for green fluorophores) can increase the imaging
depth in tissue (see previous section). At such large imaging depths, AO remains essential in achieving high
spatial resolution. Because tissues often absorb more at these longer wavelengths, by increasing the focal
intensity, AO enables the reduction of average excitation power and reduces heating-induced tissue damage.

Effort has also been put into developing far-red and NIR fluorescence proteins, which target cell types,
biomolecules, and biological processes with much higher specificity than chemical dyes. For example,
recently a NIR protein was developed to sense intracellular calcium concentration [38]. Although still
inferior to visible fluorescent proteins in terms of brightness and photostability, continued efforts in
engineering better NIR proteins could eventually allow them to provide both structural and functional
information, as well as act as guidestars for direct wavefront sensing, substantially reducing the demand for
sample preparation.

Due to the lack of commercially available microscopy systems, to maximize the impact of AO
technologies, it is essential to reduce the complexity of their implementation both in terms of hardware and
software. Direct wavefront sensing requires a sensor and a modulator of the wavefront, both of which need to
be carefully calibrated and aligned. Therefore, for labs to integrate AO into their existing microscopes,
indirect wavefront sensing techniques that utilize a single wavefront modulator can be more easily
incorporated into the microscopy beam path. A standalone software module that can be operated
independently of the microscope control program has also been developed [36], which should further lower
the threshold of entry for biological laboratories.

Concluding remarks

By canceling out tissue-induced aberrations and recovering a diffraction-limited focus for multiphoton
excitation, AO methods utilizing both direct and indirect wavefront sensing have led to drastic improvement
of image quality of MPFM in complex tissues. Although their applications have yet to go much beyond
demonstrations of physical principles, efforts have been made to improve the accessibility of these methods
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to non-experts. Together with the continued push to develop brighter fluorophores with longer wavelengths,
AO will become an essential component of cutting-edge MPFMs in pushing the imaging depth for biological
investigations at high spatial resolution.
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3. Optical wavefront engineering for intravital fluorescence microscopy
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Cellular resolution imaging in live biological systems holds great significance in biology and medicine [39].
Thanks to the rapid advance of genetic fluorescence function indicators, various cellular activities can be
captured by optical measurement. However, a major challenge in applying optical measurement in live
animals is the limited imaging depth as a result of the inhomogeneous refractive index of biological tissue
[40—42]. Achieving in vivo large volume high-throughput 3D imaging remains a challenge in most animal
models. Wavefront engineering has been explored to improve the performance of deep tissue imaging. First,
tissue-induced light scattering and aberration is a reversible process. Proper engineering of the optical
wavefront can correct optical aberrations and even suppress light scattering, which can improve the imaging
spatial resolution and signal-to-noise ratio (SNR) [40—42]. Second, wavefront engineering can be employed
to achieve 3D volumetric imaging [39]. Various devices can be employed to generate a defocusing wavefront
which leads to axial control of the imaging plane. Third, wavefront engineering can be coupled with
miniature invasive imaging probes to access extremely large depths [43]. Miniature imaging devices often
have inherent aberration, which greatly reduces their imaging performance including resolution, field of
view (FoV), and imaging throughput. Wavefront engineering can help assist miniature probe imaging to
improve the overall imaging performance. Further advances in all three directions are expected to enable new
observations and knowledge in biomedical research.

Current and future challenges

Cellular resolution functional imaging has been widely employed in biomedical research (figure 3). In
immunology, intravital imaging has been used to track the motility and interactions of immune cells, which
provides key information about the function and dynamics of various cell types [39]. In neuroscience, in vivo
measurements are performed over a wide range of spatiotemporal scales. To study the neuronal plasticity
related to development, learning, and memory, one needs to observe subtle morphological changes of
neuronal structures at a sub-micrometer spatial resolution over days or weeks. To capture the neuronal
activity during behavior, fluorescence images based on calcium or voltage indicators need to be recorded at a
10-1000 Hz frame rate with cellular or subcellular resolution. Spatial resolution, 3D signal confinement, and
SNR are highly important for these measurements, which demand high-quality focus deep in biological
tissue. Although the index of refraction of biological tissue is similar to that of water, the index of cellular
components is slightly higher, which causes spatially varying wavefront distortion. Moreover, the movement
of cellular structure and the trafficking of blood cells also cause temporal variation. To fully compensate for
the wavefront distortion, we need to provide dynamic correction which also varies over space and time. As
the cellular dynamics are inherently three-dimensional, we also need to capture the dynamics in 3D. For
applications on awake animals, the motion of the animal also causes image instability. As a result, slow
recording will suffer from motion artifacts. With high-speed 3D recording techniques, we can eliminate such
artifacts through post-measurement image registration. To access very deep regions (e.g. several millimeters
or more), miniature invasive imaging probes are commonly employed. However, the design and the
dimension limit of these miniature lenses cause inevitable aberrations, which are also
field-position-dependent. Routine applications often suffer from reduced resolution, SNR, FoV, and
throughput. Advanced wavefront correction is needed to enable high-quality large volume imaging through
these miniature imaging devices.

Advances in science and technology to meet challenges

To provide in vivo wavefront measurement, sensor-based and sensorless methods have both been developed.
For multiphoton excitation, the excitation and emission wavelengths are far apart. The short wavelength
emission suffers from much more severe aberration and scattering. Therefore, sensorless methods that
modulate the excitation wavefront profiles are often preferred [40]. High-speed methods can achieve
microsecond-level measurement time per spatial mode [44]. To correct for highly complex wavefront
distortion, the iterative multi-photon adaptive compensation technique (IMPACT) has been developed [40],
which leverages the iterative feedback and the inherent nonlinearity in multi-photon imaging to force the
focus to converge to a diffraction-limited spot inside highly scattering biological tissue. In addition to
high-resolution imaging inside the thick brain and lymph node tissue, IMPACT also enables high-resolution
noninvasive transcranial imaging through intact mouse skulls [45]. For high-throughput large FoV imaging,
the imaging system needs to provide simultaneous spatially varying aberration correction. Multi-pupil

11



10P Publishing J. Phys. Photonics 4 (2022) 042501 S Gigan et al

Figure 3. High-speed 3D volumetric imaging of a mouse brain. Cyan, microglia; orange, blood cell.

adaptive optics has been developed to achieve high-speed, high-resolution imaging [46]. Moreover,
defocusing control can be applied to the desired region to achieve non-planar imaging such that the features
of interest can be shifted to the same 2D recording plane for simultaneous fast recording. Toward fast 3D
volumetric imaging, an optical phase-locked ultrasound lens has been explored to provide a
microsecond-scale defocusing wavefront control [39]. Such capabilities can convert existing 2D raster
scanning microscopes for fast 3D volumetric recording. An important technique for 3D laser scanning
imaging is the remote focusing method [47], which relays a defocusing wavefront through a pair of objective
lenses to the desired focal plane to rapidly shift the laser focus. The perfect operation of remote focusing
demands perfect telecentric objective and relay lenses. However, perfect telecentricity is not the design goal of
common objective lenses and is hardly achievable. To improve the imaging performance, an image plane
adaptive correction method has been developed which can greatly extend the working range of remote
focusing systems [48]. For imaging beyond several millimeters, miniature invasive probes are often used. The
inherent aberration limits the resolution and accessible tissue volume. Recently, the clear optically matched
panoramic access channel technique (COMPACT) has been developed, which provides two to three orders of
magnitude increase in tissue access volume [43]. Combined with aberration correction, COMPACT can yield
high-quality images over massive tissue volumes.

Concluding remarks

The ultimate goal of in vivo imaging is to noninvasively image deep inside live biological systems. Currently,
the majority of the development is still to correct for the static slowly varying low-order aberrations.
Although these developments lead to better resolution and SNR, the imaging depth advance is still moderate.
Significant imaging depth increase can only happen if the wavefront correction can handle the high-order
spatially varying dynamic wavefront distortion in live animals. Currently, none of the established methods is
close to achieving this goal. Major innovations that can offer real-time high-speed wavefront measurement
and correction are needed to break the current limit. An important aspect of tool development is the broad
and routine adoption by the users, which requires the developed technique to be highly robust and easy to
use. Without such capabilities, the development will likely have negligible impacts.
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4. High-speed wavefront shaping
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Spatially modulating light at high speed is critical for the success of multiple optical techniques and
applications. Early use of spatial light modulators (SLMs) in 3D holographic displays, optical signal
processing, and pattern recognition was hampered by the lack of adequate SLMs at the time. From initial
liquid crystal displays with low space-bandwidth product and poor phase modulation to photorefractives, a
plethora of modulation techniques would require decades to mature to the level required for current deep
imaging needs. Adaptive optics (AO) became practical early on through the use of mechanically deformable
mirrors which, despite having a relatively small number of actuators, adapt effectively to the task of
compensating for optical aberrations.

Most biological applications of wavefront shaping (WFS) require fast wavefront modulation, regardless
of the specific technique used to calculate the compensating wavefront. In techniques that use iterative
optimization, optical systems utilize feedback over multiple iterations to attain a wavefront that satisfies a
target performance. Alternatively, in transmission matrix (TM) calculations, a large set of wavefronts needs
to be projected and the respective outputs measured, ideally before the medium changes again. Similarly, in
direct digital phase conjugation, the spatial modulation is calculated directly from direct measurements of
the wavefront but latencies and dynamic changes of the medium are still an issue. Fast spatial modulation is
critical in high-speed scanning through or inside a complex medium regardless of how the SLM pattern is
obtained, including techniques based on digital phase conjugation, TM, or iterative optimization.

In live biological tissue, typical decorrelation timescales are of the order of milliseconds. However, the
need for fast modulation techniques goes beyond biology, being a requirement in dynamic imaging, sensing
and focusing, with implications in optical communications as well as quantum and nonlinearity control.

Recent demonstrations using micro-electro-mechanical systems (MEMSs) and acousto-optics have
shown a path from the early modulation rates in the 10s of Hz to 100s of kHz. These experiments help
motivate the development of larger and better SLM arrays, as well as the investigation into novel physical
modulation mechanisms. In effect, current SLM constraints imply that speed is typically achieved at the
expense of a lower number of degrees of freedom or a reduction in efficiency, if not both.

This section reviews recent progress in achieving high-speed WES, requiring the adoption of new
modulation mechanisms, as well as optical, electronic, and computation optimization.

Current and future challenges

A general WES problem, as depicted in figure 4, seeks to image through or inside a complex medium. These
are defined as highly inhomogeneous media that generate multiple scattering events for any light
propagating in their interior, hence scrambling the information to a degree that has been traditionally
approached via statistical methods. This is the result of having a huge number of scatterers, with unknown
locations and optical properties. Additionally, complicating the problem even further, these scatterers and
the whole medium are dynamically changing.

The use of coherent laser light provides high-intensity sources that somehow mitigate the need to
consider chromatic dispersion while enabling sensitive phase measurements. Notwithstanding, multispectral
or short pulse generalizations have been considered.

Measurements are provided via a sensing mechanism such as photodetectors collecting excited
fluorescence or acoustic transducers detecting photoacoustic signals. These measurements are used to inform
and update the SLM state, typically multiple times as the complex medium changes or as part of a sequence
of measurements to characterize the medium. The process continues with a series of measurements followed
by a matched reconstruction algorithm to attain the target imaging task.

The principle of phase conjugation for the correction of distortions by inhomogeneous objects was
recognized shortly after the invention of holography [49]. Nowadays, the concepts of holography, optical,
digital, or computer-generated, provide a useful framework for understanding and devising techniques for
imaging through highly inhomogeneous media.

The traditional optical holographic process is slow for most dynamic imaging situations. The advent of
fast detector arrays, interfacing electronics, SLMs, and computers in combination with a new understanding
of complex media and insights into computational imaging have opened opportunities for previously
unthinkable imaging performance.

The ideal SLM, in particular, has a large number of pixels, number of phase levels, phase stroke, and
diffraction efficiency, while simultaneously achieving fast response time, switching frequency and low
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Figure 4. A general wavefront shaping problem: coherent light is modulated by N independent degrees of freedom of a spatial
light modulator (SLM) to attain a target metric that helps imaging through/within scattering media. A sensing mechanism
(located on either side of the scatterer) provides feedback based on measurements that inform the state of the SLM.
Reconstruction algorithms deliver the answer to the target imaging question.

Figure 5. Structural and in vivo functional imaging with an ultrathin endoscope based on a multimode fiber and wavefront
shaping. (Left) Imaging baby hamster kidney cells expressing eGFP. (Right) Hippocampal neuronal tissue culture expressing
GCaMP6f; plots show the time signal of two neuronal cells compared with simultaneous measurements using traditional
epi-fluorescence microscopy (from [56]).

latency. While progress in SLM technologies has been significant, the currently available spatial and temporal
space bandwidths are far from what is needed when compared to the degrees of freedom of most complex
media. Hence, managing tradeoffs is critical to advancing imaging applications.

Advances in science and technology to meet challenges

One approach to overcome current limitations is to use fast SLMs with a lower number of pixels and/or a
lower number of states (e.g. binary), while compensating using holographic encoding. For instance, it is
possible to use a binary-amplitude SLM such as the deformable mirror device in conjunction with computer
generated holography concepts to achieve millisecond-scale TM measurements [50, 51]. The electronic
implementation via dedicated hardware is critical to reduce latencies due to communication and
computation [51].

Another possibility is to use the dimensionality transformation enabled by scattering media to take
advantage of existing fast 1D modulators [52]. In effect, the actual arrangement of the input modes is almost
irrelevant as long as the coupling to the output modes is strong enough. In this case, the scattering medium
converts the light from each pixel of the 1D SLM into a 2D speckle pattern. Adjusting the phase of each pixel
provides a means to exert control of the output light distribution in two or even three dimensions. Hence, 1D
modulation (at 100s of kHz) provides opportunities to control light about three orders of magnitude faster
than with liquid crystal SLMs [52].

A little-explored area is the control of nonlinear phenomena using WES [53]. Nonlinear WFS imaging
techniques, such as multi-photon excitation, Raman scattering, or second-harmonic generation, provide new
means to interrogate different materials. High-speed modulation could also benefit emerging hybrid imaging
modalities [54, 55].

Functional imaging of the brain, an imaging grand challenge, could help understand the neural pathways
that trigger human brain function. The use of WFS in multimode fibers has enabled the thinnest endoscopes
to functionally image the activity of live neurons [56]. Real-time imaging is critical to follow the neuron
action potential patterns (figure 5), accessing the brain with cellular resolution at depths where non-invasive
techniques cannot reach.

Emerging techniques also include the use of acousto-optic devices to control the phase via programmable
RF signals that encode beams in the medium. This is followed by measurement of the phases of the scattered
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(c) Exploiting correlations between transmission and reflection measurements. To address the challenges
associated with reflection imaging, another promising direction is to exploit the speckle correlations
between the transmission and reflection measurements. For example, Skarsoulisa et al recently showed
that a DNN can be trained to predict the speckle patterns through a scattering medium purely based on
the pattern measured in the reflection [119].

(d) Adaptive learning framework. To build a DL model that is robust over a wide range of scattering
conditions, adaptive DNN architecture is a promising direction to investigate. For example, Tahir et al
recently proposed a new dynamic synthesis network architecture that can dynamically adjust the DNN’s
model weights and adapt to different scattering conditions [137].

Concluding remarks

Recent advances in DL have shown the potential to push the fundamental limit for imaging in complex
media. By combining new physical insights in scattering physics with a novel learning framework, we expect
novel imaging and sensing techniques will continue to emerge and make their way to practical applications
in many impactful areas, such as biomedical microscopy, metrology, and material science.
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13. Model-based wavefront shaping
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Most approaches to imaging through scattering rely on the optical memory effect in one way or another. One
approach is to use wavefront shaping (WFS) with feedback from a guidestar or a detector to form a focus
(e.g. [138], cf section 5), and then use the memory effect to raster-scan this focus for microscopy

[45, 139, 140]. Sometimes, we can even use the memory effect by itself for computational imaging (see
section 13). Unfortunately, the optical memory effect only has a significant range for objects placed far
behind a thin scattering layer [141], or inside forward scattering materials, such as biological tissue [67].

Without the optical memory effect, the possibilities for deep imaging are limited; if we can only focus
onto the guidestar itself, we will get a ‘single-pixel image. An interesting solution is to use ultrasound tagging
to define a ‘movable’ guide star (section 5). This solution does, however, have the drawback of severely
decreasing the resolution and contrast of the focus.

Model-based (MB) WEFS represents a completely different method that neither requires guidestars nor the
optical memory effect. The idea is simple: if we have an accurate refractive index (RI) model of the scattering
structure, we can compute how to form a focus at any arbitrary point inside the sample.

Of course, one typically does not have an exact model of the structure. In many cases, however, a priori
knowledge about the sample can be combined with additional measurements to construct the model. A
rudimentary demonstration of this concept was given in [142], where the structure was a flat piece of glass
with known thickness and RI. From this model the wavefront corrections for aberration-free focusing at any
depth can easily be computed. A more advanced example is the construction of a model of a multimode fiber
[143]. By fitting a 12-parameter model to calibration measurements, the fiber can be digitally modeled to
compute wavefronts for focusing at arbitrary points through it.

The use of MB-WES to see through highly scattering structures was first demonstrated in [124]; see
figure 20. Here, a rough scattering surface was imaged from the outside, and these images were converted to a
three-dimensional RI model. MB-WES resulted in high-quality wavefront corrections even at depths where
guidestar-based techniques fail due to the low signal-to-noise ratio of the feedback signal.

Current and future challenges
These promising new approaches introduce a class of challenges that are new to the field of wavefront
shaping:

(a) RImodel reconstruction. First of all, it is essential to have a sufficiently accurate model of the RI. A
challenge here is that most tomographic techniques are developed in the weak scattering regime where
the Rytov approximation, first-order Born approximation, or geometrical optics are applicable. When
scattering becomes more dominant, unfortunately, these methods no longer produce correct results, so
alternatives are needed. The alternative of directly mapping the surface (figure 20) does work for
micrometer-scale irregularities. However, the challenge here is to extend the concept to multi-layer or
truly volumetric samples.

(b) Fast light propagation simulations. A practical challenge is to make these computations fast enough for
real-time imaging. In particular, when the memory effect is very small or absent, a new wavefront needs
to be computed for every point in the image. These computations currently take seconds to minutes,
making them the bottleneck for MB imaging.

(c) Coordinate mapping. An experimental challenge is to achieve a true 1:1 mapping of the ‘virtual’
coordinates used in the computer model, and ‘physical’ coordinate spaces spanned by SLM pixels,
camera pixels, galvo scan angles, etc.

Advances in science and technology to meet challenges
Rapid progress is being made to meet these challenges. Some of the highlights are:

(a) RIreconstruction algorithms and iterative measurements. The need for RI reconstruction inside
scattering materials calls for the development of reconstruction algorithms that are robust against
multiple scattering. Promising developments in this direction are the development of optical coherence
refraction tomography [60], neural-network-based methods [144] and reconstruction algorithms
specifically designed for strong scattering [145].
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Scattering-induced distortions in complex media are one of the major hurdles for imaging in many
applications in optics, from astronomical observations through the turbulent atmosphere, through imaging
in foggy conditions, to deep-tissue imaging. Interestingly, this challenge is encountered in several domains
beyond optics, from acoustic imaging to geophysics. While wavefront shaping allows one to undo scattering
and focus to a diffraction-limited bright spot even through multiply scattering samples, imaging requires the
ability to undo scattering from (or to) multiple points in the desired field of view (FoV). In general, one has
thus to find and apply a large number of different wavefront corrections that correspond to all points in the
FoV, making imaging in complex media a much more difficult challenge than single-point focusing.

However, what may alleviate the problem in many instances is if a single wavefront correction can be
effective over more than a single point in the FoV. Such ‘shift invariance’ of the wavefront correction is
termed ‘isoplanatism’ in the fields of adaptive optics and acoustics, and it is in essence the shift (or more
precisely tilt) invariance of the scattering point-spread function, or Green function. Surprisingly enough,
even thick, multiply scattering diffusive samples can scatter light in an isoplanatic fashion [2], meaning that
waves that illuminate the medium at slightly different angles, scatter to nearly identical speckle patterns that
propagate at corresponding relative angles (figure 21(a)). This effect, termed the angular optical ‘memory
effect, was first discovered and characterized in the 1980s [2]. Strikingly, the memory effect exists even at
depths well beyond the transport mean free path, I, where the propagation direction has been totally
scrambled by multiple scattering.

A direct implication of the ‘memory-effect’ isoplanatism is that a single wavefront correction can be used
to scan a wavefront-shaped focus within the memory-effect angular range (also termed the ‘isoplanatic
patch’) to produce an image [139] (figure 22(a)). Thanks to Helmholtz reciprocity, a widefield single-shot
variant of this approach can be performed (figure 22(b)); since light from adjacent point sources is scattered
to highly correlated speckle patterns [2], they can all be corrected simultaneously by the same static wavefront
correction [148] (figure 22(b)). These approaches to imaging are based on the physical wavefront correction
of a single point. The wavefront correction can be directly found by invasive access to the target plane [139],
e.g. by implanting a point source ‘guidestar’ [148]. However, advanced approaches currently allow
noninvasive wavefront correction, e.g. by optimizing a nonlinear signal [149], or an image contrast metric
[150] (figure 22(b); see section 7). Interestingly, the angular memory effect is present also in reflection from
complex samples such as white painted walls, and in light propagation through multi-core fibers
(figure 21(c)), opening the path to looking ‘around corners’ [2, 148], and to lensless diffraction-limited
endoscopy [151] (see section 18).

As was first suggested by Freund three decades ago [2], ‘memory-effect’ correlations allow imaging even
without a physical wavefront correction. The first realization in multiply scattering media was demonstrated
by scanning unknown (but correlated) speckle patterns over a fluorescence target (figure 21(a)), and
computationally reconstructing the image from the spatial autocorrelations of the measured patterns using
phase retrieval [152]. Shortly after, it was shown that the same autocorrelation information can be retrieved
from a single-shot image of the scattered light [153, 154] (figure 22(c)), bringing the principles of Labeyrie’s
‘stellar speckle interferometry from astronomy to complex media [153].

Current and future challenges
The major limitations of using the memory effect for imaging are its small FoV and limited imaging depth,
as well as its limited spectral bandwidth. While the angular memory effect is a universal property of
multiple-scattering samples, its angular range is inversely proportional to the sample thickness, L. In the
diffusive regime, i.e. at L > I, the memory effect angular range is Afpoy ~ ﬁ The imaging FoV, which is
the product of Afg,y and the imaging depth, is thus unfortunately of the order of a wavelength—too small
for most applications. Nonetheless, the FoV can be larger when imaging targets that are located at a standoff
distance from a thin scattering layer (e.g. in an ‘eggshell’ geometry), or when imaging ‘around corners), where
the angular memory-effect range in reflection is Afg,y ~ 7%1‘ The imaging FoV can also be somewhat larger
than a wavelength when imaging through biological tissues at depths smaller than /; [67]. In addition, the
large anisotropy of the scattering in soft tissues gives rise to speckle correlations also for transverse
translations of the incident wavefront at such depths [67], which may also be exploited for imaging.

The isoplanatic patch size limitation can be overcome by mosaicking multiple isoplanatic patches into a

single large-FoV image. This can be done by separating the different isoplanatic patches by decomposition of
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Multiple scattering of light in biological tissues, clouds, etc is so complex and dependent on so many tiny
details that it is tempting to pretend that the whole process is random and only deal with the relative
simplicity of the diffusion approximation. The price one pays for that simplicity is big, as true randomness
means that information is forever lost, and therefore there is only so much we can do if we want to image an
object through a scattering layer. Despite its complexity, multiple scattering is still a perfectly deterministic
process, and for the typical powers involved in imaging, it is also often a completely linear one. As a result, all
the information contained in the signal before it was scattered must still be present after it has been scattered.
In this sense, multiple scattering effectively performs a rotation in a very high-dimensional space [2]. If we
knew this rotation (the scattering matrix) we could invert it [157], but otherwise the information is now
spread out and only visible in the form of correlations between the intensity at different points.

As shown if figure 23, speckle correlations come in many forms, each carrying a bit of the desired
information. The most commonly used speckle correlation in imaging is the optical memory effect, i.e. the
fact that, by tilting the incident beam, the transmitted speckle will tilt by the same angle, as long as the angle
is not too large (isoplanatism) [158]. This correlation is a useful tool to image through a scattering layer,
because it gives you information about what is happening on the hidden side of the layer using only
information measured on the accessible one, thus allowing noninvasive imaging [152] (see section 13).

The success of methods based on the memory effect suggests that, among the many possible correlations
that we can find in speckle patterns, the easiest to exploit are those that contain mutual information between
the region where the hidden object is and the region we can freely measure.

Current and future challenges

The main limitations to the use of correlations for imaging are that they are often weak, as most correlations
decrease with the ‘dimensionless conductance’ g, which is very large for most scattering media [159].
Furthermore, most correlations are probabilistic in nature, requiring some form of averaging over disorder
to extract an image. In this respect the optical memory effect is an outlier, being a perfect (C = 1) and
deterministic correlation, as long as the angles involved are small enough.

Another complication is that there are many ways in which mutual information between one part of the
scattered field and another can manifest. Two-point correlations in a single speckle pattern have an elegant
classification in terms of how the correlation decreases with the distance between the two points, but other
forms of correlation, e.g. three-point correlations (bispectrum) [160], are difficult to classify using that
framework. This is, of course, both a challenge and an opportunity, as it is possible to find useful mutual
information in many places. For instance, linear scattering preserves spatial coherence, so one can estimate
the extension of a source hidden in a turbid medium by looking at the signal spatial coherence [87] (see
section 6).

The presence of as yet undiscovered or unexploited speckle correlations is also why machine
learning-based techniques can work on systems they were never trained on. Although we are not aware of
them, a properly trained neural network can find and exploit correlations that are not sample-specific, thus
enabling it to recover the desired image even when the scattering system is different from the one(s) used for
the training [132] (see section 11). The challenge here is that, while the success of machine learning tells us
that the correlations are there, there is no obvious way to find out which correlations are being exploited and
thus use them for other imaging techniques.

Advances in science and technology to meet challenges
Starting with the work of Feng et al in 1988 [141], where the first speckle correlations were described and
classified, there has been a lot of interest in the properties of speckles, and in recent years a number of new
correlations have been characterized, from the ‘tilt—tilt’ memory effect [161] through the ‘chromato-axial’
memory effect [125] to the ‘transmission-reflection’ correlations [162], and others. All these new
correlations allow us to push the boundaries of what can be done for imaging through scattering media, but
there has been no coordinated effort to make the search for new correlations more systematic yet.

Measuring speckle correlations often entails measuring small signals over large backgrounds, and/or
having to average over a large ensemble, which requires fast detectors with large dynamic ranges. At the same
time, fast measurements almost invariably mean less light per time bin, which exacerbates the dynamic range
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Recent advances in information science, such as compressive sensing and machine learning, have contributed
to various fields, imaging being a typical example. In particular, computational imaging, which is a powerful
framework for developing innovative photography and display systems by combining optical and
computational processes, is an attractive field in which to apply state-of-the-art tools in information science
to optics [164]. Simplification of optical hardware, enhancement of imaging performance, nonconventional
imaging modalities and applications have been studied in the field of computational imaging. Established
examples of computational imaging include computed tomography, digital holography, and
computer-generated holography. The advances in information science mentioned above and the rapidly
growing power of computer hardware, such as graphics processing units, are driving forces in the field of
computational imaging.

Optical modulation with randomness has been used in computational imaging, as shown in figure 24.
Random processes have some interesting features such as broad frequency spectra and low cross-correlation.
There are two examples that exploit these features: (a) Pinhole cameras are the simplest optical modality in
lensless imaging. To enhance the spatial resolution based on geometrical optics, the pinhole must be small,
but this decreases the light efficiency, and vice versa. Thus, pinhole cameras have a serious tradeoff between
spatial resolution and light efficiency. Coded aperture imaging employs random pinhole arrays and a
computational deconvolution process to overcome this tradeoff in lensless imaging [165]. (b) Optical
information is multidimensional and includes, for example, three-dimensional spatial position, wavelength,
time, etc, but image sensors are two-dimensional. To compensate for this dimensional gap between the
object and the sensor, the resolution along a certain dimension, such as space or time, is generally
compromised in conventional multidimensional imaging. Compressive sensing is an innovative sampling
framework for capturing object information with fewer measurements compared with the sampling
theorem, thus overcoming the above compromise [166]. It is based on dimensionality reduction with
random projection and computational reconstruction with a sparsity constraint. Single-shot
multidimensional imaging, such as single-shot depth imaging and single-shot spectral imaging, has been
realized by using random processes implemented with scattering media [167].

Current and future challenges

The transmission matrix (TM) represents the linear input/output relationship through scattering processes,
and it has been used for imaging and focusing through scattering media. One advantage of the
transmission-matrix-based approach is the ability to achieve single-shot imaging and focusing through
scattering media after a calibration process for observing the TM [168]. However, this approach requires
costly and careful calibration processes, such as an interferometrical optical setup with no stray light. To
address this issue, we present a machine learning approach for estimating the input/output relationship
through a scattering process. This approach is applicable for observing not only linear relationships but also
nonlinear ones, and it alleviates the requirements for the calibration process. Imaging and focusing based on
this machine learning approach have been demonstrated with a simple non-interferometric setup [169, 170].
One challenge with this learning-based method is the tradeoff between the generalization capability and
imaging performance.

Speckle-correlation imaging is also an approach for imaging through scattering media [152]. An
advantage of speckle-correlation imaging over other methods, including the approach based on the TM, is its
noninvasiveness. In speckle-correlation imaging, by assuming shift invariance of the scattering process, it is
not necessary to access the region inside or behind the scattering media for the calibration mentioned above.
The shift invariance is called the memory effect, and it enables us to approximately identify the
autocorrelation of the object and that of the captured speckle image. The lateral memory effect has realized
two-dimensional speckle-correlation imaging. We have extended two-dimensional speckle-correlation
imaging to three-dimensional cases and have demonstrated single-shot depth imaging through scattering
media with an axial memory effect, where the speckle is laterally scaled when the object is axially shifted
[171]. The object is reconstructed from a single speckle image with a three-dimensional correlation process
and a three-dimensional phase retrieval process. Similarly, we have also presented single-shot spectral
imaging through scattering media with a spectral memory effect [172]. These methods have realized
calibration-free multidimensional imaging. However, the memory effect is a serious limitation of these
methods and restricts the applications of speckle-correlation imaging.
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Status

Scattering and aberrations in dense biological tissue are a major barrier to imaging beyond superficial
depths. To observe deeper layers, a popular strategy is to illuminate samples with engineered light to capture
optically encoded information that static illumination cannot. Scanning techniques such as multiphoton and
confocal microscopy concentrate light to isolate signal from noise and scattered photons, but they introduce
tradeoffs between imaging speed, spatial resolution, and light exposure. More efficient imaging strategies,
such as compressed Hadamard imaging [173] and Fourier ptychographic microscopy [145], leverage custom
illumination and computation to enhance diversity in the recorded data, followed by the reconstruction of
deep images.

The success of many of these imaging strategies currently depends on advanced light sculpting techniques
such as computer-generated holography (CGH), where algorithms control spatial light modulators (SLMs),
either to rectify aberrations [25] (figure 25(a)) or to focus light deep into tissue [79]. These wavefront
engineering methods are routinely used in ground telescopes to undo atmospheric distortions, but they are
inadequate for deep tissue imaging because dense aggregations of living cells disturb the free propagation of
light with far more degrees of freedom (DoF) than there are pixels in the SLM. Hence, new illumination
techniques that can sculpt light with many more degrees of control to synthesize incoherent distributions
[174] or light fields [175] are critically needed for next-generation deep tissue imaging.

Another critical aspect to the performance of deep imaging techniques is managing the joint operation of
image acquisition and illumination hardware operating simultaneously in closed-loop systems
[79, 173, 176]. Since the number of possible sampling modalities is too large to be explored exhaustively, the
integration of advanced optical hardware in future deep imaging methods must be met with equally
advanced computational methods and smart sampling strategies to collect as much optically encoded
information as possible within the available observation time window.

Current and future challenges

Perhaps the most important current challenge in the development of high-performance optical
instrumentation is the need to innovate with commercially available equipment. SLMs and digital
micromirror devices are only commonly available today because they are mass-produced for video
projection. Likewise, the video game industry drives the development of graphics processing units, which are
at the heart of scientific computation. As a result, while many research groups have conceptualized
innovative technologies to push the limits of deep imaging beyond the state-of-the-art, experimental
implementations are routinely biased toward readily available mass-produced hardware. While gaps between
accessible technology and experimental needs can sometimes be filled with additional computational
resources, the additional data processing steps that are required eventually affect imaging performance.

Significant work remains to be done to improve light sculpting technology and compensate for dense
scattering in tissue. Existing light sculpting techniques operating with SLMs can only modulate the phase or
the amplitude of a single coherent wavefront. For each square millimeter of tissue surface (figure 25(a)) they
enable, at best, a few million pixels of control. Conversely, deep tissue imaging at depths as short as 200
micrometers requires the compensation of hundreds of millions of aberrating features per square millimeter.
Dense layers of cells disturb the free propagation of light, both spatially and in the angular domain, and
repeatedly. The 3D accumulated effects yield complex, incoherent distributions of light (figure 25(b)) that
cannot be approximated accurately by a single engineered 2D coherent wave. As a result of this dimensional
discrepancy, even the most advanced adaptive wavefront shaping techniques do not have enough degrees of
control to address scattering in deep tissue.

Progress in both light sculpting and camera technologies dramatically increases both the amount and the
rate of optically encoded data that can be exchanged between a computer and biological samples. New
algorithms must be developed to control both ends of the acquisition process and obtain the most
informative final image within a biologically defined time window. These algorithms must be capable of
managing user input, controlling hardware, and analyzing data simultaneously. By collecting information
about the sample in real time the most efficient frameworks will be able to identify the most informative
sampling strategy with instantaneous and partial information.
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Concluding remarks

The joint development of high-performance sculpted illumination and smart algorithms for online data
analysis is critical to enable progress in deep tissue imaging technology. Although this strategy may bring
deep imaging capabilities closer to the theoretical limits of accessible depth in biological tissue, many
technological and scientific challenges remain to be addressed. Open research avenues include
high-performance optoelectronic hardware, optical instrumentation design, and new algorithms for fast,
sample-driven acquisition and processing of optically encoded information. In this interdisciplinary area,
collaborative projects that explore innovation along multiple directions in parallel are expected to achieve the
greatest breakthroughs in performance.
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Status

Optical imaging through scattering media, such as living tissue, is a grand challenge in biophotonics. Such a
capability promises visualization of structures deep inside the body using non-ionizing light. In this section
we focus on techniques to image through hair-thin strands of multimode optical fiber (MMF), enabling their
deployment as endomicroscopes capable of conveying high-resolution images and video from the tip of a
needle.

Recovery of images from light signals that have been randomized by propagation through a MMF was
first demonstrated in 1967 using analog holography [180]. Despite this achievement, it took the next four
decades for our understanding of light scattering in complex media and the development of digital wavefront
manipulation techniques to become sufficiently mature to target real applications. Modern MMF-based
endoscopes utilize high-fidelity spatial control over the amplitude, phase and polarization of light in order to
achieve close-to-perfect generation of the desired optical fields at the distal facet (i.e. far end) of a MMF
[143]. In imaging applications, these fields most commonly take the form of diffraction-limited foci which
are used to scan the scene point by point. Specialized techniques are already able to use MMFs to funnel
various forms of modern microscopy techniques, as well as spectroscopy and the methods of optical
manipulation, into locations with restricted access [181]. In particular, holographic endoscopes have become
an exciting technological candidate for in vivo neuroscience, promising micrometer resolution observations
of fluorescently labeled neurons residing deep within the living brain [56, 182], as shown in figure 26. To
date, these systems have been tested on mouse models, but they are readily scalable to the size of non-human
primates and, ultimately, humans.

Based on the geometry of the MME, the size of the field of view can vary between 10 s and 100 s of ym
(when imaging in the vicinity of the distal facet of the MMF) and the numerical aperture ranges between 0.1
and 1. With current light modulation technology, imaging at a few frames per second is achievable with these
systems. A unique feature of MMF-based holographic endoscopes is their ability to arbitrarily alter their
working distance and observe objects located right on the distal facet, or move the imaging plane away from
the end of the fiber as far as the strength of the returning signals allows. In combination with time-of-flight
detection, MMF-based endoscopes can nowadays also offer depth-perception in macroscopic
three-dimensional scenes. Such far-field holographic endoscopes look set to further expand the range of
applications within the biomedical and industrial inspection domains [183].

Current and future challenges

Scanning imaging through an MMF requires the acquisition of the fiber’s transmission matrix (TM), which
describes how light fields at either side of any linearly scattering medium are connected [157]. More
precisely, the TM of an MMF is a linear matrix operator relating how any input field is transformed via
propagation through the fiber. TM acquisition generally requires access to both ends of the MMF: a sequence
of known input fields are propagated through the fiber (of a number that should exceed the fiber’s mode
capacity), and the output fields are holographically measured using an optical setup with interferometric
stability. Once the TM is recovered, it can be used to predict the input field required to generate any desired
output (within the spatial bandwidth of the fiber), such as a focused spot. A key challenge is that the TM of
current fiber technology is highly sensitive to mechanical or thermal perturbations—so if the fiber is
contorted or changes temperature during use as an endoscope, its TM is altered in an unknown way, and the
pre-calibration is no longer valid. This reduces the fidelity of light control at the distal facet, and ultimately
disrupts imaging capabilities.

Other challenges pertain to improving the resolution, frame rate, and signal-to-noise ratio of microscopy
techniques it is possible to deliver through optical fibers. Although MMF endoscopy has proven itself capable
of adopting numerous scanning-based imaging techniques, it remains highly desirable to extend its portfolio
also to prominent wide-field approaches, including super-resolution PALM or STORM, as well as
structured-illumination and volumetric (e.g. light-sheet) imaging modalities.
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Status
In the same year that a fiber-optic lensless endoscope based on multimode fiber was demonstrated [189], a
lensless endoscope based on multi-core fiber (figure 28 (al)) was also demonstrated [190]. Both represent
the vision of lensless endoscopes: an ultra-thin endoscope whose diameter reduces to the size of the fiber
itself (~100 pm). Having no further distal optics, the lensless endoscope uses a wavefront shaping element
on its proximal side to control the phase of the fiber modes at the distal side for imaging. The small diameter
makes the fiber a minimally invasive imaging probe exquisitely suited to acquire images of cells hidden deep
in sensitive tissue which must be left to the highest possible extent undisturbed. For instance, multimode
fiber-based lensless endoscopes have already been demonstrated for brain imaging [56, 182, 191].

We may take [56, 182, 191] as a starting point to highlight some universal challenges for lensless
endoscopes and how multi-core fiber may aid in overcoming them.

Acquisition rate

In the cited [56, 182, 191] image acquisition is performed by point scanning, and the wavefront shaping
element has to display a specific mask for every pixel of the acquired image. The update rate of the wavefront
shaping element is thus the limiting factor for the image acquisition rate. Multi-core fibers can overcome this
limit under the condition that individual cores do not exchange energy, allowing point scanning by fast scan
mirrors [192] by exploiting the so-called memory effect (the ability to translate the distal wavefront with a
simple phase tilt at the fiber input side; see section 13).

Two-photon imaging (and nonlinear imaging in general)

In [56, 182, 191] fluorescence contrast was used to benefit from the specificity of contemporary fluorescent
reporter molecules. However, narrowband laser sources were used to overcome the low bandwidth of
wavefront shaping in multimode fibers and so only one-photon fluorescence contrast was possible. Often
two-photon fluorescence contrast is desired for biological imaging, allowing deeper penetration and
z-sectioning, but this requires illuminating the sample by a train of ultrashort optical pulses which become
stretched by modal dispersion in multimode fibers. Multi-core fibers are exempt from modal dispersion
under the condition that all cores are identical, so virtually undistorted transport of femtosecond pulses and
two-photon imaging is possible [193]. Additionally, we note that the multi-core fabrication method allows us
to include a very high-numerical-aperture inner cladding which is very efficient at collecting fluorescence
light [193] (figure 28(a2)).

Current and future challenges

Recent years have seen the exploration of ‘modified’ multi-core fibers (figures 28(b1)—(b3)) for lensless
endoscopes. During fabrication, such modifications can be made before, after, or during the drawing
process. Modified multi-core fibers can help address some of the thornier challenges facing multi-core
fiber-based lensless endoscopes.

Multiply peaked point spread function (PSF)

Periodicity in the core layout of an unmodified multi-core fiber (figure 28(al)) has the unwanted
consequence of additional intensity maxima in the PSF leading to overlapping replica images. Multi-core
fiber with completely aperiodic core structure—for instance a Fermat’s golden spiral layout

(figure 28(b1))—can be made whose resulting PSF is singly peaked [194].

Strehl ratio

The Fermat’s golden spiral multi-core fiber, however, does nothing to resolve another shortcoming of
multi-core fibers: the low intensity delivered into the PSE Indeed, only a small portion (known as the ‘Strehl
ratio’) of the light emitted from the multi-core fiber can be concentrated on a focus by the wavefront shaping
element. This is an intrinsic consequence of the low surface coverage of the cores [195], which in turn is a
consequence of the large core-to-core distance dictated by the need for low energy exchange between cores. A
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