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FOCUS ON DEEP IMAGING OF LIVE TISSUE

Adaptive optical fluorescence microscopy

NaJi

The past quarter century has witnessed rapid
developments of fluorescence microscopy techniques
that enable structural and functional imaging

of biological specimens at unprecedented depth
and resolution. The performance of these methods
in multicellular organisms, however, is degraded by
sample-induced optical aberrations. Here I review
recent work on incorporating adaptive optics,

a technology originally applied in astronomical
telescopes to combat atmospheric aberrations,

to improve image quality of fluorescence
microscopy for biological imaging.

As a species, we have long relied on optical imaging
to explore nature. With our eyes, we monitor our
interactions with the outside world and, from images
formed on our retina, interpret the underlying princi-
ples and rules of nature. The invention of the telescope
and microscope allowed us to transcend the limits of
our senses. Visualizing structures too distant, dim,
or minute for bare eyes to see has vastly expanded
our knowledge!.

The history of telescope and microscope develop-
ment has been dominated by the quest for a perfect
imaging instrument. Diffraction-limited microscopes,
free from optical nonidealities and with resolution lim-
ited solely by the wave nature of light, were routinely
manufactured in the nineteenth century. The past 20
years have witnessed intense research efforts on super-
resolution microscopy?, in which the limitation on
microscopic resolution posed by diffraction has been
surpassed, and molecules tens of nanometers apart can
be resolved in cultured cells or ultrathin sections, as
well as research efforts on methods for imaging struc-
ture and function within living organisms>*.

The effect of optical aberrations

However, nature intervenes when one’s ambition
goes beyond imaging ultrathin or optically ideal sam-
ples. Whether we would like to image synapses deep
inside a mouse brain using a microscope or distant

stars using a telescope, we must contend with optical
aberrations introduced to the image-forming light
waves by the sample itself.

Optical aberrations arise in complex samples
because imaging instruments are designed to achieve
optimal performance in samples with specific optical
properties. For example, water-dipping microscope
objectives focus light into a diffraction-limited spot in
water (Fig. 1a). If the sample has a different refractive
index from that of water, it changes the directions and
phases of the light rays and distorts the wavefront of
the light from the ideal spherical form (Fig. 1b). This
deviation in phase or optical path length from the ideal
wavefront, or optical aberration, prevents diffraction-
limited imaging>~7.

Optical aberrations affect image quality in both
astronomy and microscopy. Before the light from a
distant star reaches a telescope on the Earth’s surface,
it has to traverse the atmosphere, where air masses
of varying refractive indices distort its wavefront and
lead to dim and fuzzy images of the star (Fig. 1¢). In
live biological samples, light travels through a hetero-
geneous mixture of components of the sample (e.g.,
water, proteins, nuclear acids, polysaccharides, lip-
ids), which have refractive indices different from that
of the objective immersion medium. As a result, in a
widefield microscope such as a light-sheet microscope,
where the fluorescence emitted inside a specimen
propagates through the specimen before forming an
image on a camera, the fluorescence wavefront is often
degraded by the sample (Fig. 1d). For point-scanning
microscopes such as confocal or two-photon micro-
scopes, where optimal imaging performance requires
the tightest excitation focus, aberrations accumulated
by the excitation light on its way to the focal plane blur
and dim its focus, leading to degradations in resolution
and contrast (Fig. 1e). In addition to sample-induced
aberrations, microscopes themselves may also contain
system aberrations caused by imperfections in optics
or alignment, which further degrade image quality.
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Figure 1 | Aberrations deteriorate image quality. (a) An ideal focus
formed by a water-dipping microscope objective. (b) Refractive index
mismatches from the water distort wavefront and lead to an aberrated
focus. (c) A star’s wavefront (blue lines) is distorted by the atmosphere,
resulting in an aberrated image on a telescope (inset). Wavefronts of (d)
fluorescence in a widefield microscope and (e) the excitation light in a
point-scanning microscope are distorted by the sample, leading to images
of reduced contrast and brightness (insets). PMT, photomultiplier tube.
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Figure 2 | High-resolution image system is more susceptible to aberrations.
(a) Lateral PSFs of human eye degrade with the increase of pupil size and
NA9. Scale bar, 10 um. (b) A no. 1.5 glass coverslip leads to more severe
signal and resolution degradation for a 1.1-NA than a 0.7-NA water-
dipping objective. Aberrated axial two-photon excitation PSFs measured
from 0.2-um beads are shown in comparison to the ideal PSF. Brightness
increases by 1.5-fold and 9.5-fold as indicated. Scale bars, 1 um.

It is straightforward to detect the presence of aberrations in
a microscope. By placing an object approximating a point—for
example, a fluorescent bead of subdiffraction dimension—inside
or below a specimen and measuring its image in 3D with the
microscope, one obtains the 3D point-spread function (PSF).
If the microscope itself is diffraction limited, any deviation of
the PSF from that of a perfect optical system® indicates the pres-
ence of specimen-induced aberrations. Such deviations are more
easily detectable in the axial PSE, which becomes enlarged and
distorted before the lateral PSF shows obvious deterioration.
Lower order aberrations, such as spherical aberration, astigma-
tism, and coma, have characteristic diffraction patterns near the
focus and can also be identified from the PSE.

Problems associated with aberrations cannot be solved by
improving the system’s resolving power. For many samples, instru-
ments with higher numerical aperture (NA) can experience larger
aberrations, an effect familiar to anyone who has had one’s pupil
dilated. An imperfect imaging system, our eye has intrinsic aber-
rations. A dilated pupil increases the NA and admits in more
light, but it allows the inclusion of higher order aberrations to
degrade image formation, leading to increasingly distorted PSFs°
(Fig. 2a) and blurred vision (this is also the reason that near- or far-
sighted eyes see better in bright light through constricted pupils).
Without correcting for sample-induced aberrations, increasing
the NA of the imaging system (using a higher NA microscope
objective, for instance) may help with light collection, but it would
shift the performance of the system further away from the ideal
diffraction limit (Fig. 2b).

Active and adaptive optics in microscopy

Ideal imaging performance can be achieved in aberrating samples
if the wavefront distortion is compensated for by actively control-
ling the wavefront(s) involved in image formation. Lenses have
been used as spectacles to reduce the aberrations in human eyes
since at least the thirteenth century, and correction collars were

introduced to microscope objectives in 1835 to minimize image
degradation by variations in coverglass thickness'?. Routine cor-
rections of complex optical aberrations with active and adaptive
optics (AO), however, were only realized experimentally after the
maturation of wavefront measurement and control technologies
in the late twentieth century!>12,

Originally proposed to correct for the wavefront distortion
caused by the Earth’s atmosphere in telescopes, AO is conceptually
simple; if the aberration is known, be it sample induced or intrin-
sic to the optical system, a wavefront modulator can be employed
to introduce a compensatory distortion and minimize the net
aberration before image formation. The same concept applies to
AO in microscopy, where the most common wavefront correction
devices are deformable mirrors and liquid crystal spatial light
modulators!3. Once calibrated, these devices are straightforward
to use and robust in their performance. The various implementa-
tions of AO schemes in microscopy differ in how the aberration is
measured and, based on this measurement, may be classified into
direct and indirect wavefront measurement systems.

Direct wavefront measurement
In direct wavefront measurement, aberration is measured directly
from a received wavefront (Fig. 3). In a telescope, after traveling
through the atmosphere, light from a natural star or an artificial one
(generated, e.g., by shining a laser into the mesosphere) is gathered by
the telescope, reflected off a deformable mirror, and directed to a wave-
front sensor (Fig. 3a). The wavefront sensor determines the point-
by-point phase of the received wavefront. This information is then
used to direct the shape of the deformable mirror to minimize aber-
ration and achieve optimal resolution. With AO, Keck Observatory
was able to resolve the stars near Sagittarius A*, the supermassive
black hole in the center of the Milky Way (insets, Fig. 3a; UCLA
Galactic Center Group, http://www.galacticcenter.astro.ucla.edu).
Similar optical geometries can be applied to microscopy.
Unlike in telescopic studies of extraterrestrial objects, isolated,
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self-luminous objects rarely occur naturally in biological speci-
mens. Instead, a light-emitting source can be generated by fluo-
rescence excitation or back scattering of the excitation light. The
light emitted by such a ‘guide star’ (Box 1) accumulates aberra-
tions while traversing the sample and instrument before reaching
a wavefront sensor where its wavefront is measured.

To determine the phase profile of the wavefront, a sensor may
interfere the wavefront with a reference wave or, more com-
monly, measure the local slope of the wavefront using the Shack-
Hartmann (SH) scheme. In an SH sensor, a 2D array of lenses
segments the wavefront and focuses light rays within individual
segments onto a camera. From the displacements of the focus
array relative to the displacement of an aberration-free wavefront
(e.g., generated by a nonaberrating sample), the local slope of
each wavefront segment is calculated (Fig. 3b) and the wavefront
reconstructed. Such a direct wavefront sensing approach only
works when there are sufficient ballistic, unscattered photons of
the guide star reaching the wavefront sensor, because scattering
leads to a loss of phase information as manifested in diffusive foci
on the wavefront sensor (Fig. 3c). As a result, direct wavefront
sensing can be applied to cultured cells and transparent tissues;
and it can also be applied within the superficial depths of opaque
samples such as the mouse brain (up to ~2 scattering lengths!4).
The first demonstration of adaptive optics for imaging biologi-
cal samples employed direct wavefront sensing; aberration of
human eyes was measured with light back reflected from the
retina as the guide star and corrected to achieve high-resolution
retinal imaging!®.

For widefield fluorescence microscopes where an extended
volume is illuminated simultaneously, aberration correction is
often only needed for the emitted fluorescence (Figs. 1d and 3d).
Azucena et al.'® and Azucena et al.!” injected fluorescent beads in
Drosophila embryos and measured the aberration of their fluores-
cence after it passed through the embryo with an SH wavefront
sensor in a widefield microscope. Using fluorescent beads incor-
porated into 3D multicellular tumor spheroids, Jorand et al.!8
corrected the spheroid-induced aberrations in the detection path
of a selective-plane illumination microscope. In both examples,
with a closed loop between a wavefront sensor and a deformable
mirror, the detected wavefront error was minimized, resulting in
improvements in image quality (insets, Fig. 3d).

For two-photon excitation fluorescence microscopes with
pinhole-free nonimaging detectors (e.g., photomultiplier tubes),
aberration correction is only needed for the excitation light (typi-
cally ultrashort laser pulses in the near-infrared range), because
the quality of the excitation focus determines imaging perform-
ance (Figs. 1e and 3e). In samples where direct wavefront sens-
ing is applicable, the aberration of the excitation light that is
back scattered from its focus can be directly measured. Rueckel
et al.!® used a coherence-gated wavefront sensing scheme where
an ultrashort pulse with appropriate time delay was used as a
coherence gate to select back-scattered excitation light that
originated near the focus and measured its wavefront aberra-
tion via interference. Cha et al.2% used a confocal pinhole to select
excitation light reflected from the focal region and an SH sen-
sor to measure its wavefront. In fluorescent samples, because
two-photon excitation naturally produces a fluorescent signal
confined in a compact focal volume, this signal can be used as
the guide star. Given the low chromatic dispersion of biological
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Figure 3 | Adaptive optics using direct wavefront sensing. (a) Distortion
of wavefront (blue lines) is directly measured with a wavefront sensor
and minimized by a wavefront modulator (e.g., a deformable mirror)

to improve image quality for a telescope. Sgr A*, Sagittarius A*. (b)
Principle of SH wavefront sensor. (c) Images on a SH sensor of two-
photon-excited YFP guide stars at 100- and 500-um depth inside a mouse
brain in vivo. (d,e) Direct-wavefront-sensing-based adaptive optical
widefield fluorescence microscope (d) and two-photon fluorescence
microscope (e). Insets represent images of (a) stars near Sagittarius A*,
(d) beads inside a Drosophila embryol’, (e) neurons in zebrafish larval
brain?2 obtained without and with AQ correction. Scale bars, 2 um (d) and
10 um (e).

samples, specimen-induced aberrations of the excitation light
can be approximated by the wavefront distortion experienced by
the emitted fluorescence as it propagates out of the sample and is
directly measured by an SH sensor. Such a nonlinear-excitation-
generated guide star was used to improve the image quality of
Caenorhabditis elegans in vivo?!. When an averaged aberration
over small sample volumes was measured, Wang et al.>? achieved
near-diffraction-limited imaging in large volumes (>240 wm per
side) in zebrafish larval brains in vivo using rapid (~tens of mil-
liseconds per wavefront) direct wavefront sensing of fluorescent
guide stars in the visible wavelengths (insets, Fig. 3e). In more
opaque tissues such as the mouse brain, we can extend the depth
to which direct wavefront sensing is applicable by using guide
stars of longer wavelengths. The reduced scattering of near-infra-
red fluorescence allowed us to extend direct wavefront sensing
down to 700 um inside the mouse brain and to resolve dendritic
spines down to 760 um in vivol4,

For confocal fluorescence microscopy, aberration correction
improves both the illumination by providing a tighter excitation
focus and the detection by ensuring that the in-focus fluorescence
passes through the confocal pinhole, which requires both the
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BOX 1 VOCABULARY

Active and adaptive optics are methods in which the
wavefront of an imaging system is controlled, sometimes in
real time, to optimize image performance in the presence of
optical aberrations.

Optical aberrations are of two classes—monochromatic and
chromatic aberrations. Dispersion, or the variation of material
refractive index with wavelength, causes chromatic aberration,
where lights of different wavelengths follow distinct optical
paths. Chromatic aberration is usually well corrected in modern
imaging instruments, and typical biological samples have small
dispersion; thus we only consider monochromatic aberrations
here. Aberration of a wavefront is quantified as the difference
in its phase or optical path length from the ideal (e.g., spheri-
cal or planar) form. Mathematically, it can be described as a
summation of Zernike polynomials, a set of basis functions that
are orthogonal within a circle (in this case, the objective back
pupil). Low-order Zernike modes are related to the primary ab-
errations such as spherical aberration, coma, and astigmatism.

A wavefront is a 3D surface with constant optical path length
and is always orthogonal to the corresponding light rays.

A converging spherical wavefront leads to a diffraction-limited
focus with all rays converging to the focal point.

excitation and the emission light to reflect off the deformable
mirror. Using isolated fluorescent beads as fluorescent guide
stars, Tao et al.>> improved the signal and contrast of images of
mouse brain tissue. Using endogenous fluorescence of the sam-
ples requires additional attention, especially for samples with
high label density. The confocal pinhole size needs to be care-
fully selected so that it blocks out-of-focus fluorescence with-
out excessively filtering out higher-order aberrations?42°. Using
fluorescent proteins as guide stars, Tao et al.>* demonstrated AO
corrections for YFP-labeled dendritic spines in fixed mouse brain
slices and GFP-labeled centrosomes in live Drosophila embryos?°.
Careful adjustment of confocal pinhole size is no longer neces-
sary when two-photon excitation is used to generate a guide star.
Using this approach, Wang et al.?? improved confocal images of
oligodendrocytes and neuronal nuclei in larval zebrafish brain as
well as images of dendrites in mouse brain in vivo, where apposed
membranes and organelles became resolvable after specimen-
induced aberrations were corrected!4.

Indirect wavefront measurement

Unlike the direct approaches where a dedicated sensor is used
to measure a wavefront directly, AO fluorescence microscopy
methods using indirect approaches vary widely in terms of how
the optimal corrective wavefront is reached.

One class of methods is based on physical principles similar
to how an SH wavefront sensor measures aberration, but instead
using the focusing process in a microscope. In this approach, the
slope of each wavefront segment is directly calculated from the
displacement of the corresponding light ray from the desired focus
(Fig. 4a). By illuminating one pupil segment at a time and record-
ing the resulting two-photon fluorescence image, we measured

A guide star is a 3D confined light source located inside the
sample. The wavefront of the guide star accumulates aber-
rations while propagating out of the sample and is directly
measured by a wavefront sensor. A guide star can be from
either the excitation light generated by reflection or back
scattering, or the fluorescence emission via one- or two-
photon excitation.

Deformable mirrors are membrane mirrors whose surface can
be actively controlled, and they are either continuous or
segmented. They have high bandwidth (>1 KHz) and oper-
ate over large wavelength ranges, but they become expensive
with increasing numbers of actuators (typical mirrors for
adaptive optical microscopy have <100 actuators).

Liquid crystal spatial light modulators are devices made of
typically 100,000s or even millions of liquid crystal cells that
impose spatially varying modulation on the wavefront of the
light. For AO applications, each cell imparts a phase delay.
The large numbers of pixels allow correction of very
high-order aberrations, but LC-SLMs operate within a
narrower wavelength range (~100s nm) for a specific
polarization, and they typically update at a much lower

rate (~60 Hz).

the displacement of the corresponding excitation light ray in the
focal plane (Fig. 4a,b)%’, from which the wavefront aberration
could be reconstructed with algorithms used for SH sensors or with
phase-shift values measured experimentally?”-?8. This approach
allowed us to recover diffraction-limited imaging performance at
a depth of 450 Lm in mouse cortex in vivo?°. We have also used it
to correct system aberrations for two-photon fluorescence micro-
endoscopy®®3! and Scrimgeour et al.32 has applied it to widefield
microscopy. This serial ‘pupil segmentation’ method measures each
segment at low NA and therefore requires the structure used for
aberration measurement to be sparsely labeled, just as an SH sensor
works best with isolated point-like sources. However, once the aber-
ration measurement has been taken on a sparsely labeled structure,
the correction can improve images of densely labeled structures in
the same sample.

Alternatively, the entire pupil can be illuminated to produce
a tighter focus and high NA. Because an aberrated ray requires
extra tilt to overlap and optimally interfere with the reference
focus formed by the remaining rays, we monitored fluorescence
signal variation while tilting a light ray, and we determined the
slope of the corresponding wavefront segment via the displace-
ment of signal maximum from center (i.e., zero applied tilt)33. To
speed up this process, each ray can be modulated at a distinct fre-
quency, allowing the slopes of multiple segments to be measured
simultaneously®*. Using this frequency-multiplexed approach,
we measured and corrected the aberrations in densely labeled C.
elegans, zebrafish, and mouse brains in vivo (Fig. 4b).

Phase retrieval and phase diversity approaches??, originally devel-
oped in astronomical AO, have also been applied to optical micro-
scopy. Hanser et al.3%37 showed that phase retrieval algorithms
can calculate the wavefront from images of subdiffraction sources
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Figure 4 | Adaptive optical fluorescence microscopy with indirect
wavefront sensing. (a) Formation of a focus without and with aberration.
Black dots indicate focal positions in ideal aberration-free systems.

(b) In a two-photon fluorescence microscope, the wavefront is separated
into segments, and individual light rays representing each segment

are measured and corrected to recover optimal imaging performance.
Insets, dendritic spines in mouse brains imaged without and with AO
correction34. (c) Metric-based optimization methods collect images

with known wavefront distortions introduced, from which an optimal
corrective wavefront is obtained. Insets, super-resolution single-molecule
localization microscopic images of microtubules measured without

and with AO correction®4. Scale bars, 2 um (b) and 1 um (c).
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at multiple defocus sections. Kner et al.38 applied this approach
to correcting microscope system aberration for a widefield
microscope. The phase diversity method estimates both the aber-
ration and the form and structure of the object from images taken
with known phase distortions applied. Originally only applica-
ble for 2D objects, phase diversity theory has been extended by
Kner?® to widefield imaging of 3D objects.

All the methods described above measure the aberrations
directly. Aberration measurements without a conventional
wavefront sensor may also be achieved by iteratively adjusting
the wavefront until a certain image metric—such as brightness,
sharpness, or contrast—is optimized (Fig. 4c). Image-brightness-
based metrics work well for samples with constant and bright fluo-
rescence; whereas metric functions based on spatial frequency,
sharpness, or contrast are more suitable for systems with dimmer
and/or fluctuating signals.

Genetic or hill-climbing algorithms have long been used to
search for the optimal correction that maximizes image bright-
ness*0-43. Well suited for bright and nonbleaching signals, these
algorithms have been used to correct the aberrations in optical
systems** as well as to improve image quality in two-photon
microscopy of ex vivo ocular tissue*> and astrocytes in mouse
brains in vivo*®.

Methods have also been developed to improve the metric-based
optimization approaches by reducing the number of iterations
needed to reach optimal correction?’. Similar to phase diversity,
these ‘modal’ approaches use a wavefront modulator such as a
deformable mirror to introduce a known aberration. A quality
metric of the collected image—based on brightness, contrast,
sharpness or combinations thereof—is then calculated. Because
the metric is (in certain cases) explicitly related to the amount
of aberrations#$-0, the amplitude of each aberration mode
introduced by the sample can be estimated by measuring the
metrics when different amplitudes of the same aberration mode
are applied. Compared with the genetic or hill-climbing methods,
the modal approach substantially reduces the number of images
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that need to be taken. Using signal brightness as the metric,
Booth et al.*8 demonstrated improvements in image quality of
confocal microscopy in mouse intestine, and Débarre et al.>!
increased the brightness and contrast of two-photon fluorescence
microscopy in mouse intestine and embryo. For widefield optical
sectioning structured-illumination microscopy, Débarre et al.>°
used image sharpness as a metric and achieved better contrast
and rejection of out-of-focus background in fluorescent mouse
intestine and pollen grains. Using image contrast as a metric,
Bourgenot et al.>? improved images of zebrafish in a light-sheet
microscope by correcting the aberrations introduced by glass or
plastic pipettes.

Direct and indirect wavefront sensing methods differ substan-
tially in their ease of implementation, speed of aberration meas-
urement, and performance. As they require only a wavefront
correction device, indirect sensing methods are simpler in hard-
ware implementation and can be applied to opaque tissue. However,
they are slower in measuring aberration, taking seconds to minutes,
whereas direct wavefront sensing methods can reach a corrective
wavefront within tens of milliseconds, but only in transparent
or weakly scattering samples. Such high speed, however, requires
sufficiently bright guide stars—for example, fluorescent fiducials
or highly expressed fluorescence proteins. The requirement of
both a wavefront sensor and modulator also increases the cost
and complexity of the direct wavefront sensing methods.

Adaptive optics in super-resolution microscopy

With resolutions at tens of nanometers, the performance of super-
resolution fluorescence microscopy is even more sensitive to aber-
ration than are diffraction-limited systems, because an ideal PSF
is usually required for super-resolution methods to function®3.
Because high-NA objectives are employed in these microscopes,
aberrations from the instruments themselves can also become
substantial and require AO correction.

In principle, once sample-induced aberrations are fully cor-
rected in the regime of diffraction-limited microscopy, ideal imag-
ing performance should also be attained in their super-resolution
counterparts. Therefore, the AO methods reviewed above that can
correct aberrations with high accuracy can be directly applied
to super-resolution methods. Specifically, widefield AO meth-
ods can be applied to single-molecule localization microscopy
(SMLM) as well as to structured illumination microscopy (SIM),
whereas correction procedures for point-scanning microscopy
can be applied to methods such as stimulated emission depletion
(STED) microscopy.

For SMLM, aberrations reduce the brightness and localization
accuracy of single-molecule fluorescence. Both direct** and indi-
rect®»>> sensing methods have been used for system aberration
correction in SMLM. Genetic algorithms based on fiducial marker
brightness** or single-molecule-frame spatial frequency® and an
image-sharpness-based modal approach®* have been applied to
correct aberrations through fixed cells and Drosophila brain lobes,
resulting in brighter single molecules, higher localization density,
and greater precision (insets, Fig. 4c). In certain cases, SMLM ben-
efits from simply knowing the aberrations in the system. Through
acquiring 3D PSFs across the field of view by either phase retrieval
and computation®” or direct measurements®s, the axial positional
distortions caused by system aberrations have been corrected in
3D SMLM systems.
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AO has also been applied to SIM, where structured illumi-
nation patterns are used to down modulate high-frequency
spatial information of the sample to within the diffraction
limit and effectively double the spatial resolution. Aberrations
in the fluorescent detection path reduce image brightness
and, more importantly, cause artifacts during image reconstruc-
tion>®. Thomas et al.®0 used phase retrieval to correct system
aberration in an AO-SIM system and applied a modal approach
to improve the images of fluorescent beads through a 35-pum-
thick C. elegans.

To achieve super-resolution in STED microscopy, it is essen-
tial to have zero intensity in the center of the depletion focus.
Aberrations that lead to a distorted depletion focus and nonzero
central intensity degrade resolution and quench the desired fluo-
rescence at the center®3. AO was used to correct system aberration
in the depletion beam by Auksorius et al.®! and Lenz et al.®2 with
a modal approach. We used the pupil-segmentation method to
correct system aberrations in a two-photon microscope to recover
the central zero intensity in the annular focus typically used for
2D STED?. Using two image metrics on brightness and sharp-
ness, Gould et al.%3 corrected aberrations introduced by 25-um-
thick zebrafish retina sections and improved both the brightness
and resolution of fluorescent beads underneath.

Practical considerations

There is no simple answer to the question of what the optimal
AO method is for a particular sample-microscope combina-
tion, as it depends on the characteristics of the sample and the
aberrations to be corrected as well as, practically, the available
expertise and budget. However, some general conclusions can be
reached. Comparing direct with indirect sensing methods, direct
methods are faster in measuring aberration, whereas indirect
methods are less complex to implement and can be applied to
both transparent and scattering tissue. Given bright guide stars,
direct methods may have higher accuracy in wavefront measure-
ment, especially when compared with that of the iteration-based
indirect sensing methods.

An important factor to consider when applying wavefront shap-
ing to optical microscopy is the size of the isoplanatic patch, the
area within which a single correction provides substantial improve-
ment in image quality. For aberration correction in biological
samples, isoplanatic patch size depends on sample morphology,
refractive index heterogeneity, and wavefront sensing methods.
Specimens with low surface curvature (e.g., the mouse brain) may
have isoplanatic patches hundreds of microns in dimension!42%34,
whereas in samples with high surface curvature (e.g., C. elegans or
zebrafish larvae), a single aberration correction may only improve
image quality in the vicinity of the aberration measurement loca-
tion?234, For transparent samples with small isoplanatic patches
(i.e., brains of zebrafish larvae), direct wavefront sensing has been
used to provide AO recovery at a 14-ms update rate for optimal
image quality over hundreds of microns?2.

It has been demonstrated, for all the AO methods reviewed
above, that aberration correction improves image quality in fluo-
rescence microscopy. Because even partial correction of existing
aberrations leads to brighter and sharper images, to determine
how close to the diffraction-limited performance the microscope
operates after AO correction, it is advisable, whenever possible, to
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measure and report the axial PSF (Fig. 2b) or images (because of
their sensitivity to aberrations) with the corrected system.

In addition to AO methods for aberration correction, the past
10 years have also witnessed the rapid development of wavefront
shaping methods that combat light scattering. On account of the
highly spatially varying distribution of scatterers, these techniques
arrive at wavefront corrections with very small (micron-sized)
isoplanatic patches. These scattering control techniques have been
reviewed recently®*-% and are not discussed here.

Future directions

Though research efforts on AO microscopy have been largely
focused on the most common modalities of single- or two-photon
excitation fluorescence, similar approaches can improve the per-
formance of optical microscopy in aberrating samples in general.
Correcting aberrations is especially important for microscopy
involving higher-order nonlinear optical processes, such as in three-
photon excitation fluorescence®’ third harmonic generation®s.

Ultimately, the applications of AO to microscopy need to go
beyond technical, proof-of-principle demonstrations. We need to
make existing methods simple to use and robust in performance,
as well as prove that AO can enable biological discoveries, which
requires close collaborations between microscopists and biologists,
as demonstrated recently®®.

With the rapid incorporation into both diffraction-limited and
super-resolution microscopy, one envisions that adaptive optics
will soon be an essential element for all high-resolution imaging
deep in multicellular specimens.
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