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ABSTRACT

Adaptive optics (AO) methods are widely used in microscopes to improve image quality through correction of phase aberrations. A range of
wavefront-sensorless AO schemes exist, such as modal, pupil segmentation zonal, and pixelated piston-based methods. Each of these has a dif-
ferent physical implementation that makes direct comparisons difficult. Here, we propose a framework that fits in all sensorless AO methods
and facilitates systematic comparisons among them. We introduce a general model for the aberration representation that encompasses many
existing methods. Through modeling and experimental verification in a two-photon microscope, we compared sensorless AO schemes with a
range of aberration representations to correct both simulated and sample induced aberrations. The results show that different representations
can provide a better basis for correction in different experimental scenarios, which can inform the choice of sensorless AO schemes for a
particular application.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/).

I. INTRODUCTION

Adaptive optics (AO) is often used in microscopes to com-
pensate phase aberrations introduced by optical inhomogeneities in
specimens and to restore near-diffraction-limited operation.  This
is achieved by estimating aberrations through the use of a wave-
front sensor or through indirect optimization approaches. Instead
of measuring phase aberrations directly, wavefront-sensorless aber-
ration correction methods (known concisely as “sensorless AO”)
infer aberration correction from a set of image measurements that
are obtained when intensity and/or phase perturbations are intro-
duced into the system. Sensorless AO methods are commonly used
because they require no extra hardware for direct wavefront sens-
ing and hence allow simpler optical designs and avoid non-common
path sensing errors. There are also cases where the signal level is
too low for sensor-based methods to be feasible, leaving sensorless
methods the only viable option.

APL Photon. 5, 100801 (2020); doi: 10.1063/5.0022523
© Author(s) 2020

Many sensorless AO approaches have proved to be effective on
various types of microscopes. These include the modal method,
pupil segmentation zonal methods, and pixelated piston-based
methods. Unfortunately, no study has systematically compared,
discussed, and summarized the trade-offs of these methods since dif-
ferent approaches were all developed separately for different applica-
tions, meaning a fair comparison among the methods was difficult to
conduct. Furthermore, the apparent conceptual separation between
these correction schemes meant that there were no practical guide-
lines to advise AO users about choosing the more effective method
for a certain application.

In this paper, we introduced a universal framework in which all
of these sensorless AO methods could be interpreted. The frame-
work requires the definition of three components: an aberration
representation, an optimization metric, and an estimation algo-
rithm. We show that one of the main differences between a range of
common sensorless AO methods (such as the three approaches we
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mentioned above) lies in the representation basis used for aberration
correction. We hence used this framework to conduct a fair, side-by-
side comparison between the various bases. We further showed that
the aberration representations used in the common sensorless AO
approaches were in fact special cases from a broader spectrum of
using a hybrid zonal/modal representation. We explored the effec-
tiveness of these different bases when correcting aberrations of dif-
ferent frequencies and amplitudes under different signal to noise
ratios (SNRs). By systematically investigating this broad spectrum
of aberration representations, we not only proposed guidelines for
the selection of sensorless AO schemes but also provided possibili-
ties for other sensorless correction schemes that could be tailored to
particular applications.

Il. A UNIVERSAL SENSORLESS FRAMEWORK

We present in this section a generalized framework that is
broad enough to encompass all published image-based sensorless
AO systems. The only measurement available to a sensorless AO
scheme is the image, which consists of an ordered collection of
intensity measurements from the imaging plane. Using fluores-
cence microscopy as an example, the image output of the micro-
scope is a fluorescence intensity distribution, which has a math-
ematical expression of a convolution between the point spread
function (PSF) of the system and the fluorophore density of the
sample. Since the effects of phase aberration are confined to the
PSF’' and normally sample structures are unknown, more than
one measurement is commonly required to deduce the PSF unam-
biguously. The typical SNR in microscopes makes the retrieval
of phase even more challenging. Therefore, all existing variations
of the sensorless AO methods require in practice multiple expo-
sures. Each of these exposures is obtained with a different per-
turbation to the system, which is typically in the form of a pre-
determined bias phase aberration introduced by AO devices. This
set of measurements is then used to optimize a metric that quanti-
fies the quality of each recorded image™ (Fig. 1). Mathematically,
this process can be expressed as an optimization problem in the

Choose a set of aberration modes (d¢)
Apply of a bias aberration containing one or
more modes (X; a; dg;) using AO element
Record an intensity or image measurement
(f)

Estimate an updated correction phase based upon
the recorded measurements (argmax,{f (¢)})
Apply final correction

FIG. 1. Flowchart of the generalized sensorless AO aberration correction
process.
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form

argmax_ {f[0,¥(a)]}. (1)

Here, f is chosen to reflect the image quality and ideally should
have a clearly defined global optimum that corresponds to diffrac-
tion limited operation. This expression can be interpreted as finding
an optimized value of the parameter vector a, representing the aber-
rations, which maximizes f. The metric f defines the quality of the
output images, and in many cases, f could be expressed explicitly as
a function of the object structure, O, and the microscope PSF, which
in turn is a function of the total aberration ¥(a).”' ¥ is a function of
a, which can be expressed as

N
Y(a)=®+) aipi=P+a-g, )

where @ is the combination of system and sample induced aberra-
tions that need to be corrected. The summation term represents the
aberration correction imparted by a wavefront shaping device: ¢; is
the ith mode of a set of aberration representation modes, g; is the
coefficient of the mode ¢;, and N is the total number of modes used
in the correction. Y a;¢; is also written as the scalar product of a - @
where the vectors a and ¢ contain all a; and ¢; components up to
order N, respectively, such that the ith entry of a is a; and the ith
entry of ¢ is ¢;. Note that @, ¥, and ¢ are all phase functions defined
over the pupil of the system.

Adaptive aberration correction is often considered as a process
that minimizes the variance of the wavefront error in the pupil. In
practice, however, the system would usually minimize the variance
of the wavefront error modulo 27 radians. The optimization process
in Eq. (1) should be an alternative way to achieve the same effect.
Considering the nature of the wavefront error provides a way to
understand the limitations of correction schemes.

If @ contains only the first N aberration representation modes
@, it is fully correctable by the adaptive element. However, in gen-
eral, ® will include modes that are outside of the set ¢ and so cannot
be corrected fully. In many practical situations, it is assumed that we
can find an optimal solution for ® such that ® + ao - ¢ = ¢, where
ag is a set of optimized coefficients of modes ¢ and ¢ is the remain-
ing non-correctible aberration that is outside and orthogonal to the
set ¢ and should be small enough to be neglected. Therefore, it is
important to minimize the size of ¢, which can be done not only by
determining the optimal coefficients in ao but also by the optimal
choice of the aberration representation modes ¢.

The above formulation provides the basis for the univer-
sal framework. All approaches contain three major components—
aberration representation modes (¢), an optimization metric (f),
and an algorithm for the optimization process (argmax,[f(a)]). The
fundamental differences between all sensorless AO methods consist
of variations of one or more of these three components, and each of
these components needs to be considered when defining an effective
sensorless scheme.

lll. A SYSTEMATIC COMPARISON OF DIFFERENT
ABERRATION REPRESENTATIONS

We concentrate in this paper on the use of a generalized aber-
ration representation to allow a fair comparison between various

5,100801-2
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sensorless AO methods within this framework. A systematic com-
parison can be conducted to search for a more effective choice of
representation for certain imaging applications. Before explaining
the general representation, we provide a brief review of existing

methods for the necessary context.

In the pixelated piston-based methods, the pupil is divided into
a large number of separate pixels within which the phase is modeled
as a constant piston value. 2% This constitutes a piecewise constant
model for phase aberration. The applied bias aberration (¢) con-
sists of a single pixel, whose phase is changed between measurements
[Fig. 2(a)]. The phase of a portion of the pixels each varies at a dif-
ferent frequency, and the changing fluorescence intensity is recorded
into a video. The video is Fourier transformed with respect to time

to determine its phase that corresponds to the phase of each pixel.

In “pupil segmentation” zonal methods, the pupil is separated
into a number of zones within which the phase is defined by three
parameters corresponding to the piston, tip, and tilt components.

This constitutes a piecewise linear model of the aberration. There are
14-16

two implementations of the method—single zone illumination

and full pupil illumination.'” For both implementations, a series
of different piston, tip, and tilt components (¢) were applied in
different pupil zones to modulate the pupil wavefront [Fig. 2(b)].
Optimization was performed either through the estimation of the
or through the maximization of the

lateral location of the object'* '

fluorescence intensity depending on the implementation.”

In modal sensorless AO methods, the aberrations are repre-
sented by a series of modes defined over the whole pupil. Common
choices of bias aberrations ¢ used in modal methods include the
Zernike polynomials: 10 [Fig. 2(c)], deformable mirror deformation
modes,'" or (polar) Walsh modes.'”"” In these methods, a mode is
chosen and a short sequence of different bias amplitudes are applied
in order to provide an estimate correction for that mode through
the chosen optimization algorithm to maximize an image-based
quality metric; alternatively, a sequence of bias aberration modes
are applied before optimization in order to estimate several modes

2334

simultaneously."”

These methods, as originally introduced, were conceived as dif-
ferent sensorless AO concepts. However, by placing them into the
proposed framework, we can see that the primary difference between
them is contained within the aberration representation. In the first
case, the aberration is represented by a large number of separate
zones with only piston applied within each zone [Fig. 2(a)]; in the
second case, there are a number of zones with three modes applied
within each zone [Fig. 2(b)]; and in the final case, only one zone
and multiple modes are applied within the zone [Fig. 2(c)]. These

: « | s 1.5
J -
= "Nlg

a b

(b) the “pupil segmented” zonal method, and (c) the Zernike based method.
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A

FIG. 2. Four examples of modes used in (a) the pixelated piston-based method,

three seemingly different methods can now be considered as spe-
cial cases of a more general scheme in which aberrations are defined
both in terms of zones within the pupil and modes within each of
the zones. A wider range of hybrid zonal/modal representations (¢)
can be defined, which form a spectrum ranging from purely zonal
through hybrids to purely modal methods, while maintaining the
same degrees of freedom in each case.

In order to ascertain whether, for a particular task, a more suit-
able basis set exists in the whole spectrum of aberration represen-
tations, we chose to explore this broader range of hybrid represen-
tations rather than just the specific cases that have been presented
previously in the literature.

Dependent upon the imaging application, including the nature
of the specimen and microscope design, the nature of aberrations
can vary: they can have smooth low-order shapes (due to the refrac-
tive index mismatch and system misalignments) or complex high-
order variations (such as when imaging deep inside a scattering
tissue), and the amplitude of aberration can be small or large. More-
over, there can be significant variations in the signal to noise ratio
(SNR): the signal can be bright or dim, dependent on numerous fac-
tors such as fluorophore density and imaging efficiency. Thus, we
narrow this wide parameter space by choosing representative scenar-
ios for modeling that encompass different combinations of simple
vs complex aberration shapes, small vs large aberration amplitudes,
and high vs low SNRs.

A. Choice of microscope

For the purpose of comparing different aberration represen-
tations, we chose to simulate aberration correction processes and
perform experiments on a two-photon (2-P) excitation fluorescence
microscope (Fig. 3); see the supplementary material, I: Fig. 1 for a full
diagram. The 2-P microscope has been the subject of most adaptive
optics developments including the various methods we mentioned
in Sec. II. The 2-P microscope has often been used for deep tis-
sue imaging”’ where sample induced aberrations can be significant.

SLM

ﬂ Fs Laser
Galvo/i PC

|/

2] A

~
pMT EF Galvo y

o Nor

PZ|m= = pupil plane
Obj:W
S

FIG. 3. A simplified diagram including the main features of the 2-P microscope:
Ti:sapphire femtosecond laser, polarization control (PC), spatial light modulator
(SLM), X and Y galvanometer scanners (Galvo x and Galvo y), water immersion
objective lens (Obj:W) mounted on a Z-piezo translation stage (PZ), and dichroic
filter (DF) allowing fluorescence to be reflected through an emission filter (EF)
into a photo-multiplier tube (PMT). Various beam conditioning and relay optics are
omitted for clarity.

i Conjugate planes
1
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The spatial light modulator (SLM) is used to introduce both the
input and correction aberrations (which will be explained later in
Secs. 111 B and I1I C) for the AO scheme.

While the image formation processes vary between differ-
ent microscope modalities, we expect the general trends revealed
through studying the 2-P microscope will also be observed in other
microscope systems. This approach is justified as many of the
approaches already used in sensorless adaptive optics have been
shown to function in a similar manner across different types of
microscopes.' "’

B. Choice of aberration representations

In order to perform a fair comparison between the different
approaches, we need to define a spectrum of aberration representa-
tions that permit variations of the aberration expansion while main-
taining constant the total degrees of freedom. To enable a rigorous
comparison at the modeling stage, we initially chose a 2-P system
with a square pupil, which can be subdivided into equal sized square
zones; different layouts allow us to assess aberration representations
with sub-zones of different sizes; and different sized sub-zones sup-
port a different number of modes within each zone. This arrange-
ment facilitates comparisons across different zonal/modal ratios in a
way that would be difficult to formulate using circular pupils. While
this square pupil is not normally used in practical microscopes, the
difference should not affect the overall conclusions drawn from the
results concerning the relative merits of the different zonal/modal
aberration representations. Circular pupils are addressed in later
experiments. In all of these cases, we consider only full pupil illumi-
nation rather than illumination of individual sub-apertures, which
has been used in some previous demonstrations."*

We defined a particular set of modes to have Z zones, each of
the zones supported M modes, such that the total degrees of free-
dom were given by the product N = ZM. To facilitate comparisons
between different sets of representations, we selected the number of
degrees of freedom N to be constant. To maintain square symmetry,

we set Z = 4° and M = 4, where { and y are non-negative integers
such that { + g = constant.

Given the square symmetry of the zones, we chose to use a
2D Legendre expansion within each zone. The 2D polynomials are
defined as ij (x,y) = Pm(x)Pi(y), where P,(x) is a Legendre
polynomial of order m, and there are restrictions on the values of
indices j, m, and I (see the supplementary material, IT).”* These Leg-
endre modes demonstrate over a square region of support the same
orthogonality as do Zernike polynomials over a circular region. For
the case where Z = 1, the set of modes across the full pupil is defined
by the first M = N 2D Legendre polynomials. For cases where Z # 1,
each of the full pupil modes is defined such that Z — 1 of the zones
has zero value, and the remaining zone contains one of the first M
2D Legendre modes, where M = N/Z. In all of these cases, there are
N modes in total defined across the full pupil.

In numerical modeling, the total degrees of freedom N was cho-
sen to be 64. We, therefore, included four sets of representations into
this analysis: Z64M1, Z16M4, Z4M16, and Z1M64, where ZpMgq is
the notation used for the set with p number of zones in the pupil and
q number of modes in each zone (Fig. 4). For a complete list of all
the modes in the four aberration representation sets, please see the
video in the supplementary material.

APL Photon. 5, 100801 (2020); doi: 10.1063/5.0022523
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FIG. 4. An example of one mode from each aberration representation set: (a)
Z64M1, (b) Z16M4, (c) Z4M16, and (d) Z1M64, respectively.

C. Choice of simulated input aberrations
for correction

It is important to prevent bias when comparing different aber-
ration representations. For example, it should be expected that input
aberrations comprising a sum of Legendre modes would be cor-
rected most precisely by an aberration representation set defined
using the same modes. However, in most practical situations, the
aberrations experienced in the microscope will contain components
that cannot be compensated perfectly by the adaptive element. For
this reason, we chose to model the input aberration using the Fourier
components, which is a different basis to that used for correction.
This ensures that the residual aberration ¢ # 0 for all demonstrations.

An input aberration ®(x) can be generated as a linear sum of
several chosen unit Fourier components (®y) at frequency w and
each component with a chosen root mean square (rms) amplitude
Aw,

D(x) = Y AyDy(x). (3)

The definition of the Fourier components ®,, is explained in
detail in the supplementary material, ITL.

In this model, the low frequency Fourier components are anal-
ogous to the low-order aberrations, such as imaging through a
medium with a refractive index mismatch, encountered in micro-
scopes [Fig. 5(a)]. Aberrations induced from highly disordered
media, such as when imaging deep through thick tissues, contain
high frequency components and can be simulated by high order
Fourier components [Fig. 5(b)].

For the discussion of this paper, we use a Fourier series with
order below 87 in one dimension (w < 87), i.e., a maximum of 16
cycles across the x-y pupil plane.

D. Choice of optimization metric and algorithm

In this paper, we chose the two-photon fluorescence inten-
sity to quantify the output image quality. It is a common choice

3

-3 -
a b

FIG. 5. An example of (a) a randomly generated low order (w = 1.67r) Fourier based
aberration and (b) a random combination of Fourier components containing high
orders. The maximum order (w) appearing in this pupil is 7.67.

5,100801-4
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for many sensorless AO applications in two-photon fluorescence
microscopy.””'® It was calculated using the common approxima-
tion of the focal field through a scaled Fourier transform of the pupil
field.”"”® The intensity distribution was then found as the square of
the modulus of the focal field. The mathematical definition of this
metric is presented in the supplementary material, IV.

Noise was simulated to follow a Poisson distribution with a
mean and variance (¢) proportional to the square root of the photon
count.”” The simulation results presented in this paper are acquired
when no noise is added to the output metric f (high SNR case) and
when Poisson noise with ¢ = /500 was added to f (low SNR case).

To optimize the quality metric, we chose a three-point
quadratic optimization algorithm (3N algorithm) for the conver-
gence of each aberration representation mode.”* (For the details of
this 3N algorithm, please see the supplementary material, V.) This
algorithm permits precise correction of aberrations if the signal fol-
lows closely a quadratic approximation as a function of the input
mode amplitude. Such an approximation is appropriate if the sam-
pling spacing around the peak of the function is even over a suitable
range. Optimization schemes employing more measurements can
be useful to cover a larger range of aberration amplitudes, although
this comes at the expense of requiring more specimen exposure and
time.”*

In initial modeling, we limited our discussion to only one itera-
tion of optimization for each mode. The effects of further iterations
are considered in the supplementary material, VI. Though some
schemes perform better with more iterations, the additional speci-
men exposure and time required generally have a detrimental effect
on the imaging task.”’

E. Simulation and experimental results comparing
the four aberration representations

As we mentioned in Secs. III B and III C, we investigated the
effectiveness of four aberration representations (Z64M1, Z16M4,
Z4M16, and Z1M64) for correction when input aberrations have
varying frequencies (0.2 < w < 87) and amplitudes (0.17 < Ay, < 7),
where w and Ay were defined in Sec. [1I C. For each selection of w
and Ay, 20 aberrations were generated by randomly choosing the
amplitude ratio A, the orientation R, and the spatial offset 7 (see the
supplementary material, III for the definitions of A, R, and 7). The
statistics was then derived from this ensemble of results by averaging
them for each frequency w and amplitude Ay setting. The four cor-
rection models were simulated to correct the aberrations and results
presented below. We also studied two scenarios for high and low
SNRs [Figs. 6(a) and 6(b), respectively] to observe which correction
model was more robust toward noise.

Figures 6(a) and 6(b) show simulations comparing four dif-
ferent aberration representations—Z64M1, Z16M4, Z4M16, and
Z1M64—used to correct the same set of input aberrations. From
the noise-free results [Fig. 6(a)], we saw that the single zone set of
modes (Z1M64 in red) gave the best correction for most of the sim-
ulated aberrations. Figure 6(al) shows the profiles of the mean cor-
rected intensities of correcting 20 randomly generated aberrations
for each set of representations along the line labeled “al” in Fig. 6(a)
where frequency w = 1.47. The black hexagons indicate the aver-
age initial intensity before correction. We note that the input aber-
ration could contain significant tip, tilt, and defocus components,

APL Photon. 5, 100801 (2020); doi: 10.1063/5.0022523
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particularly at lower values of w, which did not affect the intensity
since we assumed a uniform volume specimen. The colored markers
indicate the mean corrected intensity for different aberration repre-
sentation sets. In all cases, correction succeeded, although the benefit
was the greatest for Z1M64 (red stars). Figure 6(a2) shows the equiv-
alent profiles along line “a2” in Fig. 6(a), which correspond to more
complex input aberrations. In this case, the average corrected inten-
sity was much lower than that shown in al. At higher amplitudes,
above A,, = 1 rad, there was little benefit in correction from any of
the four methods. However, at lower amplitudes, it could be seen
that all methods provided some level of correction with Z64M1 (blue
crosses) performing marginally better than the others.

As many practical imaging scenarios worked at low SNR, we
also explored the case when Poisson noise was introduced to the
system in our simulation. Comparing Fig. 6(b) to Fig. 6(a), it was
observed that the small sized zone set (Z64M1 in blue) was more
susceptible to the effects of noise and the medium sized zone
sets Z4M16 and Z16M4 performed better for more complex, low
amplitude aberrations. Furthermore, all sets failed when correcting
wavefronts with a large A,, and w at low SNR.

The trends observed in the simulations were confirmed through
experiments on fluorescence bead specimens. Two-ym fluorescence
beads were diluted and dried on a coverslip before sealing to a sam-
ple slide. The spherical aberration introduced by the coverslip was
compensated mostly by the correction collar of the objective lens;
any residual system aberration was compensated by the SLM using
the Zernike polynomials over the whole circular pupil before exper-
iments being carried out. During the experiment, only light from
the square pupil enclosed by the full circular objective pupil was
allowed to enter the objective lens, and light outside of the square
pupil was deflected away by a grating pattern displayed on the SLM.
When an aberration with Ay = 2.5 and w = 1.4 was introduced
into the system [Fig. 6(c)] for correction, the images were best after
Z1M64 correction, and the correction process plot [Fig. 6(c1)] also
suggested that Z1M64 was the fastest as the fluorescence intensity
was close to the optimized value after correcting the first 32 modes,
while the other three methods only reached the maximum after cor-
recting all the 64 modes; thus, the single zone method (Z1M64 in
red) was shown to be the most suitable model for correcting simple
shaped wavefronts with small frequency components w. Figure 6(d)
shows the results with input aberration A,, = 1.0 and w = 6.87, and
the medium sized zone sets (Z4M16 in purple and Z16M4 in green)
gave better corrections than the other two; the correction using
Z16M4 was also observed to be the fastest as we can see in Fig. 6(d1),
and after correcting the first 45 modes, the fluorescence intensity of
Z16M4 was much higher than the other three. Figure 6(e) presents
results with input aberration Ay = 1.5 and w = 7.27; the shapes of the
beads were revealed after small zone correction (Z64M1 in blue), but
remained blurred after using the others; Z64M1 also gave the fastest
correction process among the four as the slope of the relative flu-
orescence intensity growth is the steepest [Fig. 6(f1)]. Figure 6(f)
shows the same scenario as Fig. 6(e) but with lower SNR, which
was affected by reducing the excitation laser power; no representa-
tion set provided effective correction, and only the single zone set
(Z1M64 in red) gave marginal improvement of the image bright-
ness after correction; it was similarly shown in Fig. 6(f1) where no
improvement in fluorescence intensity was observed throughout the
correction process.
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FIG. 6. [(a) and (b)] Simulation results comparing the correction using the four different aberration representations at high and low SNRs, respectively. The color indicates
the method that provided the greatest mean signal (of 20 simulated experiments) after one cycle of correction, as a function of rms aberration amplitude Ay, and complexity,
defined as the frequency component w. The region that is colored black indicates that no correction using the four aberration representations was effective. The labels “c,”
“d,” “e,” and “f" show the properties of the input aberration used in the corresponding sections of this figure. (a1) and (a2) represent the sections through the plot, as shown in
(a). They show the mean (of 20 simulated experiments) signal level after correction for each of the representations. [(c)—(f)] Experimental results imaging 2 um fluorescence
bead clusters when correcting the Fourier based aberration using the four aberration representations, Z64M1, Z16M4, Z4M16, and Z1M64. Aberrations were both introduced
and corrected using the SLM. The first column from left shows the images with the input aberration; the second to fifth columns show the images after correction using the
four aberration representations. The inset in the bottom right of each image shows the wavefront before (the first column) and after (the second to fifth column) correction.
The colorbar shows the wavefront phase in radians for each row. The four plots (c1), (d1), (e1), and (f1) show the relative fluorescence intensity variations when each mode
of the four methods was corrected during the experiments; they displayed the correction process when correcting the four aberrations from (c)—(f), respectively.
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Note that the noise conditions present when obtaining the
results of Fig. 6(f) are not directly comparable to those used in
the simulation of Fig. 6(b). In a real system, many factors, such as
the laser power, fluorophore density, aberration amplitude, scan-
ning speed, quantum efficiency of the photodetector, and back-
ground noise,”” can all affect the SNR. However, the results are
representative of the trends to be expected in a noisy system.

IV. EXPERIMENTAL COMPARISON OF ABERRATION
REPRESENTATIONS OVER A CIRCULAR PUPIL

The results in Sec. III E provided mathematically complete
and systematic like-for-like comparisons of the effectiveness of dif-
ferent aberration representations for correction while maintaining
fixed degrees of freedom. However, the square pupils used in the
analysis are not commonly used in practice for microscopy. We
therefore performed further comparisons among the most com-
mon three aberration representation sets over circular (or near-
circular) pupils, using a similar conceptual approach. In these cases,
the approach necessitated slight variations in the pupil shape and
degrees of freedom. For these experimental demonstrations, we used
thin fluorescently labeled biological specimens and simulated aber-
rations through the introduction of controlled phase patterns using
the SLM.

A. Circular pupil aberration representations

Similar to the approach in Sec. 111 B, we defined a spectrum con-
taining different aberration representation sets over a circular pupil
that permitted variations of the aberration expansion while main-
taining the total degrees of freedom N. In this case, we aimed for N
to be as close to 36 as possible. For convenience in the zonal/modal
expansion, 36 is chosen. We also aimed to create aberration repre-
sentation sets to cover a plane as close to a circular pupil as possible.
For the small sized zone set, we had a total of 37 square zones (Z
= 37) mapped to a circular pupil with piston (M = 1) applied to each
zone [Fig. 7(a)]. For the medium sized zone set, we had 12 square
zones (Z = 12) mapped to a circular pupil with piston, tip, and tilt
(M = 3) applied to each zone [Fig. 7(b)]. For the large sized single
zone set, we chose to use the Zernike polynomials up to mode M =
36 (Noll index’") over the whole circular pupil [Fig. 7(c)]. Note that
the small sized zone Z37M1 set corresponds to the representation
used in the pixelated method'” and the medium sized zone Z12M3
set closely modeled the representation used in the “pupil segmenta-
tion” zonal method'* mentioned in Sec. I11. We note that for the sets
Z37M1 and Z12M3, some areas of the circular pupil are missing.
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FIG. 7. [(a)—(c)] Four examples of each of the aberration representation sets
Z37TM1, Z12M3, and Z1M36, respectively.
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FIG. 8. Correction of aberrations over a circular pupil using a FluoCells prepared
slide containing a 16 um cryostat section of mouse kidney stained with Alexa Fluor
488 wheat germ agglutinin (W-11261), Alexa Fluor 568 phalloidin (A-12380), and
DAPI (D-1306). These demonstrations show the relative performance of the dif-
ferent aberration representation sets for variations in input aberration: (a) a low
frequency input aberration and [(b) and (c)] a high frequency input aberration. In
(b), imaging was performed with high SNR, and in (c), imaging was performed with
low SNR. The inset in the bottom left of each image shows the wavefront before
(the first column) and after (the second to fourth column) correction. The colorbar
shows the wavefront phase in radians for each row.

However, as they cover about 94% and 91%, respectively, of the
full pupil area, this would not have a significant effect on our
comparison.

B. Experimental results using tissue specimen
and SLM-induced aberrations

For these experiments, the input aberration was defined as in
Sec. III C using a Fourier basis and applied using the SLM. The
slide for imaging was a thin (16 ym) mouse kidney specimen. Two
particular demonstrations were performed using two different types
of input aberration: one with low spatial frequency components
[Fig. 8(a)] and the other with high frequency components [Figs. 8(b)
and 8(c)]. In the latter case, the laser power was adjusted to obtain
images with large [Fig. 8(b)] and small [Fig. 8(c)] SNRs.

The experimental results agreed with our previous conclusions
that the large sized zone representation (Z1M36) corrected the best
when aberration had simple shapes (small w) [Fig. 8(a)]. The small
sized zone set (Z37M1) performed slightly better when the input
aberration had complex shapes (large w) but was more suscepti-
ble toward noise [Fig. 8(b)]. For low SNRs, no set gave effective
correction [Fig. 8(c)].

V. COMPARISON OF CIRCULAR REPRESENTATION
SETS CORRECTING SPECIMEN-INDUCED
ABERRATION

To further validate the above observations, we extended the
experimental investigation to cover the correction of specimen-
induced aberrations in thick samples. We tested the three aberration
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FIG. 9. (a) Denticle cells imaged at 100 um deep inside a Drosophila larval fillet sample. The first row shows the images before aberration correction and the second row
includes the images after correcting using representation sets Z1M36, Z12M3, and Z37M1. Wavefronts before and after correction are shown in the insets. The colorbar
shows the wavefront phase in radians. [(b) and (c)] Neuronal processes at 183 ym and 225 um, respectively, in the fixed, extracted brain of a Thy1-YFP mouse in a region
where a dendrite was axially contained within the field of view. The first column shows the images before aberration correction, and the second to fourth columns include the
images after correcting using representation sets Z1M36, Z12M3, and Z37M1. (d) Drosophila larval brain neuroblast (enclosed by red line) and progeny (enclosed by green

lines).

representation sets described in Sec. IV A in three different bio-
logical samples, where aberrations had been caused by focusing
through the tissue at different depths. (For details of all specimens,
see Methods section, the supplementary material, VII.)

Figure 9(a) shows images of denticle cells at 100 ym deep
inside a Drosophila melanogaster larva. Specimen-induced aberra-
tions were corrected using the three aberration representations at
three different sites to obviate the effects of photo bleaching. As these
sites were adjacent, the sample induced aberrations were expected to
be similar in terms of shapes and amplitudes. All three sets improved
the image quality, as seen in the images after correction, which
were brighter and showed sharper features. The large sized zone
Z1M36 set gave the more effective correction, as seen in the image
improvement.

Figure 9(b) showed neuronal processes at 180 ym depth in
a fixed Thyl-GFP mouse brain. In this case, the large sized zone
Z1M36 set provided the best aberration correction. After ZIM36
correction, more specimen details were revealed, and the bright-
ness of the neuronal process was clearly increased. For the other
correction schemes, the improvement was less obvious.

Figure 9(c) shows the correction for imaging of neuronal pro-
cessesata depth 0f 225 ym in the same fixed Thyl-GFP mouse brain.
At this location, the wavefront correction appeared to contain higher
order components with large amplitudes and the initial SNR reduced
significantly. In this case, the single zone Z1M36 set gave the best
correction compared to the other two methods, possibly, because it
is more robust in noisy scenarios, although Z12M3 also generated an
improvement.

In Figure 9(d), we imaged neuroblasts at about 100 wm
deep inside a freshly extracted, non-fixed Drosophila larval brain.
After ZIM36 correction, the definition of membranes (marked by

APL Photon. 5, 100801 (2020); doi: 10.1063/5.0022523
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mCD8-GFP) was greatly improved with the outlines of the small
progeny cells and subcellular structures visible. The Z12M3 correc-
tion made some progeny outlines visible, whilst the Z37M1 cor-
rection achieved sharper membrane and subcellular structures rel-
ative to pre-correction. Though all methods provided some level of
correction, Z1M36 performed the best for this specimen.

It is interesting to observe that in Figs. 9(c) and 9(d), the wave-
fronts after correction using the single zone scheme Z1M36 can
contain large amounts of some high order modes, despite success-
ful correction overall. This is manifest in the “wrinkles” that can be
observed around the edge of the pupil, which are due to the pres-
ence of high azimuthal order Zernike polynomials in the correction
aberration. These high order modes are likely to be artifacts due to
incorrect optimization as it is improbable that these modes are actu-
ally introduced by the specimen. The real specimen induced aberra-
tion is likely be smaller in amplitude than the correction aberration
shown. It is probable that the method has incorrectly introduced
these modes in an attempt to correct high order spherical-like aber-
rations, which are likely present. In advanced schemes, prior infor-
mation on the nature of the specimen-induced aberrations could be
used to regularize such unwanted phenomena.

VI. DISCUSSION

Overall, the modeling and experimental results point to the
conclusion that large sized zone sets are better at correcting aberra-
tions with simpler shapes and they are also less sensitive to noise;
small sized zone sets work slightly better when aberrations have
more complex shapes, while they are more susceptible to noise.

The results can be explained because the spatial correlation of
the aberration representation sets goes down as the number of zones
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goes up; with a large number of small sized zones, the set is poten-
tially better at correcting aberrations with low spatial correlation
(with large frequency components w). Furthermore, large sized zone
sets are expected to be more robust against the effect of noise as
they create a greater change in the fluorescence signal when phase
modulation is applied to the pupil plane.

Results following the correction of specimen-induced aberra-
tions suggest that [Figs. 9(a)-9(d)] the specimen-induced aberration
can be better corrected by the large sized zone Z1M36 set. It is pos-
sibly because of limitations of the other representations in low SNR
scenarios.

It is known that specimen-induced aberrations can take many
forms, including smooth forms, high spatial frequency components,
and discontinuities.”” A Fourier representation for modeling input
aberrations was chosen in order to cover a range of possibilities
while not being biased toward any choice of correction sets. All
sets have limitations in the form of aberrations that they can ade-
quately correct as they are limited by the representation used. For
example, in all of the zone-based sets, there exist discontinuities at
the zone boundaries. This might be alleviated by inter-zone phas-
ing if assumptions can be made about phase continuity. However, in
other situations, sudden steps in phase may be required for optimal
aberration correction.”’

The systematic analysis in this paper provides fair compar-
isons across the spectrum of different aberration representation
bases to illustrate their relative capabilities for realistic scenarios.
The detailed analysis has concentrated on a single cycle of correction
to provide a like-for-like comparison that seeks to minimize mea-
surements and hence specimen exposure. Several demonstrations in
the literature have used multiple iterative correction cycles. Through
modeling of these scenarios, we found (see the supplementary mate-
rial, VI) that multiple cycles increased the effectiveness of all sized
zone sets, although at the cost of higher specimen exposure.

The conclusions drawn here could also be readily extended to
other aberration representation bases, such as deformable mirror
deformation modes,'’ Walsh modes,'>"* or other arrangements of
pupil zones, since in this paper, we demonstrated phenomena using
in both Legendre and Zernike based modes in both square and cir-
cular pupils, respectively, to correct both Fourier based introduced
aberration and sample-generated aberration.

VII. CONCLUSION

We have brought together a range of image-based wavefront-
sensorless AO methods into the same framework. This has permitted
for the first time a systematic fair comparison of different aber-
ration representations for sensorless AO schemes. This was illus-
trated through the simulation and experimental demonstration of
their operation in a two-photon microscope. Furthermore, we have
shown that these representations are all special cases of a broader
spectrum of zonal/modal hybrid methods. This opens up the pos-
sibility of other aberration representations beyond those already
presented in previous research.

Opverall, the results suggest that the large zone schemes gener-
ally provide better correction in a single cycle and are more robust
against noise, and the small zone schemes exhibit better perfor-
mance when the input aberration has complex high order shapes,
but they are more susceptible to error in low SNR imaging.

APL Photon. 5, 100801 (2020); doi: 10.1063/5.0022523
© Author(s) 2020

The results have been presented in a manner that decoupled
the essential phenomena from the chosen aberration representa-
tions. We therefore expect that the major conclusions will be broadly
applicable and are not limited to the particular aberration repre-
sentations employed here. Moreover, we expect that many of the
phenomena observed here through demonstration on a two-photon
microscope will also be common to other microscope modalities.
Hence, the results will be useful in the design of future sensorless
AO schemes for a wide range of applications.

SUPPLEMENTARY MATERIAL

See the supplementary material for the supplementary docu-
ment and video.
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