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Abstract

Adaptive optics can increase the imaging depth of nonlinear scanning microscopy by
compensating for wavefront aberrations introduced by the sample using a spatial light modulator.
Recent developments focus on the compensation of multiple scattering for deep tissue imaging. In
this regime, sensorless iterative wavefront measurement schemes are often used due to their
simplicity and robustness. Recently, we proposed such an iterative scheme, which we named
‘Dynamic Adaptive Scattering compensation Holography’ (DASH), and an even more powerful
variant for complex modulation, c-DASH. The concept of DASH has some advantages over other
iterative wavefront sensing strategies: it works for any aberration strength and converges in fewer
measurements. Here, we present several improvements to the DASH concept that further accelerate
its convergence and increase its feasibility for arbitrary scattering strengths. We demonstrate the
impact of our improvements through numerical simulations and two-photon excited fluorescence
microscopy experiments on synthetic scattering masks and genetically labelled endothelial cells in a
mouse lung tissue. In simulations, we further verify that the optimised c-DASH can find a
correction pattern through all considered aberration modes in a little more than a single
measurement iteration, making it one of the fastest converging iterative wavefront sensing methods
available.

1. Introduction

The ability to observe individual cells and subcellular compartments deep within biological tissues is highly
desirable but is hampered by the degrading effect of the tissue itself, which scatters photons and increasingly
degrades the quality of microscopic images as one tries to image at deeper depths. Nonlinear scanning
imaging techniques such as multi-photon excited fluorescence [1-8] and harmonic generation

microscopy [9-12] show particularly high penetration depth, but even these methods are limited to fractions
of a millimetre in most tissues [13—15]. A promising strategy to increase the imaging depth further is to
apply active wavefront control on the excitation beam via a spatial light modulator (SLM), with the aim to
counteract the light scattering imposed by the tissue. As direct wavefront sensors tend to fail beyond a certain
degree of turbidity, a common approach for finding effective wavefront compensation shapes is to retrieve
them indirectly through many subsequent test measurements while the focus is held on a particular position
inside the tissue. A range of such wavefront sensorless procedures has been developed to this end, all aimed at
finding effective wavefront compensation shapes in the shortest possible time and with the lowest possible
photon energy dose to the tissue [16—18]. Most of these procedures rely on some sort of phase-stepping
interferometry, where the excitation beam is split into a ‘reference beam’ and a ‘test beam, which is
phase-stepped to maximise the signal (usually multi-photon excited fluorescence or harmonic signal)
generated in the focal volume. The concept originates from earlier multi-dither techniques aiming at
compensating atmospheric turbulence [19].

© 2025 The Author(s). Published by IOP Publishing Ltd
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Recently, some of us have developed one such strategy, which we refer to as ‘Dynamic Adaptive Scattering
compensation Holography’ (DASH) [18]. In DASH, the SLM splits the excitation beam into plane test waves
and a reference beam using digital phase holography. DASH has certain advantages compared to alternative
techniques, such as fast convergence, high robustness, and simplicity of use. Furthermore, it is
‘auto-aligning), i.e. an accurate alignment of the SLM to the objective pupil is not needed.

However, it also has some shortcomings. One is that the use of phase-only holography leads to
inaccuracies in the shaping of fields [20], which prevents the method from exploiting its full potential.
Recently, we addressed this issue by introducing ‘complex DASH’ (c-DASH) [21], which employs fully
complex-valued digital holography. Another drawback of the original DASH version is that optical
aberrations must be strong for the method to work optimally, i.e. a large proportion of the excitation light
must be scattered into many different propagation angles. While this is obviously the target application for
DASH, it would be desirable for the method to be equally effective in correcting for smaller aberrations, such
as those that persist at shallow imaging depths or those introduced by the optical elements of the microscope
(system aberrations).

In this article, we present improved versions of DASH and c-DASH, which not only maintain their
performance across any scale of turbidity but also generally result in a faster signal increase and shorter
correction times. This is essentially achieved by choosing more appropriate weightings for the incremental
updates to the correction mask as the algorithm progresses. We further introduce an abort criterion, which
makes the algorithms faster by only testing those modes that are essential for the correction. Our
modifications lead to aberration corrections established in fewer measurements compared to the original
DASH/c-DASH versions. For the optimised c-DASH, for example, we demonstrate that independent of the
aberration strength, best possible corrections can be achieved in only a single iteration through all considered
test modes, i.e. 3N measurements for N modes [22, 23], if a guide-star is present to guide the optimisation,
and only little more than 3N measurements in case the guide-star assumption does not hold. We
demonstrate the improved performance of DASH by numerical simulations and experimental two
photon-excited fluorescence (TPEF) microscopy.

2. DASH principle

DASH describes the aberration-compensating excitation field on the objective pupil as a superposition of
plane waves: Zfi’”zl WM., where N, represents the total number of plane waves included and M,, a
particular plane wave (hereafter referred to as test beam or mode). DASH aims to find those complex-valued
coefficients w,, that maximise the generated two-photon fluorescence signal Iy, (figure 1(a)). This is
achieved via holographically shaping each plane wave in turn, together with a reference field C,, consisting of
the sum of all previously measured plane waves, normalised by a constant -y, to have the same power as the
plane wave M,,. When the plane waves M,, are sequentially tested, we sort them in ascending order with
respect to their propagation angle to the optical axis. In DASH(phase-only modulation), the phase patterns
shaped by the SLM hologram are calculated as:

Dgim,m = angle <\/me+\/1—f§m> (1)

where the real-valued number f represents the power fraction contained in the test mode, because M,, and
Cu/~vm are normalised to equal power. Conversely, the variant c-DASH assumes that the full complex-valued
field can be shaped:

Usim,m = \ﬂ(MnH-\/l—f%- (2)

In both methods, DASH and c-DASH, each plane wave is phase-stepped at least three times and the
coefficient wy, retrieved via interferometry, which is immediately followed by an update of the reference
field C:

Cerl = Cp +wpuM,, (3)

Cp+1 acts as the new reference for measuring the coefficient of the following mode M,,;. Following this
scheme, the aberration correcting pattern, C is continuously improved. Of note, this pattern is a
complex-valued quantity, i.e. it also contains information about amplitude aberrations or ‘open channels’
[24]. However, this information can only be utilised in c-DASH [21], while DASH can only display the phase
part.
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Figure 1. Principle. (a) A wavefront-corrected beam C,, and a test beam M), are jointly shaped by the corresponding holograms
Cw and M,, displayed on an SLM, which then arrive at the fluorophore inside the scattering media. Both beams interfere inside
the scattering media where they generate two-photon excited fluorescence intensity I, DM, dichroic mirror; EF, emission filter.
(b) Principle of measuring |wy,| in original DASH and optimised DASH. M,, is phase-stepped to determine its optimal weight
W, after which C,, is updated to C,,-1 = Cy + w,uM,,,. Table: Calculation of weight for a mode in original DASH and optimised
DASH.

In the following, we derive the optimised DASH algorithm step by step, highlighting differences to the
previously published version [18]. There are two main differences: Firstly, the mode weights w,, are
calculated such that they more accurately estimate the power of the test mode at the focal point inside the
scatterer. Secondly, we now make a more optimal assumption for the initial reference field C, i.e. the
reference which interferes with the very first test beam M.

2.1. Derivation of original DASH
When focusing into an aberrating sample, measurable TPEF is generated by all fluorophores located in the
vicinity of the nominal focal point. The contributions of all these sources can be described as a sum:

N
Ith,tot: § Ith,s
s=1

where s is the source index and N; the number of fluorescence sources. To enable an analytical treatment, we
have to assume that one source dominates. In experiments, this is of course not necessarily true, at least not
at the beginning of the correction routine, where the excitation focus light spreads out over a larger volume.
However, in general one source contributes with the strongest signal, and our simple assumption will gain
increasing validity as the algorithm progresses and a tight focus forms. We will later address the
consequences of a violation of the ‘single source’ assumption in more detail. The TPEF generated by this
dominating source (the ‘guide star’) can be described as:

14
gt (p) = 0|V T=F Cpy 4 /T M;, &

Here, o contains proportionality constants that link the physical light fields M}, and C;, with the detected
TPEF power, such as fluorophore density, two-photon absorption cross section and collection efficiency.
Since its actual value is irrelevant for the following considerations, we set it to one: o = 1. It is worth
highlighting the difference between the quantities M and C and its primed pendants M’ and C'. While M
and C are the numerical arrays on the computer which create proportional physical light fields through the
SLM in the objective pupil, M’ and C’ represent the corresponding parts of these pupil light fields which
actually arrive at the guide star inside the scattering tissue. The quantity 6, is the phase offset imposed to M;,
when it is holographically shaped. Defining a signal quantity S,,(p) as the square-root of the TPEF signal

/ Loph,m(p), we can write:

(4)

12
n(p) = | VT=FChyt T My
=S+ V=P (Cl, M e+ C7 M) &%)

(5)
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where S, is the mean signal

Sw=(1—N|CLI+fM,[>. 6)

In our original implementation, the complex weight of the m-th test mode is retrieved by calculating the
arithmetic average of all N, phase-stepped signal measurements multiplied by their phasors:

NP
1 . .
an =1 Su(p)e” = /(1= PIM,[Cy [ (7)
-

where ,, is the phase difference between reference and test beam: ¢,, = angle(C;,) — angle(M,,). In our
original DASH implementation, a,, was directly taken as the complex weight w,, in equation (3) and figure 1.
However, from equation (7), we can see that the modulus of a,, depends not only on the mode magnitude
|M] |, but also on the heuristically chosen parameter f and the reference field amplitude |C!, |, which
increases continuously during the algorithm as its aberration correction improves. This leads to a
continuously increasing overestimation of the mode weights, which can slow down the convergence in some
cases. In fact, this was already remarked in our first publication on DASH [18], but its significance was
underestimated at the time.

2.2. Optimisation step 1: calculating optimal mode weights
To improve the performance of DASH, we therefore define the mode weight w,, as:

Wi = |M] [, (8)

The quantity |[M, | can be derived from the mean signal, S, in equation (6) and the absolute square of the
previous weight definition a,, in equation (7), which leads to the following squared equation:

Sm 1 2
\M;\zzz—fiszw/s;—ﬂamp. (9)

The two solutions of this quadratic equation represent the intensities of the two interfering beams. We
need to consider the smaller of the two solutions, because we have f < 0.5 and |C},| continuously increases
during the optimisation while |M/, | remains unchanged.

Therefore, the correct solution for the mode magnitude is:

|M,;1|\/21f(§m1/§§n4|am|2>- (10)

Finally, we can state a formula to calculate the complex weight w,,, based on the measured quantities
S, and a,,:

1 T T i angle(a,,
wm\/zf(sm\/s;qaw)e gle(an), (11)

As outlined at the beginning of this section, an underlying assumption of our derivation is the existence of a
single guide star. This assumption is not fulfilled if the excitation beam spreads around the focus, exciting
many fluorescent sources in its vicinity. In such cases, calculating the weights according to equation (11) will
lead to an overestimation of the weights, because a significant portion of the detected signal will stem from
other fluorescent sources than the guide star where the focus will form. In order to account for this effect, we
may introduce a scalar factor r,, € [0,1] to decrease the mode weights:

Wiy = 1| M, |€197. (12)

Finding suitable values for r,, would require prior knowledge about which fraction of the detected signal
stems from the signal source at the future focal point. While such prior knowledge may not be available for
entirely unknown samples, it is still possible to use a statistical estimate, for example based on a series of
previous measurements at different focal points for the same sample.

4
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2.3. Optimisation step 2: measuring the weight of the first mode

Apart from calculating the mode weights in a more optimal way, an improved versatility of DASH can be
obtained by a second modification, which concerns the very first DASH measurement, where C; interferes
with M. In original DASH, C; is simply set to 1. Because the test modes are usually sorted in ascending
order to their propagation angle, the first test mode M represents a plane wave propagating in parallel to the
optical axis and is therefore also equal to 1.

For DASH, however, any attempt to measure w; in the phase-stepping routine will result in w; = 0. The
reason for this is explained as follows: When calculating the measurement holograms according to
equation (1), we are essentially adding two identical fields (both being arrays of ones) with a mutual phase
shift 6. This only produces global changes of amplitude and phase across the entire SLM hologram.
Displaying only the phase part of this sum, as we do in DASH, has no effect at all on the generated TPEF
signal. Therefore, the measured signal modulation amplitude will be zero and as a consequence, the reference
field remains unchanged after the first measurement, i.e. C; = C; = 1. Of note, C; represents the zero-order
Fourier component of the developing reference field, and setting it to 1 has no physical relation to the
weights of the higher Fourier components w,,, (m > 2), which are measured in the following DASH steps
and depend on physical parameters such as the measured TPEF signal I,,;. For example, we usually operate
our system in photon counting mode, in which case L, usually takes values around 10* — 10* photons. This
leads to wy, > 1 for m > 2 in contrast to which the choice of a zero-order Fourier component of C, =1
strongly underestimates that of a realistic scatterer. We observed that while this stark mismatch between the
assumed and real strength of the compensation mask’s zero-order Fourier component has no negative
impact on the DASH performance when the aberrations are strong and a significant part of the energy is
scattered into higher angles, such that many Fourier components are populated. However, it has severe
negative effects for the case of weak aberrations or when the system is aberration-free; in such cases, it
becomes more important that the magnitude of the zero-order Fourier component has a realistic relation to
the higher Fourier components.

To understand this better, let us assume we run DASH for the aberration-free case. Here, we would expect
all Fourier components of the correction pattern to be zero, except its DC component. Exactly this DC
component, however, has been set to the comparatively small value of 1 and will be surpassed by even tiny
light contributions that are measured at higher Fourier components. Consequently, DASH begins building
up a correction mask that directs light into those higher angles, effectively scrambling the pupil phase. The
algorithm will recover in later iterations, but this behaviour slows down the optimisation process and is
clearly undesired.

To remedy this problem, we propose skipping the first phase-stepping set to determine w; and using a
calculated value instead. In fact, w; can be derived from a single measurement: Since the interfering fields C|
and M] are identical, the phase shift between them is zero and from equation (6) we see that
S1 = |C{|* = |M]|?, where S; is the (square-rooted) TPEF signal when the SLM is left blank, i.e. no
modulation is performed. From equation (12) we conclude:

W1:rl\/§ (13)

where r; has the same role to reduce the weight if the single guide-star assumption does not hold. Again, r
can be estimated from previous correction runs on the samples that have similar features of scattering. The
two discussed optimisations lead to optimised DASH/c-DASH routines, which are outlined in the
pseudo-code in the supplemental document.

3. Numerical simulations

We test the optimised DASH routine along with c-DASH in numerical simulations using Python and
compare it to the original versions. For the simulations presented in this main text, we use a rather simple
physical model. The simulation code is provided in our online repository [25]. Further simulation results
based on a more realistic model are included in the supplemental document. The simple model assumes a
square objective pupil sampled by 24 x 24 pixels. The SLM and the phase scatterers are both located in the
objective lens pupil plane and sampled with the same resolution. The power ratio f for the test beam is fixed
to f =0.2. The number of test beams and the number of phase steps are set to 576 and 3, respectively. These
parameters are applied to all the following simulations unless otherwise stated. A fluorescent sample is
assumed in the focal plane of the objective lens and the two-photon signal is calculated as

Lph =3 (sample - |FFT(Usppy € Ts) |4), where Ugpy is the light field shaped by the SLM and @, the
random phase scatterer. The simulations do not include noise from photon statistics or the detection process.
We normalise the two-photon signal such that I, = 1 for the aberration-free case.

5
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Figure 2. Defining artificial aberrations. (a) First row: Four random phase scatterers parametrised by two values: [®py, <] which
represents [peak-to-valley phase, spatial frequency control parameter]. Second row: intensity of initial PSFs of the optical system
for the scatterers shown in the first row. (b) Gaussian low-pass spatial filters to control the spatial frequency of random phase
masks. The parameter « in the subtitles represents the ratio of the FWHM of the Gaussian filter to the width of the spatial domain.

3.1. Artificial aberrations

We define four different types of random phase scatterers to benchmark our algorithms, each differing their
scattering characteristics. Each scatterer type is parametrised by its peak-to-valley phase ®py and a parameter
K, which controls its spatial frequency content.

We first initialise a scatterer phase mask @, in the pupil plane by generating 24 x 24 uniformly
distributed random phase values using the random function of the Python package JAX. The pattern is then
low-pass filtered by applying a multiplicative Gaussian filter to the 2D FFT of @, whose domain
corresponds to the focal plane (figure 2(b)). The parameter « represents the FWHM of this Gaussian filter,
stated in units of the size of the simulated spatial domain, which in our case is 121\%. Finally, the range of the
random phase values is adapted to the user-defined value ®py. We choose the following four parameter sets
for the scatterers: [®py, k] = [1.07, 0.1], [1.07, 1.0], [2.07, 0.1], [2.07, 1.0]. These four different parameter
sets are used throughout the simulations and experiments presented in this manuscript. Exemplary
realisations of these four scatterer types are shown in the first row of figure 2(a).

3.2. Optimised DASH versus optimised c-DASH

First, we aim to verify the mathematical reasoning presented in section 2, test the implementation of the
optimised DASH algorithm and its effectiveness, and compare it with optimised c-DASH. The simulations
are performed for the aforementioned four scatterer types (figure 2), assuming a single guide star or a 2D
homogeneous layer as the fluorescent sample in the focal plane. To increase the robustness of our
conclusions, we ran simulations on five different random realisations for each scatterer type. The number of
phase steps is set to the minimum value of 3.

The results are summarised in figure 3, which illustrates how the TPEF signal improves during the DASH
and c-DASH routines. Each curve shows the average signal increase obtained when correcting for a particular
scatterer, with the coloured bands showing the standard deviation. The horizontal green dashed line marks
the signal obtained in the aberration-free case and the vertical red dashed lines mark the end of each iteration.

In general, higher ®py values lead to weaker initial signals, while & affects the slope. Since our algorithm
analyses and corrects modes in ascending order based on their angle of propagation (spatial frequency), the
signal can be recovered more quickly if only the lowest-order modes are scrambled (x = 0.1), while
correcting a high spatial frequency scatterer (x = 1) requires all available modes for testing and correcting.

Independent of the aberration strength, c-DASH establishes full corrections after only a single iteration if
a single guide star is present (see supplemental document). Even under the unfavourable condition of strong
scattering combined with a homogenous fluorescent layer as sample, c-DASH requires only a little more than
a single iteration. Under these conditions, DASH needs almost three iterations to converge. These results
align well with the more realistic numerical simulations provided in the supplemental document, where the
scatterer is modelled as a stack of axially separated phase masks.

The DASH optimisation can occasionally lead to a temporary signal decrease, here visible for the
parameter pair [2.07,0.1] for a short time during the first iteration. This can happen when modes are tested
that are irrelevant for the correction, but a reasonably tight focus has not yet formed. In such cases,
inaccurate estimates of the mode phases lead to an increase of the aberration magnitude and hence to a

6
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Figure 3. Two-photon fluorescence signal enhancement of optimised c-DASH and DASH applied to the four different scatterers
assuming a single guide star (‘bead’) and 2D homogeneous fluorescent layer (‘plane’). Each simulation was implemented five
times with different random realisations of scatterers parametrised with [®py, x]. The exemplary artificial aberrations for both
algorithms are shown as insets. The average signal improvements and standard deviations are indicated by solid lines and ribbons,
respectively. The legends show the type of fluorescent sample. The green and red dashed lines mark the ideal signal value
(horizontal line) and the end of each iteration (vertical lines), respectively. Additional simulations with N,, = 4 are implemented
for the case of (2.0, 0.1], DASH, plane’. N;, is fixed to 3 for all the other simulations.

signal decrease. This can be remedied by running DASH using 4-phase steps (green plot), at least during the
first iteration. In this case, any deviations from the cosine shape the signal is expected to take during phase
stepping are less critical and the optimal phase correction can be more reliably found [21].

Note that all results shown in figure 3 have been obtained with r,, = 1. This means that our second
proposed optimisation step discussed (equation (12)) has not yet been applied. In fact, the non-ideal choice
of ry is partly responsible for the pronounced initial performance lag when optimising with the ‘plane’
sample compared to the ‘bead’ sample for the scatterer type [27,0.1]. Further information on optimising
our algorithms by a suitable choice of r; can be found in the Supplementary document.

Besides the optimisation steps discussed in section 2, we propose another practical improvement:
because a flattening of the signal curves already in the first iteration (occurring in the data of the first and
third columns in figure 3) indicates that the most significant modes have already been corrected, we may
introduce an abort criterion, allowing the current iteration to stop and the next to begin when the signal
slope falls below a user-defined threshold. Unlike related techniques such as IMPACT [16, 26], where the
number of modes to be corrected is predetermined, DASH allows for flexible adaptation to the scatterer’s
characteristics, enabling the shortest possible correction time. This advantage is shared with other techniques
that use instantaneous updates, as demonstrated with Hadamard patterns [27]. Our experiments confirm
that this threshold is particularly effective when the scatterer’s spatial frequency is low. More information
about the effectiveness of this abort criterion is provided in the supplemental document.

3.3. Optimised DASH versus original DASH

In this section, we finally investigate the effectiveness of our optimisations for DASH in comparison with the
original version, because phase-only modulation is more practical and easier to implement in an experiment
than c-DASH, which requires the ability for joint amplitude and phase modulation.

Figure 4 shows TPEF signal improvements when applying original and optimised DASH for
compensating the four scatterer types of figure 2, under the assumptions of a single-pixel guide star (‘bead’)
and a 2D homogeneous fluorescent layer (‘plane’) in the focal plane. For reliable conclusions, we ran
simulations on five different random realisations for each scatterer type. The mean intensity and standard
deviation are shown as solid lines and coloured bands, respectively.

The original DASH version struggles particularly with weak scatterers (first two columns in figure 4),
where an incorrectly assumed magnitude of the zero-order Fourier component (normal plane wave) of the
scatterer has a strong negative impact. Conversely, for the strong scatterers (last two columns in figure 4),
original DASH performs almost equivalent to optimised DASH. Our optimisations are therefore most
effective if only mild aberrations are present, which cause only little stray light in close vicinity to the focus.

7
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Figure 4. Comparison of original and optimised DASH. TPEF signal enhancements achieved by original (‘old} red) and optimised
DASH (‘new’, blue) for the cases of a single pixel guide star (‘bead’) and a 2D fluorescent layer (‘plane’) in the focal plane, under 4
different random realisations of scatterers parametrised with [®py, x]. Each simulation was executed five times. The average
signal improvements and standard deviation are represented by solid lines and ribbons, respectively. The green and red dashed
lines mark the ideal signal value (horizontal line) and the end of each iteration (vertical lines), respectively.

Of note, all the simulations shown in figure 4 assume r,,, = 1, which means that further improvements are
possible as discussed previously.

4. Experimental results

In our numerical simulations, we have shown that our optimisation steps significantly improve both
algorithms, DASH and c-DASH. We now focus on demonstrating these improvements in TPEF experiments.
While c-DASH promises the best performance, it is not easy to implement without prohibitive losses [21].
Therefore, we will only experimentally investigate phase-only DASH.

To experimentally verify our DASH optimisation, we built a custom two-photon microscope (TPM)
(figure 5) incorporating a pulsed femtosecond laser (Mai Tai DeepSee®, MKS Spectra-Physics), x & y
galvanometric scanners (Galvos), a segmented deformable mirror (492-3.5-SLM, Boston Micromachines)
and a liquid crystal-based SLM (HSP1920, Meadowlark Optics). Both SLMs (hereafter referred to as DM and
LC-SLM) and Galvos are conjugated to the pupil plane of the objective lens (20 %, 1.0 NA, Olympus
XLUMPLFLN water immersion). The DM consists of 492 actuators arranged in an octagonal shape and is
used to correct optical aberrations, while the LC-SLM is used to introduce artificial aberrations. The active
pixel area of the DM is 4f-relayed to lie within that of the LC-SLM. Details to their alignment are provided in
the supplemental document. The fluorescence emission from the sample is collected by the same objective
and detected by a photomultiplier tube (PMT, Hamamatsu Photonics). The detection path includes a
dichroic mirror (DMLP735B, Thorlabs) and a multi-photon emission filter (MF525-39, Thorlabs) that filters
out the reflected excitation beam.

The control parameters for optimised DASH and original DASH for all experiments are set the same as
the simulations except the number of phase steps and the number of iterations: The power ratio f for the test
beam and the number of test beams are set to 0.2 and 576, respectively. The number of phase steps N, for the
experimental data has been increased from three to five, to mitigate the impact of noise.

4.1. Correcting artificial aberrations
The fluorescent sample was prepared by applying a green highlighter (excitation wavelength: 800 nm) to a
glass slide, which was then covered with a thin coverslip of 100 ym thickness. This resulted in a thin layer of
dye with an estimated thickness of several ym, which is a reasonable approximation of a 2D fluorescent
layer’. Prior to the experiments, we first obtained a phase correction mask to compensate for system
aberrations with the DM. The LC-SLM was left blank during this measurement. This correction mask was
added as an offset to the DM in all the following measurements for correcting artificial aberrations.

We then used the LC-SLM to introduce artificial aberrations, using the same parameters as in the
simulations and ran both original DASH and optimised DASH for each of the four artificial scatterers. The
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results are shown as four graphs of I, in figure 6. A comparison of these four graphs with their
corresponding simulation counterparts in the second row of figure 4 shows a very good match. The pupil
phase corrected by original DASH tends to have a tilted wavefront, while optimised DASH has less of this
tendency. This is a consequence of the underestimated zero-order Fourier component of the correction mask
in original DASH, which effectively leads to a dominant off-axis mode and therefore a wavefront tilt.

A difference to the simulation is that the obtained signal levels after correction are smaller than those for
the aberration-free case. This effect can be predominantly attributed to the limited diffraction efficiency of
the LC-SLM, which we use to display aberration patterns. It is known that this efficiency drops with
increasing spatial frequency of the displayed phase pattern.

In addition, we integrated optional functions, such as the possibility to adjust the weight of the first mode
(equation (13)) and the activation of an abort criterion (discussed in the last paragraph of section 3.2) to
demonstrate the possibility of improving DASH further. Details about the effectiveness of these additionally
optimised measurements are provided in the supplemental document.

4.2. Correcting aberrations in mouse lung tissue imaging

So far, we have verified the optimisation of DASH using artificial aberrations in both simulations and
experiments. To evaluate the feasibility of our optimised DASH for imaging applications, we prepared mouse
lung tissue from a transgenic mouse (RRID:IMSR_JAX:007 896) that expresses GFP in its endothelial cells.
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Figure 7. Wavefront corrections with original (‘old’) and optimised (‘new’) DASH for two-photon imaging of GFP-expressing
endothelial cells in mouse lung tissue. Two-photon images of endothelial cells in mouse lung tissue at 30 um depth ((a)—(c),
(f)—(g)) and 75 pm ((i)—(k), (n)—(0)) depth from the surface. All the images for each depth are normalised to the maximum
value. (e) and (m) Two-photon signal enhancements by ‘old’ and ‘new’ DASH implemented for the central region of the images.
The images of the tissue are captured before correction ((a) and (i) only system aberration correction mask applied), after one
iteration of ‘old” ((f), (n)) and ‘new’ ((g), (0)) DASH, and after five iterations of ‘old’ ((b), (j)) and ‘new’ ((c), (k)) DASH. Line
profiles of (a)—(c), (f)—(g), (i)—(k) and (n)—(0) are plotted in (d), (h), (I) and (p), respectively. Each plot is normalised to its
maximum intensity. The image insets show the phase masks used for imaging. All phase masks use the same scale, as shown in the
colourbar ((a) and (i)). The scale bars in all images represent 10 zm.

The lung tissue was placed in a Petri dish with phosphate-buffered saline and covered with a coverslip for
imaging with the upright-positioned water immersion objective lens of the TPM.

Prior to applying original and optimised DASH on the tissue, we set the excitation wavelength to 900 nm,
applied a blank phase mask to the LC-SLM and ran DASH on fluorescent debris located just beneath the
coverslip to obtain the system aberration correction phase mask (insets in figures 7(a) and (i)). This system
correction mask was then used as an offset for both original and optimised DASH.

To demonstrate the correction of relatively weak aberrations, the imaging depth was chosen to be 30 ym
from the surface (figures 7(a)—(h)) and both ‘old” DASH and optimised (‘new’) DASH were implemented to
correct the aberrations. The two-photon signal enhancements obtained using both methods are depicted in
figure 7(e). Both algorithms saturate to the maximum intensity after five iterations and provide
near-identical correction phase masks and improved images (figures 7(b) and (c)). The final intensities are
the same within the experimental noise level (figure 7(d)). However, as observed in both simulations and
experiments with the artificial aberrations, ‘old’ DASH struggles to find proper weights for test modes in the
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first iteration, while ‘new’ DASH continuously increases the signal. This difference is clearly observed in
images taken after the first correction iteration (figures 7(f)—(h)).

For introducing relatively strong aberrations, the imaging depth was increased to 75 pm
(figures 7(i)—(p)). The signal enhancements by ‘old’ and ‘new’ DASH are shown in figure 7(m). Again, both
algorithms converge after five iterations and achieve equivalent correction masks and improved images
(figures 7(j) and (k)). A visible consequence of the strong scattering is that the isoplanatic patch is small. The
signal is only enhanced near the central region, while the surrounding areas show less signal compared to the
image with only the system correction applied (figure 7(1)).

Although the differences between the signal enhancement plots (figure 7(m)) of ‘old” and ‘new’ DASH are
less pronounced than for the weak aberration case (figure 7(e)), ‘old’ DASH still shows a transient signal drop
during the first iteration (figures 7(n)—(p)). We note that for ‘old’ DASH, similar signal drops are observed
when the artificial aberrations are corrected, except for the strongly scattering case [®py, k] = [2.07, 1.0].
This indicates that the scattering caused by 75 pm thick lung tissue is still mostly forward-directed, which can
also be inferred from the structure of the correction masks, where adjacent phase pixels in the centre are still
highly correlated. Our observation is consistent with the fact that light scattering in biological tissue is
predominantly forward directed [28, 29] and shows that our ‘new’ DASH implementation has superior
performance to the original DASH in practical two-photon imaging applications.

5. Discussion on the speed of indirect wavefront measurements

When discussing the performance of iterative wavefront sensing methods, such as DASH or ¢-DASH,
different performance figures may be considered. On the one hand, there is the actual measurement speed, or
the time taken to retrieve a wavefront. Another performance figure is the number of test measurements
required, which quantifies the efficiency of a method or the number of photons detected to complete a
measurement. Although these two properties are related, they are not identical. DASH, and ¢c-DASH in
particular, excel in the latter, mostly due to the fact that the methods update the correction pattern
immediately after each mode measurement. Simulations have shown that c-DASH requires only slightly
more than a single iteration through all considered test modes for an almost full correction, whereas other
methods usually require two or three iterations [16, 17, 30]. For the DASH experiments shown here, the
typical correction time was a few seconds per iteration. However, times well below a second should be
achievable if the control loop is optimised. However, DASH and c-DASH are not necessarily the fastest
methods as a small amount of computation is required between displaying successive holograms on the SLM,
which also needs to switch quickly. For example, the related technique F-SHARP [17] requires a larger
photon budget than DASH [18], but may allow for a faster implementation because its speed is practically
independent of the SLM frame rate and fast galvo-based or acousto-optic scanning can be employed.
Recently, a parallelised version of F-SHARP named multiplexing digital focus sensing and shaping

(MD-FSS) [31] was reported to achieve correction times as short as 0.1 s using acousto-optical beam
modulation and frequency multiplexing, based on two-photon fluorescence signals. However, this speed
comes at the cost of higher technical complexity. For any method, the achievable correction times depend
strongly on the signal flux, which can vary strongly depending on which fluorescent label is used. Of note, if
strong laser signals can be used as feedback instead of weak fluorescent signals, corrections can be faster by
orders of magnitudes. For example, the correction of 100 modes in as little as 100 s has been demonstrated
using acousto-optical beam modulation [32].

6. Summary

We have presented optimised versions of c-DASH and phase-only DASH, two indirect wavefront sensing
techniques for scatter compensation in multi-photon microscopy.

Our improvements include several measures: First, we propose an accurate calculation of the mode
amplitude weights. We show that a careful choice of the very first mode weight is particularly important.
Second, we discuss an adaptation of our algorithm that can be beneficial when the single guide star
assumption is not fulfilled. We propose to use reduced mode weights to account for the fact that a certain
fraction of the detected TPEF signal stems from other, weaker sources than the dominant one, where the
focus will form. Finally, we introduce an abort criterion that stops the current iteration and immediately
starts the next one if the slope of the signal improvement falls below a user-defined threshold. This avoids
fruitless testing of modes that are irrelevant to the current scatterer compensation and hence to shorter
correction times. We investigated the efficiency of our modifications using numerical simulations, finding
that they do indeed lead to faster signal enhancement. The improvements are particularly effective when
smaller aberrations need to be corrected.
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In simulations, we find that optimised c-DASH requires only a single optimisation iteration to provide
full corrections if a single guide star is present, and that this performance is independent of the strength of
the scatterer. Furthermore, c-DASH requires only a little more than a single iteration even when the sample
consists of a homogeneous fluorescent plane, which is known to challenge indirect wavefront sensing
approaches. We could confirm this behaviour in more realistic numerical simulations, where the scatterer is
modelled by a set of 2D phase layers in the focal volume. This property makes our optimisation of c-DASH
routine one of the fastest converging indirect wavefront sensing techniques available, however, a
power-efficient experimental implementation of c-DASH is still lacking [21].

We have further confirmed the effectiveness of optimised phase-only DASH in TPEF experiments. We
performed a quantitative study by displaying controlled scattering masks with user-defined properties on an
LC-SLM and compensating them by running DASH using a segmented deformable mirror with 492
actuators (DM). The experimental results are in good agreement with the simulations. Finally, we
experimentally demonstrated phase-only DASH for biological TPEF imaging of GFP-expressing endothelial
cells in mouse lung tissue. The results indicate that our improvements make DASH more suitable for
practical TPEF imaging.
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