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multiphoton microscope

M A R T I N S K O R S E T Z , P A B L O A R T A L & J U A N M . B U E N O
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Summary

A wavefront sensorless adaptive optics technique was com-
bined with a custom-made multiphoton microscope to correct
for specimen-induced aberrations. A liquid-crystal-on-silicon
(LCoS) modulator was used to systematically generate Zernike
modes during image recording. The performance of the instru-
ment was evaluated in samples providing different nonlinear
signals and the benefit of correcting higher order aberrations
was always noticeable (in both contrast and resolution). The
optimum aberration pattern was stable in time for the sam-
ples here involved. For a particular depth location within the
sample, the wavefront to be precompensated was independent
on the size of the imaged area (up to �360 × 360 μm2). The
mode combination optimizing the recorded image depended
on the Zernike correction control sequence; however, the fi-
nal images hardly differed. At deeper locations, a noticeable
dominance of spherical aberration was found. The influence
of other aberration terms was also compared to the effect of
the spherical aberration.

Introduction

Multiphoton microscopy (MPM) is an imaging modality al-
lowing large penetration depths and intrinsic optical section-
ing of thick samples (Denk et al., 1990; Campagnola et al.,
2001). However, as the light propagates inside the specimen
it passes through regions with changing refractive indices be-
fore reaching the plane to be imaged. This induces aberrations
that distort the focal spot and limit imaging performance, re-
ducing signal level, contrast and resolution (Booth & Wilson,
2001; Sherman et al., 2002; Girkin et al., 2009).

Adaptive Optics (AO) has been used to overcome these lim-
itations and improve MPM image quality (Albert et al., 2000;
Neil et al., 2000; Booth & Wilson, 2001; Sherman et al., 2002;
Marsh et al., 2003; Rueckel et al., 2006; Débarre et al., 2009;
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Bueno et al., 2010). Due to the difficulty of a plane-by-plane
aberration correction within the sample, the most extended
scheme for AO-MPM is the so-called wavefront sensorless
(WFSL) technique. In WFSL approaches, the adaptive element
precompensates for the unknown sample’s aberrations with-
out measuring them. They use iterative algorithms such as
genetic learning (Albert et al., 2000; Sherman et al., 2002;
Wright et al., 2005), hill-climbing/sequential (Neil et al., 2000;
Marsh et al., 2003; Wright et al., 2005; Débarre et al., 2009),
stochastic (Zhou et al., 2011) or random search (Wright et al.,
2005; Tang et al., 2012) to find the best image according to a
predefined image quality metric.

Deformable mirrors have been the most widely used adap-
tive element in AO-MPM and the use of spatial light modulators
(SLMs) has been less common (Neil et al., 2000; Shao et al.,
2012), probably due to the fact that their reflectance is �50%
and they require incident linear polarized light. Although this
low reflectance and polarization dependence might limit the
imaging of deeper planes within the specimen, the use of
Liquid-Crystal-on-Silicon (LCoS) devices has overcome these
drawbacks. In particular, LCoS modulators have been reported
to be suitable for MPM imaging at deep locations within the
mouse cortex (Ji et al., 2010, 2012).

AO-MPM experiments have reported image improvement in
samples providing two-photon excitation fluorescence (TPEF)
(Marsh et al., 2003; Rueckel et al., 2006; Débarre et al., 2009;
Bueno et al., 2010; Ji et al., 2010, 2012; Aviles-Espinosa
et al., 2011; Tao et al., 2013) and third harmonic generation
(Jesacher et al., 2009; Olivier et al., 2009). Although second
harmonic generation (SHG) is another form of nonlinear mi-
croscopy, literature dealing with AO SHG image improvement
is scarce (Jesacher et al., 2009; Bueno et al., 2010, 2014).

WFSL algorithms often use Zernike polynomials to express
the WA. The individual Zernike modes are generated by the ac-
tive element, starting with lower order modes and sequentially
increasing the aberration order. Moreover, WFSL procedures
determine the ‘optimum’ global wavefront aberration (WA)
for each imaged plane within the sample. Because they do not
take into account the variations of the aberrations across the
field, the technique would be appropriate if aberrations are
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Fig. 1. Experimental setup: LCoS, liquid-crystal-on-silicon, PMT, photo-
multiplier tube.

approximately constant across a microscope’s field of view.
This occurs when the imaged field is small, but not for larger
imaged areas where aberrations can significantly vary across
the image (Schwertner et al., 2004; Hovhannisyan et al., 2008;
Simmonds & Booth, 2013; Zheng et al., 2013).

We extend here the WFSL-MPM concept by means of an
LCoS-SLM device used as adaptive element. Both TPEF and
SHG images at different depth locations are optimized by using
a hill-climbing algorithm. The performance of the instrument
for different experimental and operational conditions is evalu-
ated. The relationship between the order of the Zernike mode
sequence correction and the final WA pattern is investigated.
Furthermore, the stability in the correction as well as the de-
pendence between the imaged area size and the corresponding
optimum WA is also studied.

Methods

Experimental setup

Figure 1 depicts a schematic diagram of the experimental
setup used in this work. This is a modified version of the
research prototype AO multiphoton microscope previously
described (Bueno et al., 2010). A mode-locked Ti:Sapphire
laser (760 nm) was combined with an inverted microscope,
a XY scanning unit and a photomultiplier tube (PMT). A
DC z-motor was used to change the imaged plane along the
sample’s depth. A dichroic mirror separated the incident light
from the two backscattered nonlinear signals emitted by the
specimens, TPEF and SHG. TPEF/SHG spectral filters placed
in front of the PMT separated both signals. Because future
applications of this setup will be centred on imaging in vivo
ocular tissues (where immersion media are not comfortable
for the subjects), an in-air long-working distance objective
(20x, NA = 0.5) was chosen.

The collimated laser beam was spatially modulated by an
LCoS-SLM (Pluto IR2 Holoeye, Berlin, Germany) optically con-
jugated with the entrance pupil of the microscope objective.
This beam was linearly polarized along the active axis of the
LCoS-SLM. Details on calibration and phase mask wrapping

operation can be found elsewhere (Fernández et al., 2009).
This device has 1920 × 1080 pixel resolution (8.0-μm pixel
pitch) and was specifically designed to provide a phase shift
above 2π for the used wavelength (i.e. optimized for infrared
light).

Procedure

The AO optimization procedure consisted of a WFSL technique
based on a hill-climbing algorithm (Marsh et al., 2003). This
is an iterative searching technique looking for the WA map
producing an image with the highest metric value. The WA
was expressed as an expansion in Zernike polynomials. The
individual Zernike modes are sequentially generated by the
LCoS-SLM, ranging from 2nd (except defocus) to 4th order.
The algorithm was run over 11 Zernike terms in total. The
usual hill-climbing procedure corrects for Zernike modes in the
‘increasing-mode direction’, that is, it starts with 2nd-order
terms and goes through 3rd and 4th order ones. However,
for comparisons, the procedure was also performed here in
the ‘decreasing-mode direction’; that is, starting with 4th-
order terms in reverse order. Along this work, the Zernike
modes are described using the OSA double-index convention
(subindex and superindex indicate the order and the frequency
respectively).

For every Zernike term, its amplitude (both positive and
negative) was changed in predefined steps until the recorded
image provided the maximum metrics value. An example of
this is shown in Figure 2. Once this value is set, the procedure
is repeated again for the next Zernike mode. If the Zernike
mode control sequence is run in the increasing order, the final
WA is estimated when the optimum amplitude of the term Z4

4

is obtained. In the decreasing-order direction, the term Z4
0

(spherical aberration) was the first one (see Results section
for details on this). For a better understanding, a schematic
diagram of the algorithm is depicted in Figure 3. Image acqui-
sition, AO correction and image processing were done through
custom software written in LabViewTM (Austin, TX, USA) and
MatLabTM (The MathWorks, Inc, Natick, MA, USA). The total
time for the entire procedure was about 3 min.

The chosen image quality metric to be maximized was the
image sharpness (Muller & Buffington, 1974), defined as:

M = ∫ ∫ I (x, y)2d x · d y. (1)

This metric has been reported to take a maximum value
only when the WA produced by the LCoS-SLM cancels out the
combined WA of the optical system and the sample.

Samples

As non-biological samples, pieces of stained cellulose and
silk mesh were used to provide TPEF signal. As biological
specimens, different non-stained ocular tissues were im-
aged: human epiretinal membrane, rat retina and bovine
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Fig. 2. Illustrative example of image improvement (piece of cellulose) using the hill-climbing modal optimization algorithm for an individual Zernike
term. Images correspond to the Zernike amplitude and metric value marked on red. Bar length: 50 μm.

Fig. 3. Flow chart of the algorithm used to optimize images recorded with
WFSL MPM.

sclera (fixed in paraformaldehyde), non-stained rabbit and
bovine corneas (embedded in paraffin wax). Whereas the
two former ones provide TPEF signal, the rest emits SHG
(Han et al., 2005; Bueno, Gualda, & Artal, 2011; Bueno,
Gualda, Giakoumaki et al., 2011). Samples embedded in
paraffin are thin histological sections, with reduced trans-
parency and maximum thickness of about 40 μm. For a better
discrimination, TPEF and SHG images are displayed in green
and blue (false colours), respectively.

Results

Image improvement of a single plane

In order to evaluate the robustness of the LCoS-SLM and the
performance of the proposed algorithm, multiphoton images
were first optimized for different samples at a single plane. The
image plane was randomly selected by the operator. Figure 4
shows MPM images for different samples before and after AO
correction. The insets represent the precompensated WAs.
The intensity profiles correspond to the lines indicated in the
images.

The WFSL procedure improved the images corresponding
to both nonlinear imaging modalities, independently of their
nature. However, as expected, the WA producing the optimum
image according to the chosen metric differed among samples.
Moreover, there is an increase in both contrast and resolution
(small features not present in original images appeared in the
images when using AO). For these particular examples, the
WA root-mean-square (RMS) values were respectively 1.05,
0.46 and 0.40 μm. The increase in signal (total intensity, that
is, summation of all pixels across the image) was higher than
2-fold for these specimens in comparison to the uncorrected
image.

As an additional example, the increase in contrast and res-
olution at a particular depth is shown in Figure 5 when visu-
alizing ‘SHG natural beads’ within a rabbit cornea. At 0-μm
position, the beads are easily observed and the AO operation
has no effect (i.e. the images before and after WA compensa-
tion are the same). However, these beads are hardly seen when
imaging a plane at 50-μm depth. When the WFSL algorithm
is used, the increase in image quality (and associated param-
eters) is noticeable (see differences in colour bars of bottom
images). It can also be observed how before using AO, a ‘large’
and ‘defocused’ spot appears at the top right side of image ac-
quired at 50 μm. When AO is in operation, this spot turns into
‘two beads’ due to the increase in resolution.

Although all the specimens used are static samples, exper-
imental conditions may vary due to uncontrolled changes
(laser stability, thermal effects, photo-damage). The tempo-
ral stability of the procedure has been tested in two samples.
Figure 6 shows pairs of images before and after AO opera-
tion recorded some hours apart (24 and 8 h for TPEF and
SHG images, respectively). Final improved images are simi-
lar and the corresponding WAs hardly changed with time.
Differences between RMS values were smaller than 5% and
the Zernike distribution were similar (see plot on the right of
Fig. 6).

Influence of the imaged area

As spatial features within the sample might be very different
across the imaged area, the WA able to optimize the image
might depend on the visual field. Now the question would be:
To what extent can a WA correction for a particular area be
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Fig. 4. TPEF and SHG images recorded before and after WA correction. Samples correspond to a piece of cellulose (140-μm depth, left panels), a nonstained
human epiretinal membrane (50-μm depth, central panels) and a nonstained paraffin-embedded bovine cornea (40-μm depth, right panels). Intensity
profiles (bottom plots) correspond to the red solid lines in the images. Insets are the WAs used for optimization. Bar length: 50 μm.

Fig. 5. Example of AO-MPM images showing the increase in contrast and resolution. Plots represent the intensity profiles of yellow lines in left panels.
The sample corresponds to a rabbit cornea. Bar length: 50 μm.

applied to a larger one? In the following, the dependence of the
WA map with the size of the imaged area will be explored.

The modal hill-climbing algorithm was run for different im-
aged areas in different samples and areas. For TPEF and SHG

signals, Figure 7 presents the improved images for two differ-
ent imaged areas (S2 and S4, 180 × 180 μm2 and 360 ×
360 μm2) together with the corresponding WA maps and
Zernike distributions. As it can be seen, these WA maps (and
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Fig. 6. Temporal stability and robustness of the AO procedure here proposed. Images were recorded 24 (TPEF, left panels) and 8 (SHG, right panels)
hours apart. Samples are the same as those in Fig. 4. Image size: 180 × 180 μm2. Depth locations: 100 and 30 μm, respectively. Right panel shows the
corresponding 8-h apart Zernike terms for the improvement of SHG images.

Fig. 7. Influence of the imaged area on the optimum WA maps for TPEF (human epiretinal membrane, top and rat retina ganglion cells, middle) and SHG
(bovine sclera, bottom) images. Left and middle panels: 360 × 360 μm2; right panels: 180 × 180 μm2 (squared area in central image). The corresponding
WA Zernike coefficients are shown on the right.

the corresponding Zernike terms) hardly changed between the
two imaged areas, that is, the improved images are nearly in-
dependent of the size of the imaged area. This behaviour was
similar for all samples and depth locations involved in the
study.

Influence of the Zernike correction control sequence

The MPM images of the previous sections were obtained using
the hill-climbing algorithm in the increasing-mode direction.
For this condition, the AO optimization started by correct-
ing the term Z2

−2 (45º-astigmatism). The effects of using the
algorithm in the decreasing-mode direction have also been

investigated. Figure 8 shows the results in a piece of cellulose.
For the decreasing-mode direction, the algorithm started with
term Z4

0 (spherical aberration) and the Zernike terms were
included in the order indicated in the horizontal axis of the
bottom plot. For both correction directions the final images
were similar. Despite this, the WAs are different, although
their RMS values did not differ much (1.05 and 0.94 μm,
respectively).

The improvement (red line) corresponds to the ratio of
the metric between each ‘intermediate’ image (i.e. when
adding every Zernike term) and the uncorrected one. For
the increasing-mode direction, 2nd-order terms (astigmatism)
hardly had effect in image improvement. There is a �2-fold
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Fig. 8. Zernike terms for the increasing (black bars) and decreasing (white bars) directions. The red line corresponds to the image improvement when
adding every Zernike term. The WA maps are shown for direct comparison. Images correspond to a 180-μm depth layer within a piece of cellulose. Bar
length: 50 μm.

Fig. 9. Examples of MPM image improvement using the hill-climbing algorithm in the increasing and decreasing directions. Samples correspond to a
paraffin-embedded bovine cornea (40-μm depth, upper panels), a piece of silk mesh (180-μm depth, middle panels) and the ganglion cell layer of a rat
retina (30-μm depth, bottom panels). Bar length: 50 μm. The Zernike distribution plots on the right correspond to the silk mesh sample shown in the
middle panels.

increase in improvement when adding 3rd-order terms (espe-
cially Z3

−1 and Z3
3), and a �2.5-fold increase when including

4th order ones (mainly spherical aberration).
In the decreasing-mode direction, most of the improvement

was obtained when adding just the spherical aberration term

(Z4
0). The improvement did not change until the term Z3

−1

(vertical coma) was included, leading to an additional im-
provement. When adding the last term (Z2

−2) a final im-
provement of �2.5-fold compared to the original image was
reached.
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Fig. 10. Comparison of RMS values of the WAs obtained when the AO pro-
cedure was used in the increasing and decreasing Zernike-mode directions
for different samples used in this work.

The comparison between the Zernike-mode sequences was
also carried out in other samples. Figure 9 shows the results
in a bovine cornea, a piece of silk mesh and a rat retina
(ganglion cell layer). As also shown in Figure 8, WA maps dif-
fered but RMS values were similar. For a better understanding
the Zernike distribution and the corresponding improvement
are shown on the right of Figure 9.

For a number of samples involved in the present work and
providing both TPEF and SHG signals, Figure 10 compares
the RMS values of the WA maps in both correction direc-
tions. The data fit a significant linear relationship (R = 0.92;
p < 0.0001).

Dominance of spherical aberration

Independent of the sample, the comparison between both
Zernike-mode correction directions of the previous section has
confirmed the dominance of the spherical aberration term
(Hell et al., 1993; Neil et al., 2000; Sherman et al., 2002; Lo
et al., 2005), especially when imaging layers placed at deeper
locations. To better show this effect, Figure 11 presents exam-
ples of improved images in different specimens when correct-
ing just the term Z4° compared to those when the terms Z3

3,
Z3

−1 and Z2
−2 were also included.

These results confirm the benefit of just correcting the spher-
ical aberration term, when it is dominant at certain depth posi-
tions within thick samples. This has been analysed in detail in
a recent paper by these authors (Bueno et al., 2014). Although
the contribution of the spherical aberration term varies among
samples and depth location, this was more than 60% (to the
total RMS) in most samples analysed here.

Discussion

In this study a research multiphoton microscope has
been modified to include an LCoS-SLM device, opti-
mized for infrared light, as an AO element. We have

further explored the capabilities of an LCoS-SLM modulator
for WA manipulation in order to improve multiphoton imag-
ing. The dependence of the final improved image on the Zernike
correction control sequence has been investigated, as well as
the influence of the imaged area size.

Recently, LCoS-SLM modulators have successfully been
used to improve multiphoton imaging at deep locations within
the specimens (Ji et al., 2010, 2012). Unlike deformable mir-
rors (with continuity constrains), these devices are able to
reproduce discontinuous profiles and increase the effective
stroke by means of phase wrapping. Whereas the number
of independent elements in a deformable mirror is about 100,
in an LCoS-SLM device this is 4 orders of magnitude higher.
LCoS-SLM devices also provide much higher resolution than
regular SLMs, what leads to enhanced accuracy for WA cor-
rection. WFSL approaches might also benefit from the use of
LCoS-SLMs because their inherent fidelity also permits open-
loop operation with no need of feedback for achieving the
intended final WA.

One of the main drawbacks when using LCoS-SLM devices is
the requirement of linearly polarized light. In MPM this would
be important when analysing the effects of polarization on SHG
imaging, however, that is irrelevant here due to the indepen-
dence between aberrations and polarization (Bueno & Artal,
2001; Bueno et al., 2006). Another important issue is the ab-
sorption coefficient. Depending on the angle of incidence, this
might be higher than 50%. Its minimization is important to
maximize the optical efficiency of the device and to minimize
local heating (especially when using high-power mode-locked
lasers). In MPM, when highly transparent samples providing
TPEF signal are imaged, this is not important, however, in
high-scattered samples providing SHG signal this absorption
might be an additional factor limiting the optical penetration
depth.

Because static samples are used in this work, the response
velocity is not an issue. However, LCoS-SLM technology al-
lows up to 60 Hz (Fernández et al., 2009), values higher than
those provided by regular liquid-crystal SLMs previously used
in MPM. This increase in the response speed is due to a direct
control of the local refractive index by a CMOS (Complemen-
tary Metal Oxide Semiconductor) sheet placed below the liquid
crystal layer (Wang et al., 2004). This may open new appli-
cations and possibilities in multiphoton imaging of dynamic
samples where the recording time must be reduced and opti-
mized (Olivier et al., 2009; Wang et al., 2014).

Several algorithms to perform image optimization in AO-
MPM involving WFSL procedures can be found in the literature
(Albert et al., 2000; Neil et al., 2000; Sherman et al., 2002;
Marsh et al., 2003; Wright et al., 2005; Débarre et al., 2009;
Zhou et al., 2011; Tang et al., 2012). Comparisons among
different procedures are out of the scope of the present paper
and can be found elsewhere (Wright et al., 2005). The choice
of an algorithm depends on the objective and requirements of
the investigation. In general, it mainly depends on the ‘best fit’
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Fig. 11. Examples of MPM images showing the benefit of correcting the spherical aberration term. Samples correspond to a human epiretinal membrane
(50-μm depth, top), a piece of silk mesh (80-μm depth, middle) and the ganglion cell layer of a rat retina (30-μm depth, bottom). Original image (left
column); only spherical aberration corrected (middle column); spherical aberration, astigmatism, trefoil and coma corrected (right column). Images have
the same intensity scale. Bar length: 50 μm. On the right, the Zernike distribution diagrams of each sample are shown. The first Zernike term of each
diagram represents the benefit of only using spherical aberration correction and the corresponding improvement.

to the sample being imaged. Algorithms such as genetic (Man
et al., 1999) or simulated annealing (Kirkpatrick et al., 1983)
are inherently more complex and require many iterations and
resources. If time is an issue, random search algorithms have
been reported to be a good compromise between speed and
image enhancement (Wright et al., 2005; Lubeigt et al., 2010).
Alternatively, hill-climbing procedures offer less complexity
and are appropriate for samples not prone to photo-bleaching
of photo-toxicity (Marsh et al., 2003) as the ones used here.

Moreover, iterative algorithms and correction strategies of
WFSL systems have to be optimized to work efficiently. Nowa-
days, orthogonal functions such as Zernike polynomials are
commonly used to effectively reduce the search space (Booth,
2006). This modal-based scheme in sequential use combined
with hill-climbing algorithms has successfully been used in
AO-MPM. More recently, the principle of the image-based
modal aberration sensing method and its adaptation for 3D-
resolved aberration measurements have been studied in detail
(Zeng et al., 2012).

A modal-based hill-climbing algorithm has been used here
to improve images acquired with MPM. Although both, non-
biological and biological samples were successfully tested,

our interest was mainly focused on ocular tissues. Results
were shown to be reproducible with time. Because samples
were static, this shows the temporal stability of the laser
beam as previously reported by these authors (Bueno et al.,
2009).

The regular way of compensating aberration terms is start-
ing with 2nd-order terms (astigmatism) and running them in
the increasing-mode direction. Here we have compared the fi-
nal WAs in both increasing and decreasing control sequences.
Results for different samples show that the optimum WA de-
pends on the chosen control sequence direction although the
final improved images did not differ much. Despite WAs differ,
for each particular specimen the total RMS values for both
WAs were similar (Fig. 10). This indicates that different com-
binations of Zernike polynomials led to comparable improved
images. To our knowledge, this has been described for the first
time here.

Because Zernike polynomials are orthogonal, this result
might be contradictory at this point. Obviously, a particu-
lar WA is described by a unique combination of Zernike terms.
However, the idea here reported differs from this. At a certain
depth location the specimen-induced aberrations (generally
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understood as a total RMS value) reduce MPM efficiency. Our
goal has been to test if the image improvement can be reached
by using different combinations of Zernike terms. It has been
shown that different combinations led to similar improved im-
ages attending to a particular metric. This fact is not directly
related to the mathematical properties of the Zernike terms
but with the image improvement itself. In fact, it was found
that the different compensations providing similar RMS values
led to similar final images. This means that the plane-to-plane
WA correction is not based on an exclusive WA map but in the
compensation of a total RMS representing a ‘certain amount
of aberration’.

For most samples, the decreasing-mode direction provided
the spherical aberration as the dominant term, especially
at deeper locations, being the influence of the rest of terms
minor. On the contrary, in the increasing-mode direction
different terms contribute to get the best quality image.
These results corroborate the fact that the spherical aberra-
tion itself might significantly contribute to enhance the im-
ages (mainly at deeper locations). A compensation of this
aberration term using AO non-linear tomography would
help to improve multiphoton images in an easy and ‘fast’
way, as recently reported by these authors (Bueno et al.,
2014).

In AO-MPM it is also important to consider the variations
of the aberrations across the field of view. If for a given depth
location, a larger (or smaller) area is imaged, the required WA
to optimize the image might be different (Schwertner et al.,
2004). Lateral scan aberrations can also become significant in
microscopy and generally increase with the scan angle (Marsh
et al., 2003). Simmonds and Booth (Simmonds & Booth, 2013)
have recently reported a model of spatially variant aberra-
tion correction through multiconjugate adaptive optics. They
claimed that those aberrations can be partially compensated
by correcting for the entire field of view. Moreover, Zheng et al.
(2013) have reported a phase retrieval-based procedure to ex-
perimentally recover the spatially varying WAs in wide-field
imaging systems. In this paper, different fields of view were
imaged and optimized in a number of samples (largest imaged
area: 360 × 360 μm2). It was found that for a certain depth
location within a sample, the WAs were similar for all imaged
areas. This is consistent with previous results (Aviles-Espinosa
et al., 2011).

The reason for this might be that the samples here used do
not present so much variation across the field of view (espe-
cially ocular tissues). Because slower scan rates are expected
when imaging a bigger area, the current results lead to the fact
that an improved MPM image of a bigger area can be achieved,
by correcting only over a particular smaller region (imaged in
a shorter time). This is of interest for future applications of the
reported procedure to living eyes, where the recording time
might be an issue.

In conclusion, an LCoS–SLM device has been implemented
into a multiphoton microscope to enhance the contrast and

resolution of images without noticeable photo-damage. The
microscope was set to use an in-air objective and a backscat-
tered configuration. A modal hill-climbing algorithm has been
developed to successfully correct for the aberrations in speci-
mens providing both TPEF and SHG signal. A comparison of
optimum images given by two different Zernike-mode control
sequences has been reported. This image improvement might
allow a better visualization of ocular tissues, in particular those
suffering from some pathology with features located at deeper
locations. The main drawback of the reported method is the
number of iterations used (although these can be reduced;
Débarre et al., 2007). This would limit its use with dynamic
samples. The present experimental system is not optimized
for speed but this will be improved when moved to in vivo
imaging in the near future. As recently reported (Bonora &
Zawadzki, 2013), the combination of modal correction of low-
order aberrations with a stochastic parallel gradient descent
algorithm for high-order aberrations (Hofer et al., 2011) might
improve the performance when dynamic measurements are
involved.
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