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Abstract. This contribution is another opportunity to acknowledge the
influence of Roger Maynard on our research work when he pushed one
of us (ACB) to explore the field of waves propagating in complex media
rather than limiting ourselves to the wavelength scale of thermal waves
or near field phenomena.

Optical tomography is used for imaging in-depth scattering media
such as biological tissues. Optical coherence tomography (OCT) plays
an important role in imaging biological samples. Coupling OCT with
adaptive optics (AO) in order to correct eye aberrations has led to
cellular imaging of the retina. By using our approach called Full-Field
OCT (FFOCT) we show that, with spatially incoherent illumination,
the width of the point-spread function (PSF) that governs the reso-
lution is not affected by aberrations that induce only a reduction of
the signal level. We will describe our approach by starting with the
PSF experimental data followed by a simple theoretical analysis, and
numerical calculations. Finally full images obtained through or inside
scattering and aberrating media will be shown.

1 Introduction: OCT and FFOCT background

Tissue optical imaging suffers from scattering due to the heterogeneous structures in-
side biological samples. In-depth structures hindered by scattering could be images by
many optical imaging techniques that have been developed to be able to select singly
back-scattered photons, such as confocal microscopy [1], multiphoton microscopy [2]
or optical coherence tomography (OCT) [3]. Scanning OCT selects ballistic photons
through scattering media based on spatially coherent and temporally incoherent light
sources using an interferometric detection [3]. Point-by-point longitudinal [4,5] and en
face scanning [6,7] has been used. Camera coupled OCT systems, which take images
that are perpendicular to the microscope optical [8-10], have also been developed use
spatially coherent illumination. Higher resolutions are achieved in these systems as
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Fig. 1. Schematic FFOCT system [12].

en face acquisition allows using larger numerical aperture optics; but the image can
be significantly degraded by coherent cross-talks in these setups [11].

As the schematic shows in Figure 1, a specific en face approach of OCT, Full-Field
OCT or FFOCT, was developed in our laboratory [12]. Spatially incoherent broad-
band light source like halogen lamp or LED is coupled to a Linnik interferometer that
has identical microscope objectives in each arm. Optical slices that are perpendicular
to the optical axis are selected. They do not require the usual large depth of field,
allowing obtaining micron scale resolution in 3D. The cross-talk noises are reduced
significantly due to the use of spatially incoherent illumination. The optical beam
from the source is divided and recombined by a beamsplitter and imaged on the cam-
era. The FFOCT images formed by interferometric amplitudes are obtained using the
combination of two or four phase shifting images by modulating the path difference
with the PZT in the reference arm. FFOCT has been working perfectly with ex vivo
biological samples and has shown great potential as a non-invasive diagnostic tool for
different kind of diseases.

2 Aberrations fuzziness and PSF

We are used to observe images that are affected by aberrations (Fig. 2). They are
various equivalent ways to quantify the fuzziness either in the real space using the
Point Spread Function (PSF) that reflects the spread of the image of a spatial unit
source of light in the object plane or its Fourier transform (transfer function) that
express the contrast of periodic object images [Born and Wolf].

In absence of aberration the PSF is a diffraction-limited spot. Aberrations are
often due to the optical system design (e.g. a photographic lens at full aperture)
or the wavefront distortions that happens along the light path from the object to
its image. This is the case in astronomy where images of stars are blurred by the
atmospheric turbulence or in human vision because of the eye aberrations are more
and more pronounced when the pupil size is increase (e.g. night vision). In both case
successful aberration corrections have been obtained by using adaptive optics (AO).
Indeed AO is set in order to introduce a wavefront distortion that compensates the
aberrations of the atmosphere or of the eye.

In the hypothesis of a linear relationship between the object considered as a
source and its image, there is a simple relation between the object, the image and the
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Fig. 2. Aberrations reduce the sharpness of the images (Cornu, Polytechnique, 1897).

PSF: the image is the convolution product of the object (within the magnification
of the optical system) and the PSF. The spatial coherence of the object illumination
must be considered and complex amplitudes must be used in the case of a coher-
ent illumination, whereas intensities are used for an incoherent illumination. Here we
will use coherent as well as incoherent illuminations but because we are dealing with
imaging interferometers we will have to consider amplitudes.

3 The unexpected PSF determination using nanoparticles

Experiments were first conducted using a commercial FFOCT system LLtech
Light-CT scanner [13] with gold nanoparticles in order to follow how the PSF would
be affected by various level of aberration. These first experimental results as well as
a few numerical simulations have been published in a letter [14]. The PSF of such
system has a width of about 1.5 micrometer, meaning that with gold nanoparticles
having a diameter much smaller than this value, we can record a reliable PSF. The
40 nm radius gold particles solution was diluted and dried on a coverslip so that single
particles could be imaged. By moving the sample stage by 10 um, 20 um and 30 um
a variable noticeable defocus was induced to the targeted particle if we account for
the 0.3 numerical aperture of the microscope. The initial system resolution of 1.5 um
corresponds to 2.5 pixels on the camera. By adding 10 um, 20 um and 30 um defocus,
the sample PSF would be broadened by 2.3 times, 4.6 times and 6.9 times. FFOCT
images (Figs. 3a—3d) and the corresponding signal profiles (Figs. 3e-3h) of the same
nanoparticle were displayed in Figure 3. With more defocus added the signal level of
the gold nanoparticles is reduced, but the normalized signal profiles graph (Fig. 3i)
shows clearly that the size of the particle that corresponds to the system PSF width
keeps the same for all the situations.

One can argue that the PSF is not strictly the same: indeed one can first observe
more pronounced wings. As we will see later this is due to the fact that we shift
from the product of 2 Bessel functions (Reference PSF times the Object PSF) of the
same width (Object PSF without aberrations) to a single Bessel one. The symmetry
breaking could be due to a small misalignment of the microscope objective. Finally
we have to underline that if the width appears unaffected by the strong defocus the
magnitude of the PSF is reduced by more than 20; this signal reduction will be the
metric of our aberration correction.

4 Resolution almost insensitive to aberrations: why?

As mentioned before aberrations are known to blur optical images by perturbing the
wavefronts; more precisely the distorted optical images are obtained by amplitude
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Fig. 3. Gold nanoparticle images for various levels of defocus using the FFOCT setup of
Figure 1. FFOCT images (a—d) and the corresponding intensity profile (e-h) of a targeted
nanoparticle are shown for well-focused (a,e) and defoused for 10 um (b,f), 20 um (c,g)
and 30 um (d,h) situations. Normalized PSF profiles are shown in (i) indicating no obvious
broadening are observed after inducing different level of defocus [14].

or intensity convolution of the diffraction-limited images with the aberrated PSF.
Depending on the nature of the illumination, spatially coherent or incoherent,
amplitude or intensity has to be considered [15,16]. Here, we will pay attention
to the system PSF of interferometric imaging systems for which an wundistorted
wavefront from a reference beam interferes with the distorted wavefront of the
object beam.

To express the unique behavior of FFOCT that uses spatially incoherent sources
we will successively consider the cases of scanning OCT with spatially coherent
illumination, wide-field OCT with spatially coherent illumination and FFOCT with
spatially incoherent illumination to show that in FFOCT with incoherent illumina-
tion the system PSF width is almost independent of the aberrations and that only
its amplitude varies.
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Fig. 4. Ilustration of single point scatterer (PSF) interferences in both non-aberrated and
aberrated sample arm PSF situations for scanning OCT and wide-field OCT with spa-
tially coherent illumination and FFOCT with spatially incoherent illumination. (a,g,m)
Non-aberrated sample arm PSF, (d,j,p) Aberrated sample arm PSF, (b,e) Scanning ref-
erence arm PSF for scanning OCT, (h,k) Constant reference field for wide-field OCT,(n,q)
Reference arm PSFs for FFOCT, (c,f,i,],0,r) The corresponding interference signal (system
PSF). Different colors in (n,q) indicate the spatial incoherence from each other [14].

4.1 From scanning OCT to coherent and incoherent FFOCT:
basic calculations

We will consider a point scatterer as our object and will analyze the system response to
such object in order to stick to the PSF definition, this scatterer is located at (z',y’) =
(a,b), we call the sample arm PSF of the interferometer hy and the diffraction limited
reference arm PSF of the interferometer h,.. We will ignore all the constant factors in
the following expressions. So in all the three cases, the sample field at the detection
plane would be

gs = hs(x' —a,y’ —b). (1)

In the case of traditional scanning OCT, the reference field of each scanning position
at the detection plane would be h,.(z — 2’,y — y'). The final interference would be a
sum of the interference term across the scanned field:

(g59r). = / / he(@' — a,yf — B)ho(z — o',y — o )de'dy ®)

Thus, the PSF of scanning OCT system would be a convolution of the sample arm
PSF and the reference arm PSF as shown in Figures 4a—4c. When aberrations exist,
the convolution of the aberrated sample arm PSF with the diffraction-limited refer-
ence arm PSF results in an aberrated system PSF for the scanning OCT systems
(Figs. 4d—4f).

In the case of wide-field OCT, coherent sources are typically expanded by lenses
to form parallel illuminations on both arms of the interferometer [10]. Thus plane
waves impinge on both the object and the reference mirror. In the sample arm, the
point scatterer will send a spherical wave back. On the camera plane, the beam will
be focused and can be described by expression (1). For the reference arm with a
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Fig. 5. Illustration of the Van Cittert-Zernike theorem defining the coherence angle « in
the case of an objective with a focal length fo and pupil diameter D.

reflective mirror, consider homogeneous illumination is achieved, a plane wave will be
reflected back and form a uniform field at the camera plane. Thus the interference
between the two arms would be

(gsGr)y = hs(@' —a,y’ —b). (3)

So the system PSF is actually defined by the sample PSF. It is illustrated in
Figures 4g—4i. When aberrations distort the backscattered wavefront of the sample
arm, the aberrated sample arm PSF interferes with a uniform reference field results
in an aberrated system PSF for the wide-filed OCT systems (Figs. 4j—4l).

In the case of FFOCT with spatially incoherent illumination, we have to consider
the definition of the spatial coherence of the beams that impinge the reference arm
as well as the sample arm of the interferometer. As shown in Figure 5, let’s consider
a circular uniform incoherent source located in the image focal plane of a microscope
objective with a focal length of fj, as in a Koehler illumination setup.

The first step is to determine the extension of the spatial coherence area in the field
of view. Here we have used a fully spatially incoherent source: the spatial coherence
limitation is thus inked to the numerical aperture of the optics behind the source. In
this case the Van Cittert-Zernike theorem states that the coherence angle is given by
the Fourier transform of the source luminance [17]. With a pupil diameter of D, the
angle would be defined as sinaw = 1.22\/D. At the level of focal plane, it corresponds
to a zone of radius p = foA/D or p = 1.22)\/2N A. We can say that the focal plane is
“paved” by small coherent areas (CA) of radius pwhen there is no aberration. In fact,
the CA radius is also the radius of the diffraction spot that limits the resolution of
the microscope objective in absence of aberrations. When going from one diffraction
spot to the next adjacent diffraction spots the incoherent plane waves impinging the
objective are separated by +\ on the edges of the pupil.

In absence of aberrations for a FFOCT system, the single point scatterer at the
object plane of the sample arm lies in a single CA (Fig. 6a) and the backscattered
signal will only interfere with signal reflected from the corresponding CA in the refer-
ence arm (Fig. 6¢). Note that the size of the CAs is the same as the diffraction spot,
the signal from one CA at the camera plane could be expressed as the reference PSF.
Thus the interference would be

<gsgr>f = hs(:l,‘/ —a, yl - b)hr(x, —a, y/ - b) (4)

The system PSF is actually the dot product of the sample PSF and the reference
corresponding coherent PSF as shown in Figures 4m—40. The overall signal reflected
from the reference mirror at the camera is still homogenous but we displayed it by
combining multiple reference PSF's reflected from different CAs that have different
spatial modes and do not interfere with the object PSF.
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Fig. 6. Illustration of the sample and reference wavefronts in spatially incoherent interfer-
ometer with a single point scatterer in cases of non-aberrated and aberrated sample arm.
Different colors in CAs and wavefronts indicate different spatial modes [14].

When aberrations distort the wavefront in the sample arm, the various CAs in
the object plane will be distorted, have larger sizes and overlap with each other
(Fig. 6b). This results in the backscattered signal of the single point scatterer in the
sample arm containing not only the spatial mode of the targeted focus CA but also
the modes from the overlapped adjacent CAs. Thus with aberrations that create a
broadened sample PSF, interference will happen not only with the reference beam
corresponding to the targeted CA, but also with the beams corresponding to the
adjacent CAs.

What we are going to demonstrate and to illustrate is that the interference signal
with the targeted focus CA gives a much stronger signal than the one with the adja-
cent CAs resulting in a final PSF that is much thinner than the one of the broadened
sample PSF. At the level of the image plane, the interference between the sample aber-
rated beam and the non aberrated reference beam is only possible in a zone limited
by the spatial coherence of the reference beam. In order to be more quantitative, we
will use the Strehl ratio approach. When aberrations are present astronomers are used
to introduce the “best focus” signal intensity damping compared to the diffraction-
limited conditions that is given (for small aberrations) by the Strehl ratio S = e
S is proportionnal to the peak aberrated image intensity; o is the root mean square
deviation over the aperture of the wavefront phase o2 = (std (¢))2. Suppose ¢ is the
phase of the interference wavefront between the sample signal and the reference signal
corresponding to the targeted focus CA, then the phase of the interference wavefront
with the reference signals corresponding to an adjacent CAs is ¢ + ¢1, where ¢ is a
phase that varies linearly from one edge of the pupil to the other in the range of +2.
A comparison between the signal ratio of the interference (amplitude) signal with the
targeted CA and the one with an adjacent CAs is now:

sp = e~ (518 5, g — o= (std(+¢1))” (5)

This new phase shift acts as a supplementary aberration and thus would show off axis
CAs signals are more strongly damped than the targeted CA.

Indeed we can consider various aberrations leading to a Strehl ratio of 0.3,
numerical calculations results are shown in Figure 7. For defocus, the intensity
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Fig. 7. Aberrated interference wavefronts and numerical simulations of the Strehl ratio and
amplitude damping for interference with targeted CA and adjacent CAs. Defocus, astigma-
tism, coma and spherical aberration are considered. The damping for coma varies depending
on the spatial position of the adjacent CAs [14].

ratio of the interference with adjacent CAs is damped for about 740 times com-
pared with the interference with the targeted focus CA, resulting in a signal damping
or an amplitude damping of 27.1 times. The amplitude damping ratio is then \/s;/s,
as amplitude instead of intensity is obtained in FFOCT signal. It’s easy to prove
that this value is fixed for all the axisymmetric aberrations like defocus, astigmatism,
spherical aberrations, etc. While for coma with a Strehl ratio of 0.3, the simulated
amplitude damping ratio is 13.4—53.0 times depending on the spatial position of the
adjacent CAs. In another word, the interference signal was severely damped going
from the targeted CA to the adjacent CAs. Thus in the camera plane, as shown in
Figures 4p—4r, the interference signal results in a dot product of the aberrated sample
PSF with the reference PSF corresponding to the targeted focus CA since the inter-
ference with the reference PSFs corresponding to the adjacent CAs are significantly
reduced. This actually matches with equation (4) for non-aberrated situation, the
system PSF could be calculated by the dot product of the sample PSF and the ref-
erence PSF. For distorted sample PSF (mostly broadened), its interference with the
reference channel conserves the width of an unperturbed PSF with only a reduction
in the FFOCT signal level. The shape of the PSF in presence of aberration looks
more and more as the amplitude PSF with larger wings. We mentioned “almost” for
the resolution conservation, because there are situations in which the product of the
reference arm PSF with off-center aberrated sample arm PSF may results in losing
some sharpness due to the high side lobes of the amplitude Bessel PSF function that
are larger than for its square when dealing with intensities.
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5 Simplifying adaptive optics for low order aberrations

The ultimate goal of our study is to apply FFOCT for human eye examinations. In
retinal examinations, despite of scattering problems inside the retinal tissues, there
are also multi-scale aberrating structures in the eye that could degrade the opti-
cal images quality. Thus a wavefront adaptive system is typically needed to achieve
diffraction-limited imaging. Originally proposed and developed for astronomical opti-
cal telescopes to correct the atmosphere-induced aberrations [18,19], adaptive optics
(AO) has found valuable applications to correct biological tissue-induced aberrations
in biological and medical imaging [20], especially for retinal imaging to visualize
cellular structures [21-23]. AO assisted fundus photography [24], scanning laser oph-
thalmoscopy [25-27] and OCT [28-35] systems have achieved reliable images of cones
and rods photoreceptors.

In many systems such as two-photon microscopy [36] and AO-OCT systems
[28,29,31-35,37], the AO part usually uses a conjugation of the image focal plane
of the microscope objective or of the eye pupil with the wavefront sensors or correc-
tion devices. Since one cannot rely on simple geometrical optics propagation of the
wavefront but one has to account for diffractive effects of wave propagation for high
order aberrations, this strict pupil conjugation appears to be mandatory when very
high order aberrations are involved. However, the telescopic systems for strict pupil
conjugation would increase the system complexity and the optical path length, which
would be difficult for FFOCT system since the two arms have to be balanced within
less than one micrometer due to the axial sectioning of FFOCT.

This would be different for low order aberrations. Many studies on eye aberra-
tions have shown that the majority of the Zernike polynomials that are involved in
a large number of eyes aberrations tests are mostly low order ones [38-40], meaning
that the wavefront would barely change at different steps of the propagation. So in
order to simplify the setups and to be able to apply AO-FFOCT to low order aberra-
tion corrections, a transmissive wavefront corrector that could be roughly set in the
beam path without strict conjugation would be enough, analogous to commonly used
spectacles for correcting eye’s myopia and astigmatism. Transmissive liquid crystal
spatial light modulator (LCSLM) [41-45] fits well for our application as it can work
in transmissive way with a large number of pixels and a low control voltage. LCSLMs
have already been used to alter the refractive state [44] or to correct the aberrations
of the eye [45]. The confined 27 phase-modulation range of LCSLM might limit the
correction of aberrations with large magnitudes. But the adjusting range is doubled
as the incoming and outgoing beams both induce optical path difference in our sys-
tem. Whatever is the correcting system, reflective or transmissive pupil conjugation
have been used in both cases as this is done in astronomy for a small field of view.
Finally either phase wrapping could be used to extend the dynamic range [44,46] or
simple visual corrections for defocus and astigmatism could be added to the sample
optical path.

In most AO systems, direct wavefront measurements are usually conducted with a
wavefront sensor or coherence-gated wavefront sensing in a closed-loop configuration
together with a wavefront corrector. Due to the lack or generally usable wavefront
sensors and the inherent complexity of the coherent wavefront sensing, considerable
interests have been focused on wavefront sensorless methods such as hill climbing
[47], genetic algorithm [48], simulated annealing [49], pupil segmentation [50], etc.
As discussed before, aberrations do not affect the width of the PSF but only the
signal level in FFOCT. Therefore, a wavefront sensorless method that relies on the
improvement of image signal or signal-to-noise ratio looks naturally well adapted
to the FFOCT detection [51-54] and was used for the optimization process that
simplified the AO-FFOCT system.
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Fig. 8. Schematic of AO-FFOCT system coupled with LCSLMs. BS: beamsplitter, LCSLM:
liquid crystal spatial light modulator, PZT: piezoelectric transducer [55].

6 A compact AO-FFOCT setup

The current AO-FFOCT system schematic is shown in Figure 8. The main part is
the typical FFOCT system based on a Linnik interferometer. A LED (660 nm center
wavelength, 25 nm bandwidth, Thorlabs) is used as the incoherent light source. The
illumination beam is split into the reference arm and the sample arm at a ratio
of 50:50 with a non-polarizing beamsplitter. Two Nikon 4X/0.2NA Plan APO
objectives are used, one is in the sample arm to simulate the open pupil human
eye and the other is in the reference arm. A reference mirror supported by a
piezoelectric transducer is placed at the focal plan of the objective in the refer-
ence arm while the imaging object is placed in the sample arm. The back-reflected
beams from the reference mirror and the sample are recombined by the beamsplitter
and imaged with an achromatic doublet lens onto a fast (150 fps) CMOS camera
(MV-D1024E-160-CL-12, PhotonFocus). The setup is aligned to ensure that the
focusing of the two arms and their optical paths are matched. The piezoelectric
transducer creates a four-phase modulation of the reference arm and a FFOCT
image can be reconstructed with these four corresponding images [12]. Usually sev-
eral FFOCT images are averaged for improving the signal to noise ratio (SNR).
5 images were used for the following described experiments requiring about 150 ms.
The system has a field of view of 1.7 x 1.7mm?, and the theoretical resolutions are
2 pm (transverse) and 7.7 um (axial).

For conducting the wavefront correction, a transmissive LCSLM is installed in
the sample arm at about 2.5cm after the back aperture of the objective lens,
while another identical LCSLM is set in the reference arm for dispersion correction.
A polarizer is inserted in the illumination path since the LCSLM works only with
polarized light. By electronically varying the orientation of the molecules inside the
pixels of the LOSLM, the refractive index of the pixels is changed independently from
each other, resulting in variable retardance abilities to the polarized light passing
through them.
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Fig. 9. Comparison of the reflectance (b,c) and FFOCT (e,f) images of a negative USAF
resolution target before (b,e) and after (c,f) adding a random aberration; (a,d) show the
comparison of the normalized reflectance intensity and FFOCT signal of the selected line
without (blue) and with (red) aberration added. Scale bar: 100 pm [55].

6.1 Free space aberration: USAF resolution target without blurring

Using a negative USAF setting at the best focus position of the sample arm of the
customized AO-FFOCT system, the resolution conservation merit of FFOCT system
was again confirmed experimentally. Here, a random aberration (Strehl ratio = 0.06)
was induced with the LCSLM in the sample arm by generating and applying random
voltages within the adjusting range across the LCSLM pixels. Figure 9 shows the
sample reflectance images and FFOCT images of the USAF resolution target before
and after the random aberration was induced. The reflectance images were recorded
by blocking the reference arm in FFOCT thus the system works as a wide-field micro-
scope. The reflectance image is blurred after the aberration is added, while there is no
obvious blurring of the line patterns in the FFOCT image and only a reduction of the
image intensity could be noticed. The normalized intensity of the selected line in the
reflectance image shows a distortion after the aberration was added, while it shows
a conservation of the shape for the FFOCT image. Note that the image contrast of
scanning OCT using spatially coherent illumination would be close to the reflectance
image from the sample arm.

6.2 Aberration correction algorithm

Since aberrations affect only the signal level without reducing the image resolution in
FFOCT, a wavefront sensorless approach based on the FFOCT signal level is used for
aberration correction. This method consists of the sequential adjustment of the coef-
ficients of low order orthogonal Zernike polynomial functions applied to the LCSLM
to optimize the metric function. The mean intensity of FFOCT image was used as
the metric function for LCSLM-induced aberration correction with USAF resolution
target as the sample. For in-depth sample-induced aberration correction, the average
intensity of the 300 pixels with maximum intensity values in the FFOCT image was
used as the metric function. This is due to the mean intensity of the overall image
would be less sensitive to the AO process since most parts of the FFOCT image has
very low or even no signal. Of course the optimization process could also be restricted
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to specific region of interest. Indeed anisoplanatism does exist as demonstrated in
Figure 11, but the experiment results show acceptable correction with this sim-
ple AO algorithm. No phase wrapping was used for experiments here because the
magnitude of the wavefront distortions to be compensated was within the dynami-
cal range of the SLM. Coefficients were indeed selected within the adjusting range
of the LCSLM. The orthogonality of different Zernike modes ensures that the co-
efficient of each mode for optimal correction is determined independently [56,57].
This algorithm has been proposed and used by many groups with different wave-
front shaping methods and optimization metrics in specific applications [35,58,59].
For the aberration correction experiments mentioned here, only Zernike modes 3 to 8
were optimized just to demonstrate the feasibility of our system and method. For
each mode, FFOCT images were taken for 7 different coefficients within the adjust-
ing range. With the extracted metric function values, B-spline interpolations were
done and the coefficient that produced the highest metric function was chosen as the
correction value.

7 LCSLM-induced aberration correction

Experiments of LCSLM-induced aberration correction were first conducted by imag-
ing a negative USAF resolution target in order to validate the performances of the
non-conjugate AO-FFOCT system with wavefront sensorless algorithm. As shown in
Figure 10, in this experiment LCSLM2 were inserted into the sample arm for aber-
ration introduction at about 5cm after the original LCSLM1 which was used for
aberration correction, thus there is no well-defined conjugation between the aber-
ration introduction plane and the correction plane. A glass slide was inserted into
the reference arm for dispersion compensation. The USAF target was set at the
best focus position in the sample arm and a random aberration mask (Strehl ra-
tio = 0.12) was generated and applied to the LCSLM2. Figure 11a shows the orig-
inal FFOCT image with the added aberration. By using the wavefront correction
algorithm and applying the correction phase mask onto LCSLM]1, defocus, astig-
matism, coma and spherical aberration were corrected sequentially. Figures 11b-11g
show the images after each correction with a clearly visible improvement of image
quality after each optimization process. The black curve in Figure 11h shows the
increase of the metric function and the red, blue and green dashed curves display
the mean intensity changes of the corresponding selected regions indicated with the
same colors in Figures 11a and 11g. The fact that different levels of improvement
were achieved for different regions with the same correction phase mask for each
Zernike mode implies the existence of anisoplanatism in our experiment. Neverthe-
less, the mean intensity of the FFOCT image got an increase of 135% after the
overall correction, reaching 80% of the non-aberrated FFOCT image, while having
diffraction-limited resolution. The Strehl ratio was increased by a factor of 5.3 to a
value of 0.64.

For comparison, conjugate AO experiment by using the same LCSLM for aberra-
tion introduction and correction was conducted. With the same random aberration
induced by LCSLM2, aberration correction was demonstrated also on LCSLM2. With
the same algorithm, Zernike modes 3—8 was corrected by applying net voltages of
random pattern plus the Zernike modes to LCSLM2. As shown in Figure 12, the
whole correction result in the mean intensity of the FFOCT image reaching 86% of
the non-aberrated FFOCT image. The Strehl ratio was increased by a factor of 6.2
to a value of 0.74.
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Fig. 10. Schematic of adaptive optics FFOCT system for LCSLM-induced aberration cor-
rection. LCSLM2 was inserted at 50 mm after LCSLM1. LCSLM2 was used for aberration
introduction while LCSLM1 was used for aberration correction [55].
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Fig. 11. FFOCT images of a negative USAF resolution target during the non-conjugate
AO correction process of a random aberration. (a) Original image with a random aber-
ration added, (b—g) images after defocus, astigmatism 45, astigmatism 0, coma 90, coma
0 and spherical aberration were corrected respectively, (h) graph of the metric function
(black curve) increase after each correction step and mean intensity changes (red, blue and
green dashed curves) of the corresponding selected regions indicated in (a,g). Scale bar:
350 pm [55].
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at 4

Fig. 12. FFOCT images of a negative USAF resolution target before and after the conjugate
AO correction process of a random aberration. (a) Original image with a random aberration
added, (b) image after defocus, astigmatism 45, astigmatism 0, coma 90, coma 0 and spherical
aberration were corrected. Scale bar: 350 um [55].

8 Sample induced aberrations correction
8.1 Ficus leaf experiment: weak aberrations correction

Due to the spatial variations of refractive index within biological samples and surface
topography, aberration distortion is severe when imaging into the sample volume.
In order to further demonstrate the feasibility of our system and method even for
weak aberrations correction, experiments of sample induced aberrations corrections
were done with a ficus leaf. The system setup described in Figure 3 was used here.
By imaging at a depth of 75 um under the leaf surface only weak aberrations are
induced and we can thus check the sensitivity of our correction approach; the low
order contents of the self-induced sample aberrations were corrected step by step with
the aforementioned methods. As shown in Figure 13, the optimized image (Fig. 13b)
shows an intensity increase compared with the original image (Fig. 13a) and from
the zoomed in images, more structured information appears. This is due to the fact
that the correction process increased the SNR and more signals that were buried by
the noise before appear after the AO correction. The graph of the metric function
while adjusting the coefficients of each Zernike mode is displayed in Figure 13c. The
highest positions of each curve correspond to the coefficients used for the optimal
correction of each mode. Figure 13d shows the increase of metric function. The whole
correction process results in 13.3% improvement of the metric function. The metric
function improvement increases to 35.5% when imaging deeper at 120 ym under the
leaf surface in another experiment.

8.2 Mouse brain slice: strong aberrations correction

After showing the ability of this AO-FFOCT approach to optimize the signal even
with a low level of aberration, we checked another biological tissue of relevance that
suffers from strong scattering and stronger aberrations — the brain tissue, where
FFOCT signal is usually strongly reduced when imaging deep in the sample. Exper-
iments were conducted with a fixed mouse brain tissue slice to correct the wavefront
distortion. Imaging was performed at 50 pum under the brain tissue surface without
liquid matching fluid and the results are shown in Figure 14. The high-signal fiber-
like myelin structures appeared much more clearly after the whole correction process
because of the increased SNR; indeed the metric function was increased by 121%.
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Fig. 13. Comparison of FFOCT images of a ficus leaf before (a) and after (b) sample self-
induced aberration was corrected when imaging at a depth of 75 um. (c¢) Graph of the metric
function during the optimization process, (d) graph of the metric function increase after each
correction step. Scale bar: 500 um, Zoomed in area: 425 x 425 pm [55].

Fig. 14. Comparison of FFOCT images of fixed mouse brain tissue slice before (a) and after
(b) sample self-induced aberration was corrected when imaging at a depth of 50 um. Scale

bar: 500 pm [55].

9 Discussion and conclusion

We have shown that in spatially incoherent illumination interferometry like full-field
OCT, the system PSF width is almost insensitive to aberrations with only signal
amplitude reduction. This is demonstrated by a simple theoretical analysis as well as
numerical simulations for different aberrations, and confirmed by experiments with
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Fig. 15. AO-FFOCT images of different retinal layers of an artificial eye before (a—c) and
after (d—f) aberration correction and averaged image intensity curves along depth scanning
(g) showing the signal increase of all the three detected layers.

a full-field OCT system. More precisely the aberration-induced reduction in signal
is roughly proportional to the square root of the Strehl ratio. Let us consider the
realistic case of a diffraction-limited imaging system with a PSF width of 2 ym that
allows for instance resolving the cones in retinal imaging. With a Strehl ratio of 0.1,
which is considered to give a low quality image, the PSF would be broadened to
about 6 pum that would mask the cell structures. But in full-field OCT system, the
same Strehl ratio would only reduce the signal by a factor of 3.1 while keeping the
image sharpness.

We also demonstrated that a compact transmissive LOSLM can be directly cou-
pled to an FFOCT system as an AO element for wavefront distortion compensation
with a wavefront sensorless algorithm. Our experiments show the potential of this
compact AO-FFOCT system for aberrations correction imaging. The conjugation of
the LCSLM with the pupil plane was discarded in our AO-FFOCT system. Tradi-
tionally, AO devices are usually conjugated with a well-defined plane. For both pupil
AO, in which conjugation is done to the pupil plane, and conjugate AO, in which
conjugation is done to the plane where the aberrations dominate, a plane is needed
for wavefront measurement and the inverse phase mask needs to be applied to the
same plane with the conjugated wavefront correctors. The advantages and disadvan-
tages of both conjugations have been recently discussed in [60]. From what we have
learned in our experiments, we think that the problem might be easier for applica-
tions with metric-based wavefront sensorless adaptive optics because the only criteria
are the metric functions of the image. Strict conjugation might be abandoned, es-
pecially for low order aberrations correction cases. The corrected signal level with
this non-conjugate AO reaches 80% of the non-aberrated situation. This is slightly
inferior but still acceptable compared with a conjugate AO experiment which results
in a corrected FFOCT image signal level reaching 86% of the non-aberrated image.

Our approach simulating eye aberration correction in a simple manner opens the
path to a straightforward implementation of AO-FFOCT for retinal examinations
in the future research. In the case of eye examinations, we can restrict aberrations
correction to the main aberrations (e.g., focus and astigmatism) that will improve
the SNR and skip the high order aberrations. Ultimately, the lens in the eyeball will
play the role of the objective used in the sample arm in our experiments, therefore
a new reference arm with path and dispersion compensation [61] will need to be
designed taking into consideration of the eye characteristics. By using an artificial
eye model used to train ophthalmologists [62], we have demonstrated preliminary
adaptive optics retinal imaging experiments. By translating the model eye along the
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optical axis, three retina layers were detected. The corresponding FFOCT images are
displayed in Figures 15a—15c. Based on the second layer, the model eye self-induced
aberrations corrections were done to improve the image signal level by using the same
algorithm as described before. After the optimization process, the improved FFOCT
retinal images are shown in Figures 15d-15f. The curves in Figure 15g shows the
average image intensity of the FFOCT images along different depth while the peaks
indicating the three detected layers. The signal level for all the layers is increased
after aberration correction. Taking the second layer as an example, the signal level
has increased by 48% after subtracting the background noise.

This work is supported by the HELMOLTZ Synergy funded by the European Research
Council (ERC).
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