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Abstract: To evaluate the contribution of fixational eye movements to dynamic aberration, 50
healthy eyes were examined with an original custom-built Shack-Hartmann aberrometer, running
at a temporal frequency of 236Hz, with 22 lenslets across a Smm pupil, synchronized with
a 236Hz pupil tracker. A comparison of the dynamic behavior of the first 21 Zernike modes
(starting from defocus) with and without digital pupil stabilization, on a 3.4s sequence between
blinks, showed that the contribution of fixational eye movements to dynamic aberration is
negligible. Therefore we highlighted the fact that a pupil tracker coupled to an Adaptive Optics
Ophthalmoscope is not essential to achieve diffraction-limited resolution.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. Introduction

Imaging the human retina at high-resolution has an important impact on early-stage retinal
disease diagnosis and treatment as well as in monitoring the effects of new drugs and improving
our understanding of the eye [1,2]. Such high-resolution retinal images can be obtained using
Adaptive Optics (AO) systems [3]. Most AO systems involve two main steps: measuring low and
high order ocular aberrations with a wavefront sensor (WFS), usually a Shack-Hartman (SH);
and compensating for them with a corrector device, often a deformable mirror (DM), in order to
achieve diffraction-limited imaging.

The eye presents aberrations which are not static but fluctuate over time [4, 5]. Hence, the
characterization and the understanding of these fluctuations are important in the design of
AO systems, enable to correct them in real-time in a closed-loop configuration [5]. Several
studies have been devoted to understanding the dynamics of ocular aberrations, as well as their
origin. Fixational eye movements [6,7], tear film dynamics [8—10] and micro-fluctuations of
accommodation [11, 12] were identified as important sources of temporal variation of ocular
aberration. However, the relative contribution of each of these elements remains unknown
or incompletely known, especially concerning fixational eye movements, i.e.continuous and
involuntary movements while the subject is looking at a fixation target. Fixational eye movements
exhibit three main components [13]: 1) tremors, a wave-like motion of small amplitude (= diameter
of a cone in the fovea) but high frequency (= 90 Hz); 2) drifts, slow movements (0.5deg/s) that
carry the eye away from the fixation target (can move across dozens of photoreceptors) and 3)
micro-saccades, fast (= 20ms in duration), jerk-like movements (10-100deg/s) to correct from
drifts and from Troxler fading [14].

Over a short range, these rotational ocular movements are seen from the point of view of AO
system as synchronous retinal motion and pupil motion. The displacement of the pupil in front
of the AO system induces an effective translation of the eye pupil and its aberrations over the
eye pupil plane. Although aberrations in the pupil plane are dominated by static aberrations,
the translation of this quasi-static aberration map over the wavefront sensor results in apparent
wavefront variability (i.e.changes to the estimated wavefront coefficients). The relative importance
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of this source of aberration dynamics (compared to e.g. tear film dynamics) raises a controversial
issue: on one hand Hofer et al. [4] concluded that the measured fluctuation in the eye’s wave
aberration is not due to pupil translation; on the other hand, Arines et al. [6] point out pupil
translation as an important cause of apparent wavefront variability.

Subsequently, Sahin er al. [7] also claimed that eye movements constitute an important
component of the ocular wavefront dynamics. They proposed an AO system with a static WES,
but coupled to a pupil tracking system. The DM compensates for aberrations by shifting the
static wavefront measurement according to the pupil displacement measurement. They report a
satisfactory aberration correction on average over time (i.e. a good correction of static aberrations),
but the fluctuation of the wavefront error is minimally reduced, or not at all. Moreover, they
mostly looked at low-frequency aberration fluctuation.

More generally, previous attempts to assess the contribution of fixational eye movements to
aberration dynamics on healthy eyes [4,6,7] are limited in population (three eyes at most) and
in aberrometer speed (25 Hz at most) and pupil tracker speed (83 Hz at most). In this paper,
we make use of a previously published [5] high-temporal resolution characterization of ocular
aberrations (sampling frequency of 236 Hz), synchronised with pupil displacement (at 236 Hz)
on a population of 50 healthy eyes, in order to compare the dynamic behavior of the first 21
Zernike modes with and without digital pupil stabilization on a 3.4s sequence between blinks.
We then conclude on the link between eye motion and wavefront variability. We also discuss the
benefit of coupling a pupil tracker to AO-corrected ophthalmoscopes.

2. Methods

The high-resolution aberrometer used to characterize ocular dynamic aberrations was a custom-
designed Shack-Hartmann (SH) wavefront sensor (WFS) coupled with a pupil camera for pupil
motion tracking. Figure 1 shows a diagram of the full system. This system is composed of four
units: 1) Injection unit, responsible for creating an artificial source on the retina for wavefront
sensing; 2) eye unit, where the real or artificial eye is examined; 3) reference unit, allowing the
calibration of the system and the acquisition of SH reference spots; 4) analysis unit, where the
back-scattered light from the eye is collected by the WES and the pupil camera.

A collimated infrared beam (833 nm superluminescent diode (SLED)(EXALOS) with 50-nm
spectral bandwidth) is focused on the retina after passing through focus correction ophthalmic
lenses adjusted according to the subject’s refraction. Specular reflections from the cornea are
filtered out by an annular pupil stop placed in a pupil plane. The use of infrared light increases the
amount of light reflected by the retina [16], and is safer and more comfortable for the subjects. The
WES beacon itself is used as fixation target as it is at infinity and as part of its spectrum is in the
visible range. The light backscattered from the retina is divided onto a pupil camera, composed of
a CCD camera (up to 478 Hz, 1 pixel = 78 um at the pupil) conjugate with the eye’s pupil plane;
and a SH WFS composed by a 31x33 microlens array (conjugate with the eye’s pupil plane)
with a 320 pum spacing and an sCMOS (Scientific Complementary Metal-oxide-Semiconductor)
camera (Pco.Edge), with a 14x14 array of 196 pixels allocated per microlens, placed in the focal
plane of the microlens array, which records the SH images with a sampling frequency of 236 Hz
(i.e. grabbing 236 images per second). Both cameras image a 10-mm field in the pupil plane, but
typically 22 microlenses are illuminated, which corresponds to a 7-mm diameter pupil allowing
+ 1.5 mm pupil displacements, which is sufficient once the subject is stabilized by the chin and
forehead rest (more details about the setup can be found in [5, 15]). Figure 2 shows the image
map acquired from the SH WFS and pupil camera for a reference eye (i.e. an optical fiber source
with pupil stop set at 7 mm).

A total of 50 healthy eyes, from 29 subjects, aged between 23-38 years old, of which 4 had
undergone LASIK refractive surgery, were examined with the aberrometer. Subjects information
such as age, spherical equivalent, cylindrical component JO and J45 , pupil size and motion, and
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Fig. 1. Diagram of the experimental system (L: lens, BS: beam splitter, M: mirror, P: pupil
plane). The four different units (injection, eye, analysis, reference) are outlined in the diagram.
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Fig. 2. Reference pupil intensity maps. (a) Pupil camera image. (b) SH WFS image.
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Zernike coefficients can be found in Data File 1 (supplementary data available for the reader).
Prior to any measurements, each subject gave informed consent as part of the authorized clinical
research protocol, which was approved by the local ethics committee and which adhered to the
tenets of the Declaration of Helsinki. The optical power in the eye’s pupil plane was set to be
lower than 29 uW, approximately ten times less than the maximum permissible exposure for
continuous viewing for this wavelength according to ANSI Z136.1 safety standard [17], and
background and reference images were acquired on the WFS.

Measurements were performed without any pupil dilation or drops, as we were interested in
characterizing the dynamic aberrations without the interference of any external factors. Visible
light was kept to a minimum during the examination, thus leading to the largest possible pupils
without dilation. Subjects were asked to blink just before the acquisition started and to sit still
and stare at the point source throughout the acquisition period. The acquisition lasted 20 seconds
per eye. The raw data consisted of 50 series of synchronized 20-second-long WFS camera and
pupil camera sequences, both at 236 Hz. Then for all 50 eyes, we extracted a continuous 3.4 s
time sequence (i.e., 808 frames) in between blinks.

For each 3.4-second-long sequence from the pupil camera, pupil motion and pupil size were
computed on binarized images and pupil tracking was performed based on an ellipse fitting
algorithm [18], which compensates for geometric distortions from image projection [19]. Pupil
position precision was estimated to 2 um RMS. Details of the data processing for pupil tracking
can be found in [15].

In order to analyze the contribution of eye motion (especially pupil translation) on the dynamics
of ocular aberrations, we defined two different analysis pupils (P,), illustrated in Fig. 3:

Without digital pupil stabilization: In this case, the analysis pupil (P,) is fixed on the WFS
while the eye pupil (Pey.) moves.

With digital pupil stabilization: In this case, the analysis pupil (P,) is fixed at the center of
the eye pupil (P,y.) for each time t and therefore, it moves on the WFS, allowing us to show how
the aberration dynamics evolve independently of pupil translation.

Without pupil stabilization

Fig. 3. Definition of a 5-mm analysis pupil (P,) in order to quantify dynamic aberration
evolution with and without digital pupil stabilization over time. Without pupil stabilization:
P is fixed on the WFS while the eye pupil (Pey) moves. With pupil stabilization: Py is
fixed at the center of the eye pupil (P,y,) for each time t and therefore, it moves on the WFS.

For each time-point of each sequence, we built an analytic WFS model My s, which depends
on the eye and on the analysis pupil (with or without stabilization), linking the Zernike coefficient
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at a time t (a;(z, eye)) to the slopes of the subapertures at the same time (S(z, eye)):
S(1,eye) = Mwrs(eye, Pa) - ai(t, eye) (1)

By taking the pseudo inverse My rs(eve, P,)", Zernike coefficients can be reconstructed [5] for
both analysis pupils (with or without stabilization):

ai(t,eye) = Mwrs(eye, P,)" - S(t, eye) )

For each 3.4-second-long sequence from the SH WES, the Zernike decomposition (from 2”4
to 5 order) of the wave aberration was computed with and without stabilization. In accordance
with convention [20], we will refer to aberration modes with a radial order greater than or equal

to 3 as high-order aberration (HOA). Static wavefront error (,/Zfi 4 a;%) was used to quantify the
level of static aberrations.

3. Results

Figure 4 shows temporal series of horizontal (black line) and vertical (magenta line) pupil
translation, and temporal series of the first seven Zernike coefficients, starting from defocus (a4)
for three different eyes, without pupil stabilization. Figures 4(a), (d) and (g) illustrate eye 13, a
LASIK case, which presents a high wavefront error (WFE), a significant high-order aberration
(HOA) WFE and a poor fixation in relation to the population studied. Figures 4(b), (e) and (h)
show eye 16, the poorest fixation case, which presents a typical WFE. Finally, Figs.4(c), (f) and
(i) present eye 31, a typical case of our population, i.e.both fixation eye movements and WFE do
not exceed the average + standard deviation of 50-eyes population studied. Information on eyes
13, 16 and 31, as well as the general population, can be found in table 1.

Table 1. Population (mean + standard deviation) and eyes 13,16,31 (mean values) information
concerning age, horizontal (H) and vertical (V) pupil translation standard deviation, wavefront
error, high-order wavefront error and the specificity of each case compared to the studied
population as a whole.

Eyes Population Eye 13 Eye 16 Eye 31
AGE (yo) 30+7 27 35 25
Fixational eye movement H:48+23, H:110.4, H:116.6, H:28.9,
Standard Deviation (um) V: 30x14 V:38.3 V:19.1 V: 31
Static Wavefront Error 0.59 + 0.31 1.25 0.31 0.34
(WFE) (um)
High-order aberration 0.21 +0.10  0.69 0.20 0.19
WEFE (um)
Specificity - Lasik case Poor fixation Typical case
and poor fix-
ation

Dashed lines highlight fast horizontal micro-saccade occurrences for eyes 13 and 31 and
a large amplitude horizontal drift occurrence for eye 16. For all three eyes, we can identify
horizontal tremors. Eye 13 presents a major correlation between pupil horizontal shift, in
particular fast and large amplitude translation (micro-saccades) and Zernike coefficients as
(oblique astigmatism) and ag (horizontal coma), with a linear Pearson correlation coefficient
rs = 0.91 and rg = 0.77 respectively. Eye 16 presents a major correlation between pupil horizontal
shift, in particular slow and large amplitude translation (drifts) and the same Zernike coefficients
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Fig. 4. Tllustration of the correlation between eye movements and dynamic aberrations.(a),
(b) and (c) : horizontal (black line) and vertical (magenta line) pupil translation of eyes 13,
16 and 31 respectively. (d), (e) and (f): second order Zernike coeflicients time series without
pupil stabilization of eyes 13, 16 and 31 respectively. (g), (h) and (i): third order Zernike
coefficients time series without pupil stabilization of eyes 13, 16 and 31 respectively. Modes
are attributed different colors and are specified in (e) and (h). The plots have been vertically
shifted for clarity. As a consequence, mean values do not represent static aberrations. Vertical
dashed lines highlight fast and large horizontal micro-saccade occurrences for eyes 13 and
31. Horizontal dashed lines indicate slow and large amplitude horizontal drift occurrence for
eye 16.
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as (oblique astigmatism) and ag (horizontal coma), with a correlation coefficient r5 = 0.93 and
rg = 0.94 respectively. Finally, eye 31 presents a minor correlation between pupil shift and
Zernike coefficients (correlation coefficient lower than 0.3). On the other hand, eye 31 presents a
significant correlation between micro-saccade occurrences and Zernike coefficient as. Although
horizontal tremors are present in all cases, no correlation was found between them and dynamic
aberration.

A strong correlation between motion and aberration does not necessarily mean causality,
i.e.that aberration originates from pupil displacement at WES, a third factor may be at the origin
of both phenomena. In order to test the causality of pupil translation for dynamic aberration, we
quantified the fluctuation over time of each Zernike mode across a 5-mm diameter pupil, with
and without pupil stabilization, over our population.

First, we calculated the temporal standard deviation of the first 21 Zernike coefficients
oy(a;(t, eye)) (starting from defocus), with and without pupil stabilization. To study the general
trend over the population we evaluated the average (+ standard deviation) of o (a;(t, eye)) over
the population. The results are displayed in Fig. 5. We see that two modes are slightly impacted
by pupil translation compensation: oblique astigmatism (as), which presents an average value
12% lower when the pupil is digitally stabilized and a standard deviation (over the population)
35% lower; and horizontal coma (ag), which presents an average value 16% lower and a standard
deviation (over the population) 23% lower.

0.08 T T T T T T [T T T T T T T T T T

- L n=2 n=3 n=4 n=5 B
€ - : : : i
=2 0.06 — Without Stabilization —
3 r : : ;| EEE with Stabilization B
©

g 0.04

L

§

< 0.02

[a]

0.00

Zernike mode i

Fig. 5. Distribution of the dynamic aberration over the population with and without pupil
stabilization. Zernike coefficients from the 2"< to the 5" order over the population across
a 5-mm diameter pupil. Silver and blue bars indicate average of o;(a;(t, eye)) over the
population, with and without pupil stabilization respectively. Blue and red error bars indicate
plus and minus one standard deviation of o (a;(t, eye)) over the population, with and without
pupil stabilization respectively.

4. Discussion

Dynamic aberrations, without pupil stabilization, can be decomposed into three main components,
low, medium and high-frequency [5]. By considering a 3.4s long analysis sequence, for each
eye of our 50 eye population, we were able to study medium and high-frequency fluctuations
of each Zernike coefficient (evolutions at frequencies below 0.3 Hz are seen as static). These
fluctuations could be due to tear film dynamics, eye motion (pupil translation) or lens fluctuation.
By digitally stabilizing the pupil, we were able to study the impact of eye motion over medium
and high-frequency fluctuation of the wavefront. Figure 4 illustrates a visible correlation between
horizontal pupil translation and some Zernike coefficient fluctuations such as oblique astigmatism
(as) and horizontal coma (ag). The observed correlation is mainly highlighted for two fixational
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eye movements: fast (10-20ms duration) horizontal micro-saccades and large amplitude horizontal
drifts. Tremor movements were weakly correlated to the fluctuation level of aberrations.
Thus, we can assume two possible scenarios regarding wavefront variation:

'""moving aberration'' assumption [21], where the dynamic aberrations are mainly due to the
displacement of a static phase on the WFS. In this case, fluctuation of Zernike coefficients
with time would be significantly decreased by stabilizing the pupil;

""turmoil aberration'' assumption, where the contribution of eye motion to dynamic aber-
rations is negligible. In this case, fluctuation of Zernike coefficients with time will be
unchanged after stabilizing the pupil.

As shown in figure 5, the "turmoil aberration" model is correct. Let us examine how this applies
to each Zernike mode:

* asregards as, a 12% decrease of the average o (a;(#, eye)) (over the population) is observed
when stabilizing the pupil (cf. Fig. 5). However, a more precise analysis shows that this
decrease actually occurs only for three specific eyes, two being Lasik cases (eyes 13 and 14,
belonging to the same subject, with major high-order aberration WFE and poor fixation)
and one (eye 16) with medium static aberrations and the poorest fixation of the population.
In other words, except for poor fixators with significant static aberrations, the "turmoil
aberration" model holds;

* asregards ag, a 16% decrease of the average o (a;(t, eye)) (over the population) is observed
when stabilizing the pupil (cf. Fig. 5). Unlike for as, this limited but significant decrease is
shared by most of the eyes in our population, suggesting an actual "moving aberration"
component in ag dynamics. Indeed, we identified that a horizontal motion, in conjunction
with the presence of spherical aberration, produces a fluctuation of ag (see Fig. 6). It turns
out that average static spherical aberration measured on our population is slightly positive
(@} = 0.06um + 0.05um), which was also observed by Salmon et al. [23]. We then
conclude that a moderate part of ag dynamics is due to pupil motion;

* asregards any other mode, the fluctuation of Zernike coefficients with time is not decreased
with pupil stabilization.

This, however, does not explain the severe changes in aberration distribution occurring at the
exact same time as saccades. Although this specific topic is outside the scope of the present
paper, such correlation could be explained by crystalline lens shape change after a shift in the
line of sight, or lens wobbling, which have been shown to have a significant impact on high-order
aberrations [12,24]. One limitation of the present study is that torsional eye rotations (inducing a
pupil rotation) [25] were not taken into account in this study. However, a 3.4s time series should
be sufficiently short to avoid significant torsional eye rotations [26]. Moreover, a monochromatic
and point source fixation target is not ideal. Nonetheless the use of a "poor" fixation target, and
the consequent possible increase in fixational eye movements, served to demonstrate the fact that
fixational eye movement is a negligible source of dynamic aberration.

Finally, individual temporal series of the first Zernike coefficients (starting from defocus) with
and without pupil digital stabilization are available upon request to the last author. Even if in
some cases (such as poor fixators and eyes presenting a high static level of high order aberration
WEFE) a pupil stabilization may be beneficial, the corresponding reduction of the aberration
fluctuation standard deviation is minor (1% in average, 30% at most for eye 16). Therefore pupil
tracking in an Adaptive Optics Ophthalmoscope is not essential to achieve diffraction-limited
resolution, but it can help to automatically detect the pupil and its boundary and avoiding missing
spots in the SH WES [27]. A far more effective way to correct dynamic aberration would be to
increase sampling frequency up to 40 Hz with a loop gain of 0.5 [5].
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Fig. 6. Effect of static spherical aberration and horizontal displacement on the other modes,
derived from the linear expansion published in [20,22].

5. Conclusion

Using previously published data [5] of high-temporal resolution characterization of ocular
aberrations (at a sampling frequency of 236Hz) synchronised with pupil displacement (at 236
Hz) on a population of 50 healthy eyes, we presented a comparison of the dynamic behavior
of the first 21 Zernike modes, with and without digital pupil stabilization, on a 3.4s sequence
between blinks. First, our results showed a major correlation between dynamic aberration and
two fixational eye movements: fast horizontal micro-saccades and large amplitude horizontal
drifts. In order to study the causality between both factors, we calculated the standard deviation
over time of the first 21 Zernike modes with and without pupil stabilization and we compared
them. In a "turmoil aberration" assumption, where the contribution of the eye motion to dynamic
aberrations is negligible, the fluctuation of Zernike coefficient with time will be unchanged after
stabilizing the pupil. We showed that for mode a5 (oblique astigmatism), except for poor fixators
with significant static aberrations, the "turmoil assumption" holds. In the case of ag (horizontal
coma), a moderate part of its dynamic is due to pupil motion. Finally, for any other mode, the
fluctuation of the Zernike coefficient with time is not decreased with pupil stabilization, showing
that the contribution of fixational eye movement to dynamic aberration is negligible. Therefore
we highlighted the fact that a pupil tracker coupled to an Adaptive Optics Ophthalmoscope is not
essential to achieve diffraction-limited resolution in healthy undilated eyes.
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