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Abstract: The dynamics of the pre-corneal tear film topography are
studied on 21 subjects with a purpose-built lateral shearing interferometer.
It was found that in most of the recorded data the tear surface is continuous
and smooth. Eye movement is identified as a major problem in quantitative
tear topography estimation. Based on the reconstructed tear topography
maps, the effects of tear dynamicsin visual performance, wavefront sensing
for refractive surgery and ophthalmic adaptive optics are discussed in terms
of wavefront RMS. The potential of lateral shearing interferometry for
clinical applications such as dry eye diagnosis and contact lens performance
studiesisillustrated by the recorded topography features such as post-blink
undulation, break-up, eyelid-produced bumps/ridges, bubbles and rough
tear surfacesin front of contact lenses.
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1. Introduction

It has been known since Smirnov’s work in 1961[1] that the variability in wavefront sensing
measurements is dominated not by the wavefront sensors but by changes within the eye. Under-
standing the sources of this variability is required for making better use of the measurements,
for example in the context of refractive surgery. Reported values for the variability of the root-
mean-squared (RMS) of the wavefront aberration of the eye aretypically 0.1um 1, 2, 3,4]. An
RMS of 0.1 um of defocus for a3mm pupil corresponds to approximately 1/4 of adiopter (D)
, which is the minimum step between consecutive ophthalmic lenses. Therefore, the wavefront
aberration variability isnot an issue for spectacl e prescription. However, when trying to achieve
diffraction limited retinal imaging, that is when the RMS of the wavefront aberration of the eye
combined with that of the ophthalmic instrument being used has to be kept below Marechal’s
diffraction limit, A /14 (i.e., 0.03— 0.05 um for visible wavelengths), then the variability of the
wavefront sensing measurementsis by no means negligible.

Some of the sources of variability in the optical quality of the eye have been identified and
characterized, such as the fluctuation of the accommodation [5, 6] whose influence can be
reduced by the use of drugs (usually cyclopentolate) [2, 3, 7, 8, 9]. Other sources have been
identified but to our knowledge not studied in sufficient depth yet: the eye movement, axial
length change [7] and tear dynamics[1, 3, 4, 7, 9, 10, 11, 12, 13, 14, 15, 16].

Most of the research related to the effect of the tear on the optical quality of the eye has so far
concentrated on the extreme situation of tear break-up [9, 14]. In 1998, Licznerski et al. [17]
proposed the use of lateral shearing interferometry for the study of the tear topography, and
recently based on this work, we proposed and tested an improved version of thisinterferometer
(and data processing), which is capable of estimating tear topography maps from pairs of lateral
shearing interferograms [18]. In thiswork we present the results of using thisinterferometer on
21 different subjects, three of them being contact lens users and one with dry eye condition.
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2. Lateral shearinginterferometer

In order to study the tear topography dynamics we built an interferometer [18] sketched in Fig.
1, that produces pairs of lateral shearing interferograms from a beam reflected off the front
surface of the tear film. The phase maps of these interferograms are, to first order, gradients of
the tear topography. Thus the need for two interferograms with shear in different directions for
the estimation of a single topography map.

The interferometer consists of an illumination branch and two imaging branches. The il-
lumination branch produces a smooth (ideally uniform) normal illumination over a circular
region of the front surface of a subject’s pre-corneal tear film approximately 3.5mm in diam-
eter. Although a larger diameter would have been desirable, technical limitations such as the
requirement for large optical elements with high numerical apertures and practical issues such
as the need for moderate tolerance to eye movement, restricted the studied area of the tear. The
light source is a linearly polarized He-Ne laser (A = 632.8nm) with an output power after a
neutral density filter (ND) of around 5uW. In this way the power of the radiation reaching the
eyeis kept 3000 times below safety limits for exposures of up to 100s according to the British
and European standard for Safety of Laser Products (BS EN 60825-1:1994 with amendments
1, 2 and 3). The laser beam at the output of the laser is expanded and spatially filtered using an
afocal system formed by a microscope objective, a lens (L2*°) and a pinhole. After reflection
on the polarizing beam splitter (PBS), the beam is focused towards the subject’s corneal center
of curvature, to achieve normal illumination at the tear surface.

The polarization of the laser and the axis of a quarter-waveplate after the PBS were oriented
to direct all the light reflected by the tear back into the imaging branches. The use of this com-
bination of optical elements and polarization control, not only keeps the light levels reaching
the eye to aminimum, but also reduce the undesired reflections in the system by two orders of
magnitude (with respect to a non-polarizing beam splitter configuration).

The two imaging branches produce 1:1 magnification lateral shearing interferograms of the
tear film onto asingle CCD camera (Retiga 1300, Qimaging), with horizontal and vertical shear.
The 3 dimensional folding of the imaging branches makes it possible to image both interfero-
grams onto asingle camera, €liminating the need for asecond cameraand their synchronization.
The key optical elements in the interferogram generation are the glass wedges, each of them
producing a pair of beams from the reflections on their front and back surface. The tilt between
the surface of the wedges leads to fringes in the interferograms, which are required for the
phase recovery algorithm used in the data processing. The relative intensity of the interfero-
grams was equalized by rotating the input polarization state of both imaging branches using a
A /2 waveplate.

The recorded interferograms are processed using Takeda's phase recovery method [19].The
spectraof theinterferograms show acentral peak and two (symmetric) side ones. The separation
between these peaksis given by the spatial frequency of thetilt fringes. To extract the phase, the
spectra are filtered asymmetrically, by masking out the central peak and one of the side peaks,
then inverse Fourier transforming and finally retaining only the imaginary part. The separation
of the peaks in the Fourier plane determines the maximum spatial frequency unaffected by
the filter, and thus the minimum size of the tear features to be recovered. Finaly from each
pair of phase maps corresponding to horizontal and vertical shearing, a tear topography map
is estimated by using a least-squares integrator [20]. A conservative error estimation in the
topography maps accounting for different error sources would be 15% [18].

3. Data collection protocol
A bite registration with soft dental wax was made and mounted on a x-y-z translation stage for
precise positioning of the subject with respect to the experiment. When the subject was aligned
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Fig. 1. Sketch of the 3 dimensional lateral shearing interferometer. After the light is re-
flected back from the front surface of the tear, the first glass wedge produces two hori-
zontally sheared and tilted copies of the incident beam by reflection and a third copy by
transmission. The second wedge allows the first pair of copies of the beam to go through
unchanged, while on reflection produces a second pair of copies of the beam carrying in-
formation from the eye, sheared and tilted in the perpendicular direction. The superscript
in the lenses indicates focal length in millimeters.

with respect to the optical system, he/she was asked to remain as steady as possible and to blink
normally, while sequences of 100 pairs of shearing interferograms were recorded at arate of 5
per second. No attempt was made to process the interferograms affected by vignetting, eyelids
or eyelashes.

4. Seriesof raw interferograms

Before performing any data processing, it is worth studying the series of recorded interfer-
ograms, where several tear topography features and their evolution can be clearly identified.
This suggests that interferometry, and not necessarily lateral shearing interferometry, is poten-
tially anon-invasive clinical tool for tear pathology diagnostics (e.g. dry eye), asillustrated by
the moviesin Fig. 2. In these movies, the interferograms have been centered to remove most
of the eye movement, which otherwise would show the interferograms moving by up to atenth
of the interferogram diameter. The raw segquences consisted of 100 frames, but for display pur-
poses, the frames where the interferograms were vignetted due to large eye movements were
removed, hence the discontinuous humbering in some series.

Movie (@) shows a smooth tear surface throughout the approximately 25s where the subject
did not blink. This smooth topography is the most common scenario in the collected data, even
when the subjects are not blinking (the average blink rate is approximately 1 every 5 seconds
[9D).

Movie (b) shows a sequence with several consecutive blinks. Here it can be seen that the surface
is very smooth before the blinks and that immediately after becomes undulated and sometimes
even breaks-up (see frame 29/100). This undulation appears in al subjects immediately after
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the blink and takes one to two seconds to relax into a smooth surface again.

In movie (c) the tear surface of aregular soft contact lens wearer is shown (without the con-
tact lenses). Throughout the series a number of small tear features with stable positions can be
identified. Notice that all of the features are duplicated because the interferogram is formed by
overlapping two sheared copies of the same beam. The distance between the duplicated features
isthe interferogram shear that can be seen at the pupil edge along the horizontal direction. The
series of interferograms also shows horizontal bumps/ridges caused by the eyelids, either after
reaching and/or resting in a given position and then withdrawing from it. These features are
relatively common, and are clearly always horizontal. Some post-blink undulation can also be
seen in this series, producing rough surfaces around the small tear features (e.g., frame 13/100).
Movie (d) shows a clear bump/ridge on the top part of the pupil, which moves downwards very
slowly until it is flattened during the blink. After the post-blink undulation the surface remains
smooth other than for a single small feature (possibly a bubble) that slides downwards until it
stabilizes at the center of the pupil.

The seriesin (€) shows the development of a small tear break-up (top left corner) in an other-
wise smooth and very slightly undulated tear surface.

Movie (f) shows the most dramatic surface undulation recorded, ending in the breaking of the
tear surface in multiple points, mainly around the pupil edge. It isremarkable how after asingle
long blink avery smooth continuous tear surface is restored.

In (g) we can see an initially smooth continuous tear surface breaking and undulating before a
blink prevents the tear from breaking. Towards the end of the series, the tear eventually breaks
simultaneously in severa places and the smooth surface is restored after a single blink. This
final blink leaves some small features (possibly bubbles) that disappear within half a second
(frames 91 and 92/100).

Finally, the moviesin (h) and (i) show typical tear surfaces in front of contact lenses, for hard
and soft contact lenses respectively. In general thetear surface becomes smoother after blinking,
but this does not last. Eventually the surface becomes so rough that fringes cannot be identified.
This very high spatial frequency roughness would not change the prescription of the wearer or
significantly affect the aberrations of the eye, but more likely increase the scattering.

5. Eye movement and its effect on tear topography measurements
5.1. Eyeball rotation

Let us model the eyeball as arigid body formed by two spherical surfaces, the sclera with a
typical radius of approximately 11 mm and the cornea with 8mm radius (typical values range
from 7 to 9mm). When the eyeball rotates an angle 6 around the center of the sclera (assuming
that the center of the corneal surfaceis 6mm away from it), the change in observed topography
RMS over acircular pupil of 3mm in diameter is

RMS(0) ~ (2.4um) x 6. (1)

where piston, tip and tilt (which together account for 99.5% of the topography change) were
removed, because they do not affect the optical quality of the eye. To convert this topography
RMS value to wavefront error RMS in full wavefront sensing measurements in the eye, one
only needs to multiply the topography RMS by the difference in refractive indices between air
and cornea (Neomea ~ 1.37).

We estimated the movement of the eye by tracking the movement of the center of the recorded
interferograms. Figure 3 a shows a typical eye movement pattern over a period of 30 seconds.
From the standard deviation of the eye movement (see Figs. 3(b) and (c)) and using formula
1, one can estimate the RM S of the wavefront error that would be produced by eye movement
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Fig. 2. Moviesillustrating tear topography features: (a) smooth surface (2.8MB); (b) post-
blink undulation (2.8MB); (c) bubbles and post-blink undulation (2.8MB); (d) eyelid-
produced bumps (2.8MB); (e) break-up in an otherwise smooth surface (2.8MB); (f) and
(g) dramatic break-up (2.8MB); (h) and (i) rough surfacesin front of hard and soft contact
lenses respectively(2.8MB). These movies play at 5 frames per second, that is the rate at
which the interferograms were recorded.

of those amplitudes. This can be taken as an estimation of the uncertainty in RMS due to eye
movement, giving approximately 0.01um. This value is too small to explain the large rapid
fluctuations of defocus and astigmatism that were measured in the experiments (see plot c in

Fig. 6).
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Fig. 3. Eye movement: the plot on the left shows atypical eye movement pattern over 30s
(the radius of the red circle corresponds to one standard deviation); the center and right
plots are the normalized histograms of the horizontal and vertical eye displacement for all
the 2450 usable frames from 14 different subjects. Both distributions have zero mean and
0.16 and 0.12mm standard deviations respectively, which is equival ent to 9nm of wavefront
error RMS.
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Fig. 4. Correlation between the relative change in the radius of the interferograms and the
estimated change in defocus (0.67).

5.2. Head movement

It was noticed in the course of the experiments that despite the use of the bite bar, the head
of the subject pivoted a little around the biting point during the 20 to 30 seconds of the data
acquisition in avertical plane. This showsvery clearly in the interferograms, as noticeable fluc-
tuations in the interferogram diameter of up to 10%, and on the number of fringes across the
interferograms due to the changes in defocus when the front tear surface changes its distance
to the experimental setup along the optical axis. The processed data also shows the head move-
ment through a correlation coefficient of 0.7 between the defocus component of the measured
topography maps and the relative change in pupil diameter (Fig. 4). However, by looking at the
plotsin Fig. 6(c), it seems reasonable to think that the measured fast fluctuations of defocus are
not solely due to the much slower head movement (usually with atime scale comparable to that
of respiration). We should therefore be aware that both the eyeball rotation and head movement
might lead to a small over-estimation of tear topography changes. In order to address thisis-
sue, the data analysis considers the tear topography with and without defocus and astigmatism,
which are the aberrations introduced by eye movement that have the most impact.
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Fig. 5. Movies of estimated wavefront aberration introduced by the tear topography: (a)
corresponds to Fig. 2(a) and shows a very smooth tear surface(4MB);(b) corresponds to
Fig. 2(d) and shows the formation and flattening of a bump on the top of the pupil (4MB).
The change in wavefront height between consecutive contour linesis A /14.

6. Wavefront error RM Sintroduced by the tear topography

The estimated tear topography maps were converted to wavefront error maps by multiplication
by the difference in refractive index between the tear film and air (approximately 0.334).

The movies in Fig. 5 show the wavefront error maps calculated from the series of inter-
ferograms in Figs. 2(a) and (d) with defocus and astigmatism removed. The instrument and
corneal aberrations were removed by subtracting the first wavefront from the following wave-
front maps. In (&) most of the wavefront remains within two contour levels (A /14), indicating
that in this series, the effect of the tear once defocus and astigmatism are removed is negligible.
In (b) the impact of the bump shown in Fig. 2(d) on the wavefront can be seen. Even though
the bump is several contour lines deep, the mean RMS of the wavefront throughout the series
remains below the diffraction limit (see Fig. 7).

6.1. Wavefront error RMSevolution for individual data series

Figure 6 shows a typical evolution of the wavefront RMS due to tear topography dynamics
(relative to the mean wavefront of the series). In al plots, the diffraction limit is indicated as
ared line. Plot (a) shows the wavefront RMS of the difference between each wavefront and
the mean wavefront of the series. It was found that in all the series of processed data (which
correspond to smooth tear surfaces with no break ups) the RMS remains comparable to the
diffraction limit. Plot (b) issimilar to (a) but the RM S values are cal cul ated from the wavefronts
after subtraction of the defocus and astigmatism terms (Zernike polynomials), which are those
terms most likely to be significantly affected by eye and head movement. Hereon, we will refer
to the wavefront RM S calculated in this way as residual RMS. It was observed that for all the
processed data series, these plots are always below the diffraction limit. Finally, plot (c) shows
the evolution of the amplitudes of the defocus and astigmatism terms. Here it can be noticed,
as in most of the recorded cases, that the defocus term is the dominant aberration in the tear
topography dynamics.

6.2. RMSmean values

Let us now look at the wavefront RMS values for al the processed data series, by plotting
the mean RMS (brown) and residual RMS (blue) over the data series with more than 75 us-
able topography maps, corresponding to time intervals of around 30 seconds (see Fig. 7). The
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Fig. 6. Typical wavefront RMS evolution due to the tear topography dynamics. The red
horizontal linein the plots indicates the diffraction limit for the wavelength used in the ex-
periment. Plot (a) shows the evolution of the RM'S (after subtraction of the mean wavefront
of the series). Plot (b) issimilar to (a) but with the defocus and astigmatism terms removed,
and (c) plots the evolution of the defocus and astigmatism components.

numbers on top of the bars are the maximum correl ation coefficient between the corresponding
RM S and the eyeball rotation and head movement. One can think of these numbers asindicators
of the likelihood of the estimated RM S being an artifact due to the undesired eye movements
as opposed to true tear topography change.

In almost all cases the mean residual RMS is comparable to or lower than the diffraction
limit, while the mean RM S values, including the defocus and astigmatism components seem
comparable to or greater than the diffraction limit.

Note that the results shown in Fig. 7 correspond only to a sample of 14 subjects and within
those, to the data series with no break-ups or extreme roughness. Thus, it might be argued that
Fig. 7 shows an underestimation the RM S values. Neverthel ess, the processed data corresponds
to the most representative situation (more than 70% of the recorded data series) among non-
contact lens wearers.

The analyzed data shows no discernable difference between the tear in front of the contact
lenses and the tear in front of the cornea when no contact lens is being worn. However, the
analyzed data in this case represents only a small portion (less than 30%) of the recorded data
from contact lens users. In the rest of the data, the roughness of the tear surface is such that no
fringes could be identified (see Figs. 2(h) and (i)), and therefore no quantitative analysis could
be performed.

6.3. RMSmean evolution

We now consider the temporal behavior of the RMS. Figure 8 plots the evolution of estimated
RMS (b) and residual RM S (a) for 30 data series, using approximately 2300 topography maps
corresponding to 19 different subjects. In this figure, the wavefront RM S deviation has been
calculated relative to the first topography map of the series. The residual RM S stays below the
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Fig. 7. Mean RM S and residual RM S over the data series corresponding to time intervals
of 30s. The red horizontal line shows the diffraction limit (A = 632.8nm). The data is
separated in three groups. on the left (light gray background) are the series in which there
were no blinks during the data recording; in the center are seriesin which there was at least
one blink and on the right (dark gray) we show the series in which the subject was wearing
contact lenses at the time of the experiment. The numbers on top of the error bars are the
the maximum correl ation coefficient between the corresponding RM S and the eye and head
movement.

diffraction limit even for periods up to 25 seconds (the average blink rate is approximately 1
every 5 seconds [9]). If we now look at the RMS including defocus and astigmatism, we find
that (ignoring the eye movement effects), it remains around twice the diffraction limit. Thisis
interesting in the context of wavefront sensing for refractive surgery, because it shows that the
effect of the tear topography dynamics is negligible. Defocus with A /14 RMS over an 8mm
diameter pupil correspondsto 1/50D, whichis 25 times smaller that the typical resolution used
in spectacles prescription.

However, for adaptive optics for high resolution retinal imaging or psychophysical experi-
ments on individual photoreceptors, even though the degradation of the optical quality of the
eye is not very significant, it is by no means negligible. Again, the results obtained here are
consistent with Roorda’s experience [21] with static wavefront correction on a scanning laser
ophthalmoscope (SLO), where he reported some image resolution degradation when trying to
resolve photoreceptors after preventing the blink for a few seconds while having accommoda-
tion paralyzed.

7. Conclusions

A shearing interferometer for evaluating the dynamics of the front surface of the pre-corneal
tear film was tested on 21 subjects. The issue of eye movement, so far ignored in other refer-
ences [9, 17, 22], israised and its impact is briefly discussed, noticing that further studies are
needed.

The estimated amplitudes of the wavefront RMS introduced by the tear dynamics under
normal conditions (i.e., no break-up or contact lenses) are comparable to or smaller than the
diffraction limit according to Marechal’s criterion, and are consistent with the RM S variability
measurements reported for full wavefront sensors in the eye [1, 3, 7, 8]. These results then
suggest that the tear topography dynamics under normal conditions does not play a significant

#5435 - $15.00 US Received 29 October 2004; revised 25 November 2004; accepted 3 December 2004
(C) 2004 OSA 13 December 2004/ Vol. 12, No. 25/ OPTICS EXPRESS 6287



0.25 - - — = 0.25

[} 5 10 15 20 25 0 5 10 15 20 25
time (s) time (s)

(2) (®)

Fig. 8. Temporal evolution of the estimated wavefront error RM S (a) and residual wavefront
error RMS (b) for 30 data series (around 2300 topography maps) corresponding to 19
different subjects. The black lines are the mean RMS at the corresponding time and the
gray areas delimited by the blue lines are the areas within one standard deviation from the
mean. Again, the red horizontal line indicates the diffraction limit at 632.8nm.

role in terms of ophthalmic prescription or refractive surgery. In the context of diffraction-
limited retinal imaging, the effect of the changesin tear topography are not negligible. If perfect
static aberration compensation of the whole eye was applied with some wavefront corrector,
such as a deformable mirror, then changes on the tear topography would degrade the image
resolution significantly in the scale of seconds.

It was noticed that the front surface of the tear in front of contact lenses isin general very
rough, athough quantitative analysis of the topography was not possible when the typical
roughness was present. We believe this subject should be studied further given the high number
of contact lens users.

Finally, it has been shown that lateral shearing interferometry has potential for clinical appli-
cations as a hon-invasive tool to study the tear topography.
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