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Abstract: We report on the development of a non-contact, low cost instrument based upon
confocal microscopy that is capable of rapidly and accurately measuring changes in the axial
dimensions of components in the anterior section of the eye. The performance of the instrument
was tested by applying an oil film to a vertically mounted artificial cornea to simulate a breaking
up tear film. By measuring the influence of lubricating eye drops on the thickness of the human
cornea and tear film in vivo with a commercial, interferometer based instrument, we show the
need for higher resolution instruments. It was found that the new instrument measured a change
in thickness as small as 5 um in the artificial system with a standard deviation of less than 1 um.
The change of thickness in the in vivo cornea was measured accurately with the interferometer
based instrument, but no distinction between the thickness of the cornea and that of the tear film
was possible. We therefore believe that the new confocal instrument and its further develop-
ments will play an important role in the fast and accurate measurement of tear film and corneal
thickness and also in relation to glaucoma screening with applanation tonometry.
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Introduction

The tear film is a crucial part of the human eye. It not only acts as a lubricating layer
and provides nutrients for the cornea,! but it also plays an important role in keeping
the eye surface clean and preventing infections.? As importantly, it is the first refractive
surface, thus providing a main part of the refractive power of the eye.® A healthy tear
film also creates a smooth layer covering the rough, irregular surface of the corneal
epithelium. This reduces scattering from the cornea, improves contrast in the detected
image, and thus improves vision significantly.’

If there is any disturbance to the system such as the tears evaporating too rapidly
or insufficient tears being produced, the tear film becomes ineffective and dry eye syn-
drome (DES) can develop.® This not only leads to swollen, red and tired eyes, affecting
the quality of life of the patient when performing daily tasks such as reading, using a
computer or driving,” but in more severe cases it can also lead to ulcers and scarring
of the cornea and thus to some loss of vision.® Fortunately, minor forms of DES can
be easily treated by applying lubricating eye drops.

Due to conditions such as dry eye syndrome and the desire to study the anterior
aspects of the eye in relation to laser-based refractive surgery as well as for glaucoma
screening in relation to intraocular pressure measurements, accurate and reliable
non-contact measurements of distances within the anterior chamber of the eye are
playing a growing role in the diagnosis and monitoring of disease states within oph-
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thalmology. Optometrists in the UK are now advised to take
a corneal thickness measurement when performing glaucoma
screening.’

We have developed an instrument capable of accurately
measuring the axial dimensions of the anterior components
of the eye through to the rear of the lens with a particular
emphasis on the corneal and tear film thickness. In order to
demonstrate the resolution and speed of the instrument we
illustrate the performance by showing the thinning of an
oil film on an artificial cornea. To demonstrate the need for
further developed instruments in this area we present mea-
surements taken with the LenStar (Haag-Streit AG, Koenitz,
Switzerland) showing the influence of optive™ lubricating
eye drops (Allergan, Inc, Irvine, CA, USA) for treating dry
eye syndrome on the cornea and tear film thickness.

Experimental set up

The optical configuration of the instrument is shown in
Figure 1. It is based upon a confocal microscope but rather
than recording a series of optical sections to construct a three
dimensional image, the instrument is configured to record
a depth profile'® through the anterior section of the eye. The
instrument thus provides the depth information required to
measure features in the eye at high speed and with minimal
data storage. Light from a low power laser diode (Laser 2000,
Ringstead, Northamptonshire, UK) operating at 670 nm is

Web cam
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initially collimated and circularized using integrated micro-
optics. After leaving the laser casing, the collimated light
passes through a condensing lens, which creates a reference
focal spot. It then expands through a polarizing beam split-
ting cube and a second beam splitting cube, which diverts
a small proportion of the return beam onto a web cam for
the monitoring of eye alignment. The expanding beam then
strikes a lens combination, which collimates the light to
a 12 mm diameter beam. The re-collimated beam passes
through a quarter wave plate, rotating the polarization of the
beam, before being focused onto the eye using a final lens.
This final lens is mounted on a motorized translation stage
(SMAC Europe Ltd, Crawley, West Sussex, UK), which
moves the lens along the optical axis of the eye, giving a
scanning depth of 5 mm. A fixation target is introduced using
a further beam splitter at the front of the instrument to help
in minimizing eye movement.

Around 10 uW of optical power is incident on the cor-
nea and the reflected light is re-collimated before passing
back through the quarter wave plate and subsequently being
focused onto a silicon photo-diode mounted behind a confo-
cal pinhole. The double pass through the quarter wave plate,
in combination with the polarizing beam-splitting cube before
the detector pinhole, improves the signal-to-noise ratio of the
instrument helping to remove unwanted reflections reaching
the detector. The slight polarizing properties of the cornea
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Figure | Schematic diagram showing the confocal instrument. The laser is focused down to a reference focal spot before expanding through a polarized beam-splitting cube
(PBSC) and a second beam splitting cube which diverts a small part of the return beam onto a web cam. The light is then collimated and passes through a quarter wave plate
before being focused onto the eye using a scanning lens. A further beam splitting cube is introduced at the front of the instrument to overlay a fixation target onto the beam.
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were not noted to have any effect on the performance of the
instrument.

The SMAC stage holding the scanning lens has a reso-
lution of 0.5 wm and scans with a speed of 50 mms™. The
scanning lens can be exchanged to alter the axial resolution
of the system. The lens currently incorporated in the system
has a focal length of 45 mm and a numerical aperture of
0.14 giving an axial resolution of approximately 64 um. The
working distance of the instrument is 30 mm from the last
optical surface to the eye.

The data from the photo-diode was acquired using a
National Instruments A/D card (DAQCard-6036E) and
integrated into the control of the system using a custom
written LabVIEW program, which also controlled the SMAC
stage. One measurement was produced by averaging over
30 consecutive individual scans, with data being taken in
both directions of the scan.

Figure 2, illustrating a typical scan of the cornea with the
new instrument, shows the reflection from the air to cornea
(air to tear film) interface and the smaller reflection from
the posterior cornea. The experimental measurements were
taken using the new instrument and the LenStar, which is an
interferometer based instrument.

Results

To test the performance of the instrument, an oil film (immer-
sion oil, n = 1.51) of unknown thickness was applied to an
artificial cornea (PMMA, n = 1.49) to simulate an environ-
ment with rapidly changing dimensions (eg, the tear film).
The cornea was manufactured such that the curvatures match
the human cornea as closely as possible. It was mounted
vertically so the oil could flow off. Figure 3 shows the

typical trend of the influence of the oil on the measured
optical thickness of the artificial cornea. It is clearly visible
that the optical thickness increases drastically from 1109 um
(1653 wm physical thickness) to 1199 um directly after the
application of an unknown quantity of oil. It then follows
a negative exponential trend until it levels off at 1114 um,
5 wm thicker than the measured optical thickness of the clean
cornea (first measurement point).

An extract of a temporal series of scans through the
artificial cornea before and after the immersion oil has been
applied is shown in Figure 4. A typical scan through the clean
cornea shows a large reflection from the anterior surface
and a slightly smaller reflection from the posterior surface
(Figure 4(a)). Directly after the oil has been applied, both
reflections vanish completely (b). It is assumed that the oil
drop on the cornea distorts the light too much to produce a
reflection good enough to subsequently pass through the con-
focal pinhole. 4(c) shows how the reflection from the posterior
surface of the cornea returns — still highly distorted — and in
(d) the reflection from the anterior surface reappears, showing
a small shoulder peak from the reflection from the oil film and
a slightly higher reflection from the anterior surface of the
PMMA cornea as well as a slightly distorted reflection from
the posterior surface. In (e) most of the oil has flowed off and
both reflections are — though still slightly distorted — coming
back towards the original higher values. The last plot (f) shows
the final state of the system where the residual oil has dried
and the amplitudes of the reflections are close to the ones
from the original clean cornea. Although no truly repeatable
results could be obtained due to the quantity of oil applied
being unknown, the results shown here are representative for
all repetitions of the experiment.

Typical scan (confocal instrument)
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Figure 2 A typical scan of the cornea with the confocal instrument showing a large reflection from the anterior surface and a smaller reflection from the posterior surface.
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Optical thickness of cornea
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Figure 3 This graph shows the change of the optical thickness of the artificial cornea over time after the immersion oil has been applied. Directly after the oil has been applied
the optical thickness increases drastically to then fall back to its original value after about 25 minutes.

This experiment demonstrates the capability of the new
instrument to resolve large as well as small changes in thick-
ness very quickly (one scan was taken in approximately
0.2 seconds, significantly faster than the comparative instru-
ment) and repeatably. In fact, the optical standard deviation
of measurements of the clean PMMA cornea was found to
be 0.73 um. Since we were more interested in the ability to
measure relative changes in thickness rather than measuring
the absolute thickness the absolute accuracy was not assessed
in great detail in this study. The very good standard deviation
however shows that the measurements taken with the V350
are very repeatable. The accuracy therefore does not play an
important role in the data provided in this paper.

The experiment also shows that the instrument in its
current configuration, although not able to measure a film
as thin as the tear film, is capable of resolving an oil film as
optically thin as 64 um.

To examine the performance of a comparative instru-
ment using a different measurement principle (Haag-Streit’s
LenStar) under realistic circumstances, it was applied to mea-
sure the central corneal thickness (CCT) in vivo in a volunteer
(female, age 24). To make changes in the corneal thickness
visible, Optive™ lubricating eye drops were applied to the
subject’s right eye while the left eye was used as reference.

As shown in Figure 5, the application of lubricating
eye drops (shown in the graph at 15:22, indicated with an
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Figure 4 A temporal series of scans through an artificial cornea showing (a) a typical scan through the clean cornea, (b) the cornea directly after an unknown quantity of
immersion oil has been applied, (c) the reflection of the anterior cornea coming back after approximately 6 seconds, (d) and (e) the growing reflection of the anterior cornea

(ie, the oil slowly flowing off), and (f) the return to the original state.
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Figure 5 The change in central corneal thickness (CCT) of the subject’s right eye after the application of lubricating eye drops measured with the LenStar, also showing the
comparison with the left eye of the subject to confirm that the measured increase in corneal thickness is directly related to the eye drops. The orange line at 15:22 indicates

the time at which the eye drops were applied.

orange line) leads to an increase of corneal and tear film
thickness of 9 um. It is also clearly visible that there is no
change in thickness in the reference eye. Since the effect of
the eye drops wears off rather quickly and the LenStar needs
a comparatively long time (up to a few minutes) to acquire
one measurement of the corneal thickness no detailed moni-
toring of the eye drop induced changes in corneal thickness
was possible.

The thickness of the cornea in the reference eye drops
constantly over the time of the measurement as expected. The
LenStar, however, is not capable of resolving the tear film
from the cornea. It is, as most other instruments available
on the market, configured to measure the corneal and lens
thickness and other features in the eye such as astigmatism.
Interferometric methods are in general not well suited for
measuring the tear film thickness and break up time due to
the optical complexity of the eye. Furthermore the data acqui-
sition time required by current interferometric instruments
is too long to measure the tear film break up time and more
complex data analysis is required to interpret the results.

Discussion and conclusion

The measurements presented in this paper show the per-
formance of the newly developed confocal instrument in
measuring the corneal thickness of an artificial eye. To
demonstrate the performance under changing circumstances
and simulate the tear film, immersion oil was applied to the
artificial cornea. The results show that the new instrument
measures the thickness of the artificial cornea with a standard

deviation of less than 1 um. They also demonstrate that
the instrument is very capable of accurately resolving fast,
large as well as small changes in corneal thickness and able
to clearly resolve films of an optical thickness of 64 pum.
Since this version of the instrument was initially configured
to measure the thickness of the cornea and lens, it is not yet
capable of resolving the tear film, but the results presented
on the oil measurements suggest that when reconfigured the
new instrument will perform just as well in measuring the
tear film thickness and break up time.

Other methods to resolve optical features in the eye, such
as optical coherence tomography, exist.!! These methods are,
however, much more costly and also use more complicated
techniques to acquire the images and data than the confocal
instrument. Furthermore, confocal microscopy is known
for its very good axial resolution when measuring in non-
scattering tissues such as the cornea.'? Although the new
instrument was not configured to measure the thickness of the
tear film it was capable of accurately resolving the thickness
of an oil film on an artificial cornea.

It is therefore believed that the newly developed confocal
instrument and its later generations which will be configured
to accurately resolve the human tear film in vivo will play
a crucial role in clinical applications which demand small,
accurate, and cost effective solutions. The instrument will
be further improved to include the ability to measure fluo-
rescence in the eye and also to monitor the polarization of
the returned signal. Thus it is hoped that the instrument will
be able to provide information on the internal structure of

Clinical Optometry 2010:2

submit your manuscript 71

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Buttenschon et al

Dove

the cornea. Such information will be very useful to monitor
changes in the cornea either as a result of refractive surgery
or during complications of glaucoma, as well as satisfying
the current interest in the tear film to cornea interface.

The next steps in the development of the confocal instru-
ment are to increase the axial resolution of the instrument
to enable us to resolve the tear film. Ethical and MHRA
regulatory approval will then be sought for a clinical trial
which will allow us to evaluate changes in human corneal
thickness, also in relation to applanation tonometry, and to
measure the tear film thickness and break up time under
varying conditions.
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