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Abstract

Objective—To demonstrate the capability of directly visualizing the entire ocular surface and the
entire contact lens on the eye using spectral domain optical coherence tomography (SD-OCT).

Methods—A custom built, high speed and high resolution SD-OCT was developed with extended
scan depth and width. The eye was imaged before and after wearing a toric soft contact lens
(PureVision, Bausch & Lomb, Rochester, NY). A lubricant eye drop (Soothe, Bausch & Lomb) was
instilled in the eye to enhance the image contrast on the lens. The same toric soft contact lens
immersed in the contact lens solution was also imaged with a contrast enhancement medium (0.5%
Intralipid).

Results—Cross-sectional OCT images of the entire ocular surface were acquired with high
resolution 2048x2048 pixels. Quantitative surface height map of the ocular surface was obtained
from a radial scan dataset containing 32 B-scans. With the contrast enhancement agent, the entire
toric soft contact lens was clearly visualized both in vitro and on the eye. The surfaces of the lens
were detected and used to generate the thickness maps of the soft contact lens.

Conclusions—SD-OCT with extended scan depth and width is a promising tool for imaging the
entire ocular surface shape and soft contact lenses. This successful demonstration suggests that the
extended depth SD-OCT is effective in studying ocular surface shape and its interaction with a soft
contact lens. The novel method is helpful for contact lens fitting evaluation and lens design.
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INTRODUCTION

The relationship of a soft lens with the ocular surface (lens fit) can affect wearing comfort and
contact lens marketability. Ocular discomfort is the main reason for premature discontinuation
of lens wear.1:2 The patients’ experience of inadequate comfort may have arisen from a variety
of causes. Among them, one of the most important is inappropriate lens fit.3 Visual observation
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of lens centration, movement, and coverage using slit- lamp microscopy provides some
quantitative details of contact lens fit determination.?

It is known that lenses composed of different materials and designs may have unique fitting
characteristics that could impact the interaction between the lens and ocular surface, resulting
in different levels of ocular comfort and affecting ocular health after prolonged contact lens
wearing. Currently, there are no reported studies on imaging the entire lens cross-section on
the eye for characterizing the contact lens’ fitting, mainly due to the lack of suitable measuring
tool that could quantify the lens fitting on the entire surface. Wolffsohn and associates evaluated
contact lens fit using video capturing. 4 No cross-sectional image of the entire lens on the eye
could be imaged using their method.* Apparently, OCT may be well suitable for this task.

With technological advancements in optical coherence tomography (OCT), we have
demonstrated that our custom built ultra-high resolution spectral domain OCT (SD-OCT) with
3 um axial resolution can be use to visualize the tear dynamic at the central location and around
the lens edge.® Technologic advancements also enable us to develop an OCT system with
prolonged scan depth of 7.2 mm and extended wide scan width up to 20 mm. The purpose of
this study was to demonstrate the capabilities of this new technology to image entire ocular
surface and the contact lens both in vitro and on the eye and obtain the quantitative topography
of the ocular surface and thickness of contact lens.

SUBJECTS AND METHODS

The study was approved by the research review board of the University of Miami. The subject
enrolled in this study had no previously diagnosed dry eye and no dry eye symptoms or ocular
surface disease. Informed consent was obtained from the subject who was treated in accordance
with the tenets of the Declaration of Helsinki.

Imaging the entire contact lens on the eye requires a deep scan depth and wide scan width to
cover the contact lens from the apex of the lens to the lens edges and entire ocular surface. A,
high speed and high resolution SD-OCT with extended scan depth and extended scan width
was custom built for this purpose. A superluminescent diode light source (SLD by Superlum)
with center wavelength of 840 nm and full-width at half maximum (FWHM) bandwidths of
50 nm is used for the system. The total exposure power (1.30 mW) at the surface of the cornea
is adjusted to below the safe cut-off value for long exposure to the eye according to ANSI
Z136.1 (the light was focused on the anterior segment not the retina). The beam passes through
an optical isolator and is split by a 50:50 fiber coupler into a reference and a sample arm. A
telecentric design optical scanning probe allowing a scan width up to 20 mm was mounted on
a modified slit lamp with a video camera for aiming the eye. Based on our previous OCT
technology developed for anterior segment imaging, we constructed a custom spectrometer to
achieve an extended depth range of 7.2mm. In the spectrometer, a CCD camera (Aviiva-
SM2010 by Atmel, 2048 pixels) was used with a volume holographic diffraction grating (1800
lines/mm; Wasatch Photonics, USA) to span the fringe over 2048 sensor pixels on the camera.
The camera operates at a frame rate of 24k fps (frames per second). The resolution of the SD-
OCT system is axially ~6.0um in the eye and transversally ~15um. X-Y cross aiming was
applied to align the scanning position through the iris during imaging which is critical to image
the ocular surface for proper alignment. An internal fixation target controlled by a computer
was displayed on a miniature LCD monitor.

One eye of a healthy subject (left eye) was imaged before and after wearing a toric soft contact
lens (PureVision, Bausch & Lomb, Rochester, NY) with an 8.7mm base curve, —3.00 D sph/
—1.75 D cyl and a diameter of 14.0mm. To highlight the contrast of the lens on the eye, a
lubricant eye drop (Soothe, Bausch & Lomb, Rochester, NY) was instilled into the eye. In
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order to image the contact lens in vitro, the lens was immersed in contact lens solution which
contained 0.5% Intralipid to enhance the contrast of the lens image.

In order to obtain quantitative information about the topography of ocular surface and the
thickness of contact lens, the scanning protocol of 32 radial B-scans with 2048 A-scans was
chosen for this purpose. To perform the quantitative analysis, the boundaries of the contact
lens and anterior surface of cornea were segmented out from all cross-sectional 3-D images
from the data set based on the signal peaks at the interfaces. The image distortion due to
refraction and transition of the group index at the air-contact lens interface was removed using
a custom de-warping algorithm.® From the de-warped images, the thickness of contact lens
was measured as the distance between the anterior and posterior lens surfaces along lines
perpendicular to the anterior surface at the point of measurement. The contact lens thickness
map and the topographic map of the ocular surface were calculated and smoothed by
interpolation.

One of the most important features of the system is its capability to measure the entire ocular
surface together with the iris and anterior surface of the crystalline lens (Fig. 1A). The cross-
sectional image consists of 2048x2048 pixels. The image quality is sufficient to detect the
entire ocular surface shape. The structural elements including the cornea, limbus, iris, the lens
and the ciliary body can be clearly visualized. The boundary of ocular surface (Fig. 1B) was
well detected from the cross-sectional image by our algorithm. The ocular surface height map
was generated by post-processing the 3-D image data (Fig. 1C and D). Fig. 1A was obtained
with 2-D horizontal scan mode and with the entire scan width of 20 mm. Due to eyelid and
eyelashes partially covering the vertical meridian, 15 mm diameter was chosen for the height
map.

Another feature of the system is to image the entire soft contact lens in vitro and on the eye.
Fig. 2A shows the toric soft contact lens immersed in contact lens solution. The contrast of the
contact lens image is enhanced by the 0.5% Intralipid allowing the shape of the entire contact
to be clearly visualized. The thickness map of the contact lens in vitro (Fig. 2C) was generated
by segmenting the boundaries of the anterior and posterior surfaces (Fig. 2B) from 32 B-scans
images. Due to the similar refractive indices of the enhancement medium and the contact lens,
the boundaries of contact lens surfaces (Fig. 2B) were segmented from the original SD-OCT
image (Fig. 2A). The same eye fitted with the toric soft contact lens was imaged with a
horizontal scan (Fig. 2D). The scan width was set to 20 mm. The lens on the eye was also
enhanced by the lubricant eye drop. The shape of the entire contact lens and the interaction
between the lens and ocular surface were all clearly imaged. The thickness map (Fig. 2F) was
generated from segmented lens surfaces of 32 B-scans images after correcting the distortion
due to the refraction (Fig. 2E).

DISCUSSION

OCT is arapid developing technique for imaging the anterior segment of the eye. Many studies
in this field have been reported using commercial and custom-built OCT instruments.”~ 10 OCT
may also be a useful tool in the evaluation of contact lens fitting. Using high speed spectral
domain SD-OCT, contact lenses on the eye have been studied.11:12 Recently, we demonstrated
the capability of ultra-high resolution SD-OCT for imaging tears around contact lenses and the
interactions between the ocular surface and contact lens edges.®> However, there are no reports
of OCT imaging of entire contact lenses on the eye due to the difficulty of extending the imaging
depth and width to cover the entire contact lens and anterior chamber.
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The detailed information of ocular surface shape is very useful in the diagnosis of corneal
ectatic disorders such as keratoconus,13 in rigid and soft contact lens fitting,14:1 and in the
screening of refractive surgery candidates.1® However, most studies of ocular surface shape
have only investigated the central 6 mm of the cornea. Although data from the central cornea
are obviously the most important for vision, this represents only approximately one fourth of
the cornea’s total surface area. Information from the peripheral cornea is particularly important
in the design and fitting evaluation of contact lenses. For a soft contact lens, the range of
diameters is between 14 mm to 15 mm, which means its edges overlap the limbus. Though the
computer-assisted videokeratoscopes can measure much larger area larger than that of the
traditional keratometer,1” topography is obtained from the combined central and peripheral
corneal data. In this study, the OCT instrument with extended scan depth and width shows its
capability of imaging the entire ocular surface up to 20 mm.

This new technique also shows its capability to image the entire soft contact lens in vitro and
on the eye. To the best of our knowledge, this is the first report of using SD-OCT for directly
imaging the entire contact lens in 3D. With high speed and high resolution of the current SD-
OCT instrument, we successfully obtained the 3-D image data sets consisting 32 B-scans with
2048 A-scans each and generated a thickness map of the contact lens both in vitro and on the
eye.. This technique has the capability of precise evaluation of the lens centration and coverage
which are especially important for determining contact lens fitting. It also has the resolution
to image and measure conjunctival compression from the lens edge. In the future, the shape of
the ocular surface will be characterized in a large normal group and its interaction with soft
contact lens will be studied to improve the lens design and contact fitting. Future research using
this technique to measure the ocular surface shape in subjects undergoing corneal refractive
surgery or orthokeratology may also improve our understanding of the changes to the peripheral
cornea accompanying these procedures.

In summary, this experiment has demonstrated the capability of imaging the entire ocular
surface up to 20 mm, and imaging a soft contact lens in vitro and on the eye. Developments of
both hardware and software are in progress that will refine and extend the measurement
capability of the ocular surface shape and its interaction with the soft contact lens. This novel
method may open a new field in studying contact lens design and contact lens fitting.
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Figure 1. OCT image of entire ocular surface and its 3-D topography obtained by SD-OCT

A: Cross-sectional image of the entire ocular surface, anterior chamber and anterior surface of
crystalline lens in a normal eye. The image was acquired in the horizontal meridian with 20
mm scan width. B: The boundary of ocular surface (red curve) segmented from the cross-
sectional image. C: Height map of ocular surface with a diameter of 15 mm and D: its 3-D
topography generated from 32 B-scan images with 2048 A-scans each.
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Figure 2. Imaging entire contact lens in vitro and on the eye

A: Cross-sectional OCT image of a toric soft contact lens immersed in contact lens solution.
The contact lens image is enhanced by 0.5% Intralipid in the solution. The scan width of 15.6
mm was applied. B: The segmented surfaces of the contact lens from Fig. 2A. Red curve:
anterior surface of lens. Green curve: posterior surface of lens. C: Thickness map of the soft
toric contact lens in vitro. D: Cross-sectional OCT image of a toric soft contact lens on a healthy
eye acquired in horizontal meridian. The lens image was enhanced by a lubricant eye drop. A
scan width of 20 mm was applied for 3-D radial scan. E: The segmented surfaces of the contact
lens from Fig. 2D after correcting the distortion due to the refraction. Red curve: anterior
surface of lens. Green curve: posterior surface of lens. F: Thickness map of lens on the eye.
The map is similar to that of lens in vitro.
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