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Thesis Summary

The principal theme of this thesis is the identification of additional factors affecting, and consequently to better
allow, the prediction of soft contact lens fit. Various models have been put forward in an attempt to predict the
parameters that influence soft contact lens fit dynamics; however, the factors that influence variation in soft
lens fit are still not fully understood. The investigations in this body of work involved the use of a variety of
different imaging techniques to both quantify the anterior ocular topography and assess lens fit.

The use of Anterior-Segment Optical Coherence Tomography (AS-OCT) allowed for a more complete
characterisation of the cornea and corneoscleral profile (CSP) than either conventional keratometry or
videokeratoscopy alone, and for the collection of normative data relating to the CSP for a substantial sample
size. The scleral face was identified as being rotationally asymmetric, the mean corneoscleral junction (CSJ)
angle being sharpest nasally and becoming progressively flatter at the temporal, inferior and superior limbal
junctions. Additionally, 77% of all CSJ angles were within +5° of 180° demonstrating an almost tangential
extension of the cornea to form the paralimbal sclera. Use of AS-OCT allowed for a more robust determination
of corneal diameter than that of white-to-white (WTW) measurement, which is highly variable and dependent
on changes in peripheral corneal transparency. Significant differences in ocular topography were found
between different ethnicities and sexes, most notably for corneal diameter and corneal sagittal height variables.

Lens tightness was found to be significantly correlated with the difference between horizontal CSJ angles
(r =+0.40, P =0.0086). Modelling of the CSP data gained allowed for prediction of up to 24% of the variance in
contact lens fit; however, it was likely that stronger associations and an increase in the modelled prediction of
variance in fit may have occurred had an objective method of lens fit assessment have been made.

A subsequent investigation to determine the validity and repeatability of objective contact lens fit assessment
using digital video capture showed no significant benefit over subjective evaluation. The technique, however,
was employed in the ensuing investigation to show significant changes in lens fit between 8 hours (the longest
duration of wear previously examined) and 16 hours, demonstrating that wearing time is an additional factor
driving lens fit dynamics.

The modelling of data from enhanced videokeratoscopy composite maps alone allowed for up to 77% of the
variance in soft contact lens fit, and up to almost 90% to be predicted when used in conjunction with OCT.

The investigations provided further insight into the ocular topography and factors affecting soft contact lens fit.

Keywords/Phrases: Corneoscleral Topography; Corneal Diameter; Optical Coherence Tomography (OCT);
Objective Lens Fit Assessment; Soft Contact Lens Fit.
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Chapter 1: Thesis Introduction

1.0 Vision Impairment and the Soft Contact Lens Market

It is estimated globally that some 285 million people suffer visual impairment, 43% of which is
attributable to uncorrected refractive error (Pascolini and Mariotti, 2012). Contact lenses provide an
affordable, convenient and cosmetically acceptable alternative to the correction of refractive error
with spectacles, and the contact lens market continues to grow as a result of advances in material
science, manufacturing techniques and innovation made by lens companies and researchers

worldwide.

In 2000 the expected worldwide contact lens market was valued at an estimated $3 billion, with
approximately 80 million contact lens wearers worldwide and some 33 million in the US alone
(Barr, 2000). Today sales are worth approximately $7.6 billion (Nichols, 2014) and, with an estimated
125 million wearers worldwide, some are predicting global sales of $11.7 billion by 2015 (Nichols,

2011).

The UK market has undergone similarly rapid growth in the same period. Sales of contact lenses were
worth in excess of £234.4 million in the UK in 2012, up 230 % from £101.9 million in 2000, with the
sale of some 606 million lenses in 2012 alone. Not surprisingly, the numbers of contact lens wearers
also increased, from 2.5 million in 2000 to in excess of 3.7 million in 2012, with lens wearers now

representing 9.0 % of the UK adult population (Kerr and McParland, 2013).

The international contact lens market is composed of sales of rigid, soft, scleral and hybrid contact
lenses. However, in their annual survey of international prescribing trends for 2013, Morgan et al.
(2014) reported that soft contact lens fitting dominated most of the worldwide markets, accounting
for close to 100% of new fits in Australia, Canada, China, Denmark, Greece, Indonesia, Norway,
Portugal, Russia, Sweden, the UK and US, and some 88% of new fits worldwide overall. Rigid lens

fitting by comparison only accounted for 12% of contact lens fits worldwide in the same period.

In light of the overwhelming predominance of soft contact lenses in the marketplace (Naroo, 2011)
and, some might say, the terminal decline of rigid lens fitting (Efron, 2010), this thesis will consider

the use of imaging technology to better understand soft contact lens fit dynamics only.
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1.1 Soft Contact Lens Fit Theory

Despite the size of the soft contact lens market, relatively little is still known to fully account for the
variation in contact lens fit in, and between, different soft contact lens wearers. For instance, why is
it that a lens of known and fixed parameters may fit the eye of one wearer, but not fit that of the eye
of a different wearer of apparently similar geometry? Why do soft lenses show excessive movement
on some eyes and not on others, and why do some lenses show perfect centration on some eyes but
decentre on another? Various clinical and theoretical models have been developed in an attempt to
predict the lens and anterior eye parameters that influence soft contact lens fit dynamics and answer

guestions like these.

1.1.1 Lens Movement

Lens movement is essential to ensure adequate tear interchange to provide sufficient oxygen levels
and to remove trapped debris, inflammatory cells and other tear components that accumulate under
the lens (McNamara et al., 1999). Multiple models of lens fit were put forward in the 1970s and
1980s, with many specifically relating to lens movement. Proposing a theoretical model based on
clinical observations, Bibby and Tomlinson (1983) related soft contact lens movement in terms of lens
design parameters, specifically lens thickness, total diameter and sagittal depth. They concluded that
when lens thickness is reduced, the sagittal depth of the base curve must also be reduced, i.e.
flattened, in order to maintain a given amount of movement. They also concluded that a smaller
range of base curves would be needed to fit the range of sagittal depths normally encountered in the
human population when such a reduction in thickness was made. However, their model was generally

limited to thicker lenses and could not always account for the movement of relatively thin lenses.

In a review of available literature at the time, Knoll and Conway (1987) subsequently hypothesised
the nature of blink-induced vertical movement in both rigid and soft contact lenses, taking into
consideration post-lens tear film (PolLTF) characteristics, lens diameter and the geometry of the
anterior segment of the eye. For soft lenses they concluded that both the greater lens diameter and
thinner PoLTF layer associated with soft lenses resulted in much less movement than with their rigid
lenses, although this was not quantified. Following on from the work of Mandell (1962) who
described a ‘ramp’ of approximately 13° between the cornea and sclera, Knoll and Conway further
postulated that lens movement was also reduced with soft lenses because additional force is required
to overcome interaction of the lens at the corneoscleral junction interface, despite the inherent

flexibility of the lens.
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The introduction of much thinner, lower-water content, cast-moulded soft contact lenses such as the
etafilcon A Acuvue® (Johnson & Johnson, Jacksonville, FL, US) range of lenses in the late 1980s, saw a
significant change in observed lens movement compared to that seen with the more traditional lathe

cut low or high water content hydroxyethylmethacrylate (HEMA) lenses that had preceded.

Investigating this, Little and Bruce (1994) assessed the movement of mid-water Acuvue lenses in a
study conducted over a 6 hour period on each of two consecutive days. Whereas lens movement of
thick low water content lenses had previously been found to be (largely) dependent on the
relationship between lens diameter and back optic zone radius (BOZR) to the ocular surface contour
(Bibby, 1979b, Lowther and Tomlinson, 1981, Garner, 1982), Little and Bruce speculated that an
alternative, or complementary, dynamic may occur where thinner (or higher water content) lenses
may be ‘lubricated’ by the pre-lens (PLTF) and PoLTF tear films (Figure 1.1). Since movement could be
considered as a product of interaction between the lens and the upper eyelid, they reasoned that
movement in such lenses might be modulated by shear forces in the pre-lens and post lens tear films.
Having made objective assessments of lens movement, PoLTF status and tear meniscus height, they
found that median lens movement of the thinner cast-moulded lenses was close to zero on insertion,
increasing to only 0.34 and 0.30 mm one hour post insertion. They also reported that there was co-
variance in PoLTF and lens movement for some subjects, suggesting that the PoLTF was a significant

determinant of hydrogel lens movement.
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Pre-Lens Tear Film (PLTF) Post-Lens Tear Film (PoLTF)

Cornea

Soft Contact Lens Sclera

Figure 1.1: Schematic showing the Pre-Lens Tear Film (PLTF) and
Post-Lens Tear Film (PoTLF) with a soft contact lens (not to scale)

Clearly, lens movement models only partially account for the variance in soft lens fit, and relatively
little basic work has been published on the dynamics governing lens movement since the 1970s and
1980s. It is likely that this is due to the change to cast-moulding techniques now largely adopted by
manufacturers, resulting in substantially reduced lens movement, and also due to the proprietary

nature of the work.

1.1.2 Squeeze Pressure

A predominant theory of soft contact lens fit has been that of hydrodynamic squeeze pressure.
Hydrogel lenses are typically fitted with a radius of curvature different from that of the patient’s
corneal and corneoscleral topography. Depending on the modulus of the lens material and the degree
of mismatch in lens geometry and ocular profile, varying degrees of lens deformation occur as a
patient blinks over the lens. In the time between eyelid blinks, attempted relaxation of the deformed
lens towards its previous state induces pressure in the tear film layer trapped beneath it (Jenkins and

Shimbo, 1984).
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Using an in vitro model, Martin and Holden (1986) measured the mechanics of hydrogel lenses over
an axisymmetric model eye with the application of a haptic shell to mimic the force of the eyelid on
blinking. Using pressure measuring transducers mounted within the model eye, they found that
positive squeeze pressure was induced in the tear film layer beneath the lens on application of a
deforming force, but that a negative squeeze pressure was then induced on removal of the same
force. They hypothesised that the residual negative squeeze pressure remaining after removal of the
force was the primary factor responsible for adherence of the lens to the eye, and hence the clinical

performance of the lens.

Martin et al. (1989) further assessed the effect of squeeze pressure both in vitro and in vivo for a
range of hydrogel lenses available at the time, assessing squeeze pressure in relation to lens
movement (by slit lamp graticule) and “Percentage Tightness” (tightness on push-up) (assessed
subjectively using digital pressure). They found that squeeze pressure was significantly related for a
variety of lenses over a range of thicknesses, water contents, BOZRs, diameters and back vertex
powers. As a result, they concluded that squeeze pressure provided a useful parameter with which to
describe and compare the clinical fit of different hydrogel lenses, and a model with which the fit of a
lens to an eye could be predicted. They also found there was little or no lens movement when the
squeeze pressure was greater than -14 H,0 (-1370 dynes/cm?), and further concluded that the
mechanics of lens motion were more likely related to a complicated combination of squeeze pressure
and other forces in the eye-lens system when the squeeze pressure was less than this critical
pressure. Thus it can be seen that the squeeze pressure model does not account fully for variation in

lens fit either.

1.1.3 Rubber Band Theory

Kikkawa (1979) proposed a mechanical model of lens fit in which the peripheral portion of soft
contact lenses act like a series of concentric elastic rubber bands and progressively stretch to
accommodate changes in the peripheral ocular curvature, influencing both lens centration and also
tear pump action beneath the lens. Since the rubber bands are stretched slightly on fitting, elastic
force develops in each band. When a lens is dislocated by an external force such as blinking, increased
force is induced on the opposing side of the lens to which it is decentred as a result of further
stretching to conform to the change in topography, thus creating a state of in-equilibrium. Elastic
contraction of the stretched elastic band in this same position then acts against the cornea to push

the whole rubber band/lens back to the centre of the cornea and re-equilibrate the system.
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1.1.4 Sagittal Depth

Another commonly used model for soft contact lens fit relates the sagittal depth of soft contact
lenses to the corresponding ocular sagittal height of the eye (Garner, 1982, Snyder, 1984). This is
based on the assumption that steeper corneas have greater sagittal height and therefore require a
lens of greater sagittal depth in the form of a steeper base curve to fit the cornea (Snyder, 1984).
Thus, soft contact lens fitting can be thought of as a process of matching the sagittal depth of the lens
to the ocular sagittal height for a given eye, by the selection of an appropriate combination of total
lens diameter and back optic zone radius. Consequently, with this model, a tightly fitting lens can be
considered as one which has too great a sagittal depth for the eye it is intended to fit and, conversely,

a lens that is too loose as having a sagittal depth which is too small (Young, 1992).

Using this model, Young systematically evaluated the effect of typical variations in ocular topography
on ocular sagittal height in order to make assessments of the likely effect on soft lens fit. In ranking
order, he found that normal variations in corneal diameter and eccentricity, rather than keratometry,
resulted in greater variation in sagittal height and concluded that keratometry alone is unhelpful in
predicting soft lens fit. Several studies have confirmed that the selection of the optimally fitting base
curve does not correlate with central corneal curvature (Gundal et al., 1986, Bruce, 1994). Ultimately,
ocular sagittal height is governed not just by central corneal curvature, but also by corneal diameter,

corneal shape and peripheral corneoscleral profile (Garner, 1982, Young et al., 2010).

Conversely, in a two-part experiment Cedarstaff et al. (1983) examined the effect of systematically
manipulating lens sagittal depth and diameter, varying first the sagittal depth of the lens whilst
maintaining lens diameter, and then separately, varying the lens diameter whilst maintaining a
constant sagittal depth. Using regression analysis, they found that lens movement could be decreased

by increasing lens thickness, reducing lens diameter or flattening the base curve of the lens.

1.1.4.1 The Effect of Corneal Diameter on Corneal Sagittal Height

The sagittal depth of a spherical curve may be considered to be the perpendicular distance from the
apex of the curve to a chord intersecting the two ends of the curve, where the distance between the
two ends represents the diameter, and the radius of curvature is equal to the radius of the circle that
would be formed if the curve were to continue indefinitely. From Figure 1.2 it can be seen that for a

given variation in diameter there will be a resultant variation in sagittal depth.
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Figure 1.2: Change in sagittal depth with diameter/chord length

Consequently, variation in corneal diameter will result in a corresponding variation in ocular sagittal

height and, therefore, in the sagittal depth of lens required to fit the cornea.

André and Caroline (2001) examined the effect of variation in corneal diameter on ocular sagittal
height. Taking a normal healthy cornea of a radius of 7.85 mm and diameter of 12.9 mm, they
predicted an ocular sagittal height of approximately 3.12 mm. By varying the radius of curvature and
corneal diameter by 10% in either direction, they established a range of parameters that would
encompass a large majority of normal human corneas. Calculation of the sagittal values for all of the
permutations found revealed a maximum difference in sagittal height of 2.81 mm between the
flattest, smallest segment and the steepest, largest segment. Subsequent numerical analysis showed
that 62% of the variance in ocular sagittal height was accounted for by the variation in corneal

diameter, whereas less than a third was accounted for by the variation in central corneal curvature.

Various workers have quantified corneal diameter using a variety of measurement techniques (Table

1.1). Even taking into account potential differences due to ethnicity, age, sex or height, there is,
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Workers/Publication n Mean CD (mm) Range Instrumentation Type Notes
Martin & Holden
Closed-circuit video & *HVID
Am J Optom Physiol Opt 1982; 30 eyes 12.89 +0.60 - phoif;e rac';]ci;“te‘é':fio . HCD 11,64 4049
59(5):436-441 grap q .64 +0.
Pop et al.
J Cataract Refract Surg. 2001; 34 eyes 11.87 £0.49 10.85-12.7 Surgical callipers HWTW
27:1033-1038
11.91+0.71 - Callipers
Baumeister et al. 11.8 £0.60 - Holladay-Godwin gauge
J Cataract Refract Surg. 2004; 100 eyes 11.78 +0.43 - Orbscan Il (SST) HWTW
30:374-380 12.02 £0.38 - IOLMaster (PCI)
12.12 +0.65 - Digital Images
Feaetal.
J Cataract Refract Surg. 2005; 10 eyes 11.69 £0.40 10.50-12.70 Orbscan Il HWTW
31:1713-1718
Potgieter et al.
AE-1500 ASICO
J Cataract Refract Surg. 2005; 29 eyes 11.9+0.3 11.5-12.6 Retinal Calliver HWTW
31:106-114 p
Rufer et al. 11.71 £0.42 10.70-12.58
Cor. 2005; 743 eyes (11.77 £ 0.37 males) (11.04-12.50 males) Orbscan Il HWTW
24(3): 259-261 (11.64 £ 0.47 females) (10.70-12.58 females)
Srivannaboon et al. Thai population
J Med Assoc Thai. 2005; 420 eyes 11.60 +0.37 10.80-12.9 Orbscan HWTW —m po pes onl
88(9): 1222-1227 yopes only

Key: HWTW =Horizontal White-To-White; HCD = Horizontal Corneal Diameter; OCLR = Optical Low-Coherence Reflectometry; Photo = Photographic technique; PCl = Partial Coherence Interferometry;
SST = Slit Scanning Topography. *HVID shown as an alternate/ ‘surrogate’ marker for Horizontal Corneal Diameter

Table 1.1: Summary of Corneal Diameter Measurements and Techniques from the Existing Literature
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Workers/Publication n Mean CD (mm) Range Instrumentation Type Notes
Kim et al.
J Cataract Refract Surg. 2008; 10 subjects 11.72 +0.42 11.3to 12.6 Orbscan Iz HWTW
34:632-637
Pinero et al.
J Cataract Refract Surg. 2008; 30 eyes 12.25 +0.49 11.34-13.16 C:i;?:/‘;?' iI:Ip((:)a:g,llria ‘j:y HWTW
34:126-131 Y & P
Buckhurst et al.
+ -
Br J Ophthalmol 2009; 112 subjects 15(1)25; ;g'gg ﬂ'gg_g'gg Le”StT(;LLIfﬂzgg?LCR) HWTW
93(7):949-953 U ' ’
Reinstein et al. Hiah mvopes
J Cataract Refract Surg. 2009; 40 eyes 11.96 +0.37 11.40-12.70 Orbscan Il HWTW g On;’ P
25:185-194 y
Kawamorita et al.
J Cataract Refract Surg. 2010; 31eyes 11.65 +0.32 - Orbscan Il HWTW
36:617-627
Nemeth et al.
J Cataract Refract Surg. 2010; 91 eyes 11.99 £0.47 11.0-13.30 Lenstar LS 900 HWTW
36:1862-1866
Venkataraman et al. 11.737 +0.32 Observer A Orbscan Automated/Orbscan Inter-observer
Indian J Ophthalmol. 2010; 73 eyes 11.739 1_‘0.32 Observer B i Eyemetrics HWTW comparison
58(3):219-222 kg ¥ P
Qin et al. .
Ophthalmic Surg Lasers Imaging - Optical Coherence
2012;31:106-114 Tomography

Key: HWTW =Horizontal White-To-White; HCD = Horizontal Corneal Diameter; OCLR = Optical Low-Coherence Reflectometry; Photo = Photographic technique; PCl = Partial Coherence Interferometry;
SST = Slit Scanning Topography. *HVID shown as an alternate/ ‘surrogate’ marker for Horizontal Corneal Diameter

Table 1.1: Summary of Corneal Diameter Measurements and Techniques from the Existing Literature (continued)
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however, a wide variation in reported diameters in the literature (10.5 — 13.3 mm). Assessment of the
corneal diameter has largely been through measurement of the white-to-white (WTW) diameter,

although determination by this means is confounded by the both the three dimensional transparency

profile of the peripheral cornea, and also by the increasing loss of limbal transparency with age.

Figure 1.3 (a): Tomograph showing well-defined limbal transitions

Figure 1.3 (b): Tomograph showing marked loss of transparency, and

thus poorly defined limbal transition in the peripheral cornea

Figure 1.3: Tomographs showing variation in limbal transparency between subjects.

A few workers such as Martin and Holden (1982) have used alternative measurement techniques to
define the corneal diameter, often with quite different results. How corneal diameter is defined will
drive many of the metrics that influence soft contact lens fit, especially corneal sagittal height.

Consequently, an alternative and more robust method of corneal diameter measurement is desirable
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1.1.4.2 The Effect of Corneal Eccentricity on Corneal Sagittal Height

The contribution of corneal diameter, therefore, is clear - the larger the corneal diameter, the greater
the ocular sag and, conversely, the smaller the corneal diameter, the smaller the sag. However, a less
well understood parameter is that of corneal eccentricity and its contribution to overall ocular sagittal

height.

Caroline and André (2010) highlighted the effect of corneal eccentricity in a recent case study. Taking
a normal healthy cornea with a central radius of curvature of 7.85 mm and diameter of
11.8 mm, they calculated the ocular sagittal heights for a range of corneal eccentricities and
demonstrated that corneal sagittal height decreases as corneal eccentricity (e-value) increases (Figure
1.4). Consequently, variation in corneal eccentricity will also result in a corresponding variation in

ocular sagittal height and, therefore, in the sagittal depth of soft lens required to fit the cornea.

Central Radius 7.85 mm (43.00 D)

e=1.00 Sag = 1609 um

e=0.40 Sag =1777 um

/ e =0.00 Sag = 1829 um \

Key: e = corneal eccentricity; Sag = corneal sagittal height

Reproduced and adapted from Caroline & André, 2010

Figure 1.4: Change in sagittal depth with corneal eccentricity
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1.2 The Ocular Topography and Soft Contact Lens Fit

1.2.1 Soft Contact Lens Fit

The effect of corneal topography on soft contact lens fit has been relatively neglected. Of over 2000
papers on soft contact lenses listed in the medical paper database PubMed (US National Library of

Medicine), fewer than ten specifically address lens fit in relation to the ocular topography.

One study attempted to relate soft lens fitting characteristics to corneal asphericity, but found no
correlation (Bruce, 1994). Another study attempted to relate success with toric soft lenses to corneal
topography measurements; however, this study was more concerned with visual performance rather
than lens fit, and consequently elicited little about the relationships governing soft lens fit (Szczotka

et al., 2002).

The selection of initial base curve has traditionally been based on the central 2-3 mm corneal
curvature, as measured by keratometry. This is based on the assumption that steeper corneas have
greater sagittal height and therefore require a lens of greater sagittal depth in the form of a steeper

base curve to fit the cornea (Young et al., 2010).

Previous work has shown that large changes in lens back optic zone radius (BOZR) are required in
order to effect a clinically significant change in lens fit (Lowther and Tomlinson, 1981). As a result,
minor variations in corneal curvature are likely to have little effect on soft contact lens fit in a normal

population (Young, 1992).

In a separate study, Douthwaite (2002) investigated the influence of apical radius, surface asphericity
and horizontal visible iris diameter (HVID) on corneal sagittal height. He concluded that HVID, a
surrogate marker of corneal diameter, had the greatest influence in changing corneal sagittal depth
and, consequently, was the most appropriate measurement to take to select the optimum soft

contact lens specification.

Despite these findings, many of the most popular soft contact lenses on the market are available in
one diameter only (and frequently only two base curves, at best) as manufacturers of mass-produced
lenses attempt to minimise inventory size in order to remain commercially competitive (Caroline and
André, 2002). Even when a choice of lens diameter is available, many manufacturers may still make

base curve recommendations based on an assumption of average corneal size (André et al., 2001).
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A more recent study, (Young et al., 2010) investigated the effect of corneal topography on the fit of
three commonly used frequent-replacement lenses using videokeratoscopy. Some correlations were
evident between corneal measurements and lens fit, most notably between corneal sagittal height
and lens centration. Young and co-workers concluded, however, that while computerised
videokeratoscopy allowed for a better prediction of lens fit than keratoscopy alone, it was not
sufficient to enable accurate selection of the best fitting soft lens base curve. They attributed this
primarily to the incomplete corneal coverage inherent with Placido-disc instruments and speculated
that, even if such instruments were able to characterise the entire cornea, prediction of soft contact
lens fit would still prove limited since such techniques fail to take into account the profile of the
paralimbal sclera. Although the topography of the peripheral cornea plays little or no role in foveal
vision, it does, however, play an important role in peripheral vision and contact lens fitting (Iskander
et al.,, 2007). Information on the topography of the peripheral cornea, corneoscleral junction and
limbal sclera, however, is scarce (van der Worp et al.,, 2010). Consequently, Young and co-workers
(Young et al., 2010) further speculated that Optical Coherence Tomography (OCT) might be used to
characterise the peripheral cornea and corneoscleral junction in order to gain a better understanding

of the corneoscleral topography, particularly in relation to soft contact lens fit.

1.2.2 Corneoscleral Topography

In early work, Marriott (1966) characterised the curvature of the sclera using measurements taken
from haptic shells, themselves derived from impressions of multiple eyes. He showed that the nasal
portion of the sclera is usually flatter than that of the temporal, superior and inferior scleral faces. His
work, however, was limited to scleral contour alone and did not consider the effect of the

corneoscleral junction angle on corneoscleral profile (CSP).

Meier and co-workers (Gaggioni and Meier, 1987, Meier, 1992) went on to define the CSP, as an aid
to soft contact lens fitting, based on qualitative observations of the limbal transition zone made using
the naked eye or slit lamp biomicroscope. They described five different corneoscleral transition
models (Figure 1.5): a gradual transition from cornea to sclera, where the scleral portion is either
convex (Profile 1) or tangential (Profile 2); a marked transition where again the scleral portion can be
either convex (Profile 3) or tangential (Profile 4); and finally a fifth, sinusoidal profile, where the
convex cornea blends into a concave sclera (Profile 5). Significantly, ocular sagittal height was found
to decrease through the classification scale, with eyes of Type 1 profile exhibiting the greatest sagittal

height and eyes of Type 5 profile exhibiting the smallest sagittal height (van der Worp et al., 2010).
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Profile 1 Profile 2 Profile 3 Profile 4 Profile 5

7.5% 56% 34% 2.5% <1%
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Reproduced and adapted from Gaggioni & Meier, 2007

Figure 1.5: Classification of corneoscleral transition profile, according to Gaggioni and Meier

Meier and co-workers’ assessments of corneoscleral profile were, however, restricted to the superior
corneoscleral junction and a subsequent study showed that this was neither an accurate nor

reproducible means of classifying the CSP (Bokern et al., 2007).

Van der Worp et al. (2010) recently described the use of OCT imaging to try and better identify the
corneoscleral profile. Analysing the results of 46 profiles using applied software to draw a forced
circle through the periphery of the anterior sclera, they defined the corneoscleral transition profile in
terms of either a gradual or marked transition in a similar fashion to Meier. Another recent study
(Sorbara et al., 2010) described the use of OCT imaging and scanning-slit technology to obtain
anterior segment biometry. This study, however, gathered data from a relatively small sample

population of limited ethnicity.

Following on from the findings of Knoll and Conway (1987), and also of those of Young and co-
workers (Young, 1992, Young et al., 2010), it seems likely that the peripheral corneoscleral profile

might significantly influence soft contact lens fit dynamics.
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1.3 Imaging, Measuring and Mapping the Anterior Ocular Surface

1.3.1 Imaging

‘Imaging’ may be defined as the visual representation of an object typically in the form of an objective
recording (Wolffsohn and Peterson, 2006). Imaging of the eye, and the cornea in particular, is critical
in the on-going assessment of physiological health and contact lens fit in the contact lens wearer.
Technological advances allow clinicians to better evaluate this region of the eye and corneal
measurement continues to advance beyond that of traditional keratometry (Swartz et al., 2007). This
section presents an overview of the major anterior segment imaging techniques but will be limited to
those technologies most relevant to the imaging, measuring and mapping of the cornea and anterior
ocular surface. Videokeratoscopy (VK) and Optical Coherence Tomography (OCT) are fundamental to

the author’s research and, as such, will be considered in detail.

1.3.2 Slit Lamp Biomicroscopy and Photography

The slit lamp biomicroscope is a commonly used instrument in both ophthalmic and medical practice,
but is also considered an essential diagnostic tool in the pre-fitting evaluation, fitting and post-fitting
follow-up of the contact lens wearing subject (Sellers, 1967). The instrument is composed of an
illumination system consisting of a bright light source of variable width and height and a binocular
microscope of variable magnification which, when correctly aligned, will result in a coincidental focus
of the slit and microscope. Image capture can be achieved by the insertion of a beam splitter in the
observation path or by the attachment of a camera to an eyepiece (Wolffsohn and Peterson, 2006).

Video footage may be collected by the substitution of a video camera into the same optical path.

The technique allows for a highly magnified view of the external eye, anterior chamber and iris,
essential in the on-going management of anterior eye disease. In contact lens practice, however, it
allows for qualitative assessment of both contact lens fit and contact lens-related ocular
complications and also quantitative assessments of the same when used in conjunction with a

graticule or appropriate grading system).
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1.3.3 Keratometry

The keratometer is an instrument which measures the central 2-3 mm radius of curvature of the
anterior corneal surface of the eye and which allows for an assessment as to the extent and axis of
corneal astigmatism. Also referred to as an ophthalmometer, the instrument has its origins in the late
1700s after the work of Jesse Ramsden and Everard Home. They proposed that accommodation
occurred primarily as a result of changes in the cornea and, in an effort to prove their theory,
attempted to measure the corneal curvature using a telescope allowing observation of a doubled
image reflected from the cornea (Ramsden, 1779). The keratometer, however, was subsequently
invented by the German physiologist Hermann von Helmholtz in 1853 using the ideas of the
astronomer Clausen (Clausen, 1841) to create a keratometer that doubled images with two glass
plates. In his design, two images were displaced from one another by the tilting of two movable glass
plates in opposite directions until the extremities of the images touched one another. The amount of
displacement between the plates is equal to the size of the image. Since the doubled images move
together in this arrangement, any head or eye movements have an equal effect on both and did not

affect the measurement (Gutmark and Guyton, 2010).

Keratometers use the relationship between object size (0O), image size (l), the distance reflective
between the corneal surface and the object (d), and the radius of the reflective anterior corneal
surface. If the three variables O, | and d are known (or fixed), the fourth, (R), can be calculated using

the formula:

Keratometers traditionally provided readings of corneal curvature in dioptrical values requiring the
use of conversion tables to yield a measurement of radius of curvature in millimetres; however, most

keratometers now frequently incorporate both scales for ease of use.

There are two distinct modern-day variants of the keratometer; the Javal-Schiotz type keratometer

(generic) and the Bausch & Lomb keratometer (Bausch & Lomb, Rochester, NY, US):
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The Javal-Schiotz keratometer is a two-position instrument which uses a fixed image and doubling
size but adjustable object size to determine the central radius of curvature of the anterior corneal
surface. It is comprised of two self-illuminated object mires, one typically a red square and the other
a green staircase design, which are both mounted on a circumferential track so as to maintain a fixed
distance from the eye. However, particular care must be taken with focussing in order to ensure
accurate, repeatable results. Consequently, a Scheiner disc with at least two apertures is usually
incorporated into the instrument in order to ensure the reflected light rays form the two image

sources are viewed correctly in focus.

The Bausch & Lomb keratometer, by contrast, is a one position instrument which has fixed object size
and where the image size is the manipulated variable. The incorporation of a Scheiner disc with four
apertures, and also of two prisms each aligned perpendicularly to each other, enables independent
measurement of the principal axis without adjusting the orientation of the instrument unlike the

Javal-Schiotz keratometer.

The keratometer fulfils a number of different roles in contact lens practice, including aiding in the
fitting of contact lenses, the monitoring of changes in both corneal and lens curvature, and
confirmation of parameters of a finished contact lens (Sheridan, 1989). The instrument also allows for

non-invasive qualitative assessment of the pre-corneal tear film (Hirji et al., 1989).

The selection of initial contact lens base curve has traditionally been based on central corneal
curvature, as measured by keratometry. However, measurement of the corneal radius by
keratometry is limited to the central corneal cap, an area approximately 2-3 mm in diameter and does
not take into account the corneal eccentricity (e). Various studies have shown that keratometry alone
is a poor predictor of soft contact lens fit (Young, 1992, Roseman et al., 1993). Consequently,
alternative imaging techniques allowing measurement of the wider corneal, or corneoscleral, profile

are more likely to allow better prediction of soft contact lens fit.
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1.3.4 Keratoscopy

Corneal topography, or keratoscopy, is a non-invasive medical imaging technique for mapping the
surface curvature of the cornea. Its origins lie in the Placido disk, a device developed by the
Portuguese ophthalmologist, Antonio Placido, who produced a painted disc of alternating black and
white rings, the reflected image of which showed as contour lines in the corneal epithelium (Goss and

Gerstman, 2000), allowing for qualitative assessment of the corneal contour.

The principle was expanded upon in 1896 by Gullstrand who incorporated a Placido disc into his
ophthalmoscope, together with a camera, to form a photokeratoscope. Extracting data from the
images acquired using a measuring microscope, he then went on to manually calculate the corneal
curvature, by means of a numerical algorithm, and thus quantify photokeratoscopy for the first time.
However, the flat field of the Placido disc reduced the accuracy of measurements taken close to the
corneal periphery. The introduction of instruments such as the Photo-Electronic Keratoscope (PEK)
(Reynolds, 1958), marketed as an aid to rigid contact lens fitting, and successors, such as the
Corneascope (Rowsey et al., 1981), saw the introduction of bowl targets to help overcome this effect

and, as such, laid the foundation for the modern videokeratoscope.

Clinically, keratoscopy has been used to assist in the diagnosis and management of corneal ecstasia
(Maguire and Bourne, 1989); the monitoring of corneal disease (Maguire et al., 1987a); the planning
(Gatinel et al., 2007) and post-operative assessment (Lumba and Hersh, 2000) of refractive surgery;
assessment of tear film stability (Iskander and Collins, 2005) and rigid contact lens fitting (Lester et al.,
1994, Szczotka, 2003). The extra contour data provided by corneal topography, however, is also of
significant interest to the modern day contact lens practitioner, especially in research and in the

fitting and management of orthokeratology patients and other complex contact lens fitting cases.

Previously, methods for assessing corneal topography have been based solely on the principle of
reflection, and the majority of commercially available corneal topography instruments still rely on this
principle today. Instruments using projection techniques have, however, been developed in more
recent years (Corbett, 2000). Projection-based systems measure the true shape of the cornea in
terms of the height, or elevation, above a reference plane, the data from which can be used to
calculate the surface slope, curvature or power of the corneal surface. Reflection-based systems, by
contrast, calculate the slope of the corneal surface, then the curvature and finally the power of the
refractive surface. The slope in this instance, however, cannot be converted to height without

additional measurements (and certain assumptions) being made. In each case the radius of
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curvature is then calculated either on a global or local basis and converted to dioptric power using the

standard keratometric index (SKI = 1.3375) (Corbett, 2000) (Figure 1.6).

Projection-based Reflection-based
Topography Systems Topography Systems
E.g. Rasterstereography E.g. Keratometry
Laser interferometry Photokeratoscopy
Moiré interference Videokeratoscopy
Height
Slope

Radius of Curvature

Global Local
Axial or Instantaneous
Sagittal Tangential

Standard keratometric Index (SKI)

Dioptric Power

Reproduced and adapted from Corbett, 2000

Figure 1.6: Data measurement and presentation by projection-based
and reflection-based corneal topography systems
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1.3.5 Reflection-Based Systems - Videokeratoscopy

Computerised videokeratoscopy (CVK) is based on the ‘Reflection’ principle and is considered the
current standard in the measurement of corneal surface topography (Alonso-Caneiro et al., 2008). A
Placido disc target in the form of a bowl or cone is projected onto the corneal surface and the
reflected image, the first Purkinje image, captured using a video camera and automatically digitised
(Busin et al., 1989). Computerised image analysis is then undertaken to determine the position of up
to 38 circular mires, in 360 separate semi-meridians, to provide a theoretical maximum of 11,000
data points across the corneal surface. Proprietary algorithms are used to calculate the corneal
curvature at each of these points (Corbett, 2000). The corneal topography data obtained is then
displayed graphically (Maguire et al., 1987b) in a variety of colour-coded topography maps
representing different aspects of corneal curvature (Wilson et al., 1993). The two most commonly

used topography maps are the axial and tangential maps:

- Axial maps, also referred to as ‘power’ or ‘sagittal’ maps, are the simplest of all the topographical
displays and show variations in corneal curvature using a colour-scale to represent dioptric values.
Warm colours such as red and orange represent steeper areas whilst cool colours such as blue and
green denote flatter areas (Sowka et al., 2000). The axial map gives a global view of the corneal
curvature as a whole; however, axial maps are limited by the assumption that all light rays are
refracted to a focal point along the optical axis (Schafer and Berntsen, 2006), resulting in an overall

‘smoothing’ of the surface in which more subtle changes in corneal curvature may be lost.

- Tangential maps, sometimes referred to as ‘instantaneous’, ‘local’, or ‘true’ maps, also make use of
colours to represent changes in dioptric value. The fact that all light rays are not refracted perfectly
along the optical axis is taken into account in tangential maps, with the topographer calculating the

curvature based on the tangent to the normal for a particular point on the cornea (Schafer and

Berntsen, 2006). As a result the tangential map is more sensitive to sudden changes in corneal
curvature, eliminating the ‘smoothing’ appearance that occurs with axial maps. This is of particular
importance in the detection of corneal ecstasia such as keratoconus and may result in an earlier

diagnosis than when using an axial map alone (Rabinowitz, 1996).

An additional map, the elevation map, shows the height of the cornea relative to a best-fit reference
sphere. Warm colours are used to depict points higher than the reference surface, and cool colours
are used to show lower points. This map is of most use in predicting rigid contact lens fluorescein

patterns and most modern videokeratoscopes now offer contact lens fitting modules that generate
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simulated fluorescein patterns which aid in the design of rigid contact lens for patients (Lester et al.,
1994). In these, areas of the cornea with negative elevation values show areas of fluorescein pooling,
whereas areas with positive elevation values will show touch or bearing. These systems also assess
apical clearance and tear exchange between the cornea and posterior lens surface, allowing for a
more accurate and accommodating lens fit that decreases the risk of potential contact lens related

ocular complications.

Reflection-based imaging has a number of important limitations. Placido-based videokeratoscopy
measures the anterior corneal curvature and derives the curvature map from the data assuming a
prolate corneal geometry. This assumption can lead to errors when attempting to map the surface of
irregular corneas or those of patients that have undergone refractive surgery (Koch et al., 1989). An
inability to measure the true power of the posterior corneal surface also remains a weakness of such
systems. Perhaps the greatest limitation though, and of most relevance to the author’s work, is that
of limited corneal coverage. For videokeratoscopes based on the Placido disc principle, it is evident
corneal coverage is limited by the fact that the instrument is based on specular reflection. It may
further be limited by obscuration of the mire image by the subjects’ nose, brow, and eyelashes (Read
et al., 2006). This may, in part, be alleviated by small cone Placido-based systems such as the

Medmont E300 (Medmont, Camberwell, Australia) and Keratron Scout (Optikon, Roma, Italy) devices.

1.3.6 Projection-Based Systems

A more accurate way to measure curvature is to determine the true shape of the cornea: projection-
based systems derive corneal shape directly by means of scanning slits or rectangular grids and then
determine power from that shape. Projection-based videokeratoscopes also have the potential to
measure larger corneal areas than Placido-based systems (Mejia-Barbosa and Malacara-Hernandez,
2001). The predominant technologies include; slit photography (scanning slit); rasterstereography
(grid), Moiré interference (grating) and laser Interferometry (coherent wavefronts). This discussion
will be limited to currently available technology, namely scanning-slit, Scheimpflug and gratings

systems.

1.3.6.1 Slit-Scanning Systems

Slit-scanning devices utilise three-dimensional slit scanning triangulation to measure both the
anterior and posterior corneal curvature. Advantages of this approach include the direct
measurement of corneal elevation (without conversion from the curvature values obtained) and the

ability to measure convex surfaces, which often defy the algorithms used in Placido-based systems
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(Srinivas and Subramaniam, 2008). The only commercially available instrument to utilise this
approach, the Orbscan (Bausch & Lomb Surgical Inc, San Dimas, CA, USA), was first introduced in
1995. This instrument scans the cornea from limbus to limbus (Figure 1.7) through the sequential

projection of 40 vertical optical slits (20 from the left and 20 from the right) at an angle of 45°.

Figure 1.7: Slit beam projected from the right during the Orbscan’s corneal scan

Back-scattered light from the slits is captured by a high resolution video camera and the instrument’s
software analyses 240 points per slit to independently determine the x, y, and z locations of
approximately 9000 points across the cornea. The resulting data points are used to reconstruct the
true topography of each anterior segment surface along with the thickness of the cornea and anterior
chamber analysis (Lattimore et al., 1999). The data obtained is then represented graphically, most
typically in the form of the ‘quad map’ presentation which includes curvature, anterior and posterior

elevation, and pachymetric maps (Hashemi et al., 2005).

When using the Orbscan, anterior surface curvature was initially derived through calculation. A newer
version, the Orbscan Il, incorporated Placido disc technology to improve the accuracy of the
topographical data over the optical slit data alone. The latest hardware upgrade, the Orbscan llz, can
be integrated with a Shack-Hartmann aberrometer allowing wavefront analysis through the 5th order

to identify the total aberrations of the eye (Konstantopoulos et al., 2007).

Several studies have tested the validity of measurements achieved with the Orbscan (Maldonado et
al., 2006, Jonuscheit and Doughty, 2007). The accuracy and repeatability of the instrument is reported
to be below 10 um, and in the range of 4 um in the central cornea and 7 um in the peripheral cornea

under optimal conditions (Liu et al., 1999).
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An inability to detect interfaces (e.g. after LASIK flap formation) and longer image acquisition, and
processing times in comparison with those of Placido-based videokeratoscopy, remain limitations of

the current optical slit scanning technology.

1.3.6.2 Scheimpflug Imaging

Scheimpflug imaging is based on the Scheimpflug principle, which occurs when a planar subject is not
parallel to the image plane. In this situation, an oblique tangent can be drawn from the image, object
and lens planes, and the point of intersection, the Scheimpflug intersection, is where the image will
be in best focus. Using this principle, Scheimpflug-based devices image the anterior eye, using a
camera perpendicular to a slit-beam, to create an optic section of the cornea and lens (Wolffsohn and

Davies, 2007b).

A major advantage of Scheimpflug based systems is the ability to measure the entire anterior
segment of the eye and provide cross-sectional views of the anterior ocular surface beyond the
limbus. In addition to measuring anterior surface corneal curvature the technology also allows the
measurement of posterior corneal surface curvature, total corneal pachymetry and anterior segment

depth.

Figure 1.8: Scheimpflug image of the anterior segment in cross-section
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Clinically, Scheimpflug imaging has been used in the assessment of keratoconous (Mihaltz et al.,
2009); cataract (Tkachov et al., 2006); intraocular lens implant tilt and decentration (de Castro et al.,
2007); posterior sub-capsular opacification after intraocular lens implantation (Wolffsohn and
Peterson, 2006); corneal thickness (Morgan et al., 2002); corneal topography (Abad et al., 2007);
anterior chamber depth (Buehl et al., 2006, Feng et al., 2011) and the measurement of the crystalline

lens surface curvature (Dubbelman and Van der Heijde, 2001).

The four commercially available devices that utilise the Scheimpflug principle are the Pentacam
(Oculus, Germany, Inc.), the Galilei (Ziemer USA, Inc.), Sirius (CSO, Scandicci, Italy) and TMS-5 (Tomey
Corporation, Nagoya, Japan) systems. The Pentacam is able to image the cornea such that it can
visualise anterior and posterior surface topography to provide curvature, tangential, and axial maps.
Utilising one camera for detection and measurement of the pupil (which helps with orientation and
fixation) and a second 360° rotating Scheimpflug camera to visualise the anterior segment, the
Pentacam is able to capture 50 Scheimpflug images in less than 2 seconds. Each image yields 500 true
elevation points for a total of 25,000 points, providing true elevation data for both anterior and
posterior corneal surfaces. Like the Orbscan, the output of the Pentacam is most typically presented
in the form of a ‘quad map’ displaying front and posterior corneal curvature, elevation and thickness,

amongst other variables.

Advantages of the Pentacam system include high resolution imaging of the entire cornea and the
facility to calculate pachymetry from limbus to limbus. The provision of true anterior corneal
elevation data also allows more accurate prediction of the lens/cornea fitting relationship, especially
in cases of corneal irregularities (Davis and Barry Eiden, 2011), and to the apply contact lens fitting
designs through the Oculus Pentacam contact lens fitting software and simulated fluorescein
patterns. The Pentacam’s expanded diagnostic capabilities also include the measurement of

densitometry values of media opacities and analysis of corneal aberrometry.

The Galilei, Sirius and TMS-5 dual Scheimpflug systems all provide similar diagnostic capabilities to
those of the Pentacam, but also integrate a Placido disc for corneal topography and three

dimensional analysis of the anterior segment.

Scheimpflug measures of central corneal thickness and anterior chamber depth have been shown to
be accurate and repeatable in comparison with other technologies such as Orbscan slit-scanning
topography, partial coherence interferometry, ultrasonography and MRI (Koretz et al., 2004, Hashemi
et al., 2005). However, Scheimpflug images in their raw unprocessed form are subject to distortions

due to the tilt of the camera and refraction as light passes through the preceding optical surface, such
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that the image is decreased in size perpendicular to the direction of the optical axis (Wolffsohn and
Davies, 2007b). Consequently, the curvatures of subsequent radii are reduced and axial lengths are
increased (Fink, 2005), and this may lead to the underestimation of the anterior chamber depth in
pseudophakic eyes (Wolffsohn and Davies, 2007b). Despite the ability to physically image the entire
anterior segment, practical measurement of the ocular topography is also limited to that of limbus to

limbus due to saturation of the optical sensor as a result of the high reflectivity of the sclera.

1.3.6.3 Moiré Fringe Interferometry

Moiré fringe imaging is a non-contact imaging technique in which a moiré fringe pattern is formed by
the superimposition of two gratings of very fine step, one distorted and one undistorted, and from
which height or deformation data can be obtained. Moiré topography in particular is a widely used
means for the shape contouring of three-dimensional objects and has multiple applications in the

field of mechanical engineering.

The application of this principle in the measurement of the ocular topography was first described by
Jongsma et al. (1998) following the development of the experimental Maastricht Shape Topographer.
This instrument allowed for an assessment of the cornea and peripheral topography which could be

displayed in a two-dimensional profile map.

The only device that currently utilises this principle is the newly released Eye Surface Profiler (Eaglet-
Eye, Utrecht, NL). This employs an updated implementation of moiré fringe interferometry, Double
Projector Fourier Profilometry (DPFP), from which standard topographical and three-dimensional

height maps may be produced.
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1.3.7 Anterior Segment Optical Coherence Tomography

Optical Coherence Tomography (OCT) is a technique developed for the non-invasive, cross-sectional
imaging of biological systems (Huang et al.,, 1991). OCT itself is based upon conventional low
coherence interferometry. In conventional interferometry, with long coherence length, interference
of light is measured over a distance of metres. In OCT this interference is shortened to a distance of
micrometres. A number of different OCT technologies exist, Time Domain OCT (TD-OCT), Spectral (or

Fourier) Domain OCT (SD-OCT) and Swept Source (SS-OCT).

In Time Domain OCT (TD-OCT) systems, low-coherence interferometry light from a super-luminescent
diode (SLD) light source is split into a reference beam, which undergoes reflection by a semi-silvered
mirror, and also a sample beam, the latter of which is reflected by the ocular structures of the eye
(Wolffsohn, 2008). If the light from the reference and sample beams travel identical optical distances
before being recombined at a photo-detector, (positive) coherent interference occurs, which is
measured by an interferometer (Wolffsohn and Davies, 2007a). Having acquired point data in this
way, depth data are then acquired by varying the optical length of the reference arm by the physical
movement of the mirror, and an image analogous to an ultrasound A-scan is formed. Moving the
scanning spot laterally across the eye allows for the acquisition of multiple A-scans before processing
takes place to create a cross-sectional image, a tomograph, itself analogous to an ultrasound B-scan.
In contrast, Spectral Domain (SD-OCT) and Swept Source OCT systems negate the need to oscillate the
reference mirror by the spectral separation of the detectors, either by encoding the optical frequency
in time with a spectrally scanning or ‘swept’ source, respectively, or with a dispersive detector such as
a grating and a linear detector array. The depth scan is then ascertained by means of Fourier
transform calculations without movement of the reference arm (Wolffsohn and Davies, 2007b). Axial
resolution is determined as a function of spectral bandwidth, and allows imaging resolutions as low as

3-5 microns to be achieved (Bigelow et al., 2007).

The most notable application has been in the field of ophthalmology where the technique has been
used extensively in imaging the retina and anterior segment. Since the first device became
commercially available in 1995 its use has become widespread in the evaluation and diagnosis of
posterior segment retinal disease, including diabetic eye disease (Al-latayfeh et al., 2010); macular
hole pathologies (Wang et al., 2010) and macular degeneration (Pieroni et al., 2006). The introduction
of Anterior Segment OCT (AS-OCT) technology (lzatt et al., 1994) has allowed for imaging of the
cornea and anterior segment structures with a range of applications, including: determination of
corneal thickness (Ishibazawa et al.,, 2011); imaging of the Canal of Schlemm (Usui et al., 2011);

evaluation of implanted intraocular lenses (Baikoff, 2006) and assessment of posterior capsular
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opacification (Kaluzny et al., 2006b). Previous workers have described the use of AS-OCT as an
adjunct to contact lens fitting, most notably Gemoules (2008) with the fitting of scleral lenses. Up
until recently though, relatively few workers have used AS-OCT in the assessment of soft contact lens

fit.

A number of OCT systems are currently commercially available (Figure 1.9). Amongst these are a
number of instruments optimised for posterior segment imaging, but which also allow imaging of the
anterior segment through the incorporation of a high powered condensing lens into the optical path.
These devices are frequently limited in the anterior scan width that they can achieve and also exhibit
reduced depth of field in comparison with dedicated AS-OCT systems. The Visante™ (Carl Zeiss
Meditec, Dublin, CA) AS-OCT system, however, is one of the few commercially available and validated
(Dunne et al., 2007) AS-OCT devices capable of capturing full corneal depth and width in one scan at

this present time.

Optical Coherence Tomography

Time Domain Spectral/Fourier Swept Source
Systems Domain Systems Systems
-SL-ocT - 3D-0CT-2000 (Topcon) - Casia (Tomey)

fligice!bere Engh - Cirrus HD-OCT (Zeiss)

- RS 3000 (Nidek)
- RTVue 100 (Optovue)
- SL-Scan 1 (Topcon)
- SDOIS (Bioptigen)
- SOCT Copernicus (Optol)
- Spectralis (Heidelberg Eng.)

-Visante (Zeiss)

Figure 1.9: Overview of OCT devices commercially available

The Visante AS-OCT allows high-speed (Sakata et al., 2010), high-resolution (Leung et al., 2010), non-

invasive, and non-contact (Leung et al., 2007a) cross-sectional imaging of the anterior segment. The
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incorporation of on-board measurement tools allows for post-acquisition analysis of images.
Additionally the instrument offers automated pachymetric mapping of the cornea, a feature which
has been used extensively in the management and planning of both refractive (Ho et al., 2007,

Kouassi et al., 2012), and restorative (Lim et al., 2008) surgical procedures.

Posterior segment OCT systems employ short wavelength (820 nm) light sources that allows for
excellent penetration through to the level of the retina. The Visante AS-OCT system, by contrast, uses
longer 1310 nm wavelength light which has greater absorption resulting in more limited penetration.
This allows the light source to be intensified since decreased amounts reach the retina and, as such,
the light is 20 times the strength, giving a much greater signal to noise ratio. This increased intensity
in turn allows for faster image acquisition resulting in reduced motion artefacts (Goldsmith et al.,
2005). The longer wavelength light employed in the Visante system is also less prone to scattering
making penetration through opaque tissues such as the sclera possible. This results in better
evaluation of the anterior segment and visualisation of the angle and, to a lesser degree, the ciliary
body (Konstantopoulos et al., 2007). Pigmentation of the iris, however, blocks the light of the
sampling beam, restricting imaging to ‘line of sight’ and thus preventing imaging of the lens equator

and zonules (Wolffsohn and Peterson, 2006).

The Visante AS-OCT offers two primary imaging modes, ‘Anterior Segment Mode’ (standard
resolution imaging) and ‘High Resolution Mode’ (High Res Mode). In ‘Anterior Segment Mode’
(standard resolution) 256 A-scan per line sampling is utilised, yielding an image 16 mm wide and
6 mm deep, to provide a full overview of the anterior segment including the cornea, anterior
chamber, iris and both angles and, of most importance to the author, the anterior corneoscleral
profile. In ‘High Res Mode’, 512 A-scan per line sampling is undertaken to provide a more detailed
image 10 mm wide and 3 mm deep and, as such, this mode is more suited to detailed imaging of the
cornea albeit over a smaller area. The resolution of Visante images overall is limited by the spacing
between the scans performed, although resolutions of up to 18 um axially and 60 um in the

transverse are quoted by the manufacturer (Carl Zeiss Meditech, 2009).

The updated version 2.0 operating software also incorporated an ‘Enhanced Mode’ for the ‘Anterior
Segment’ and ‘High Res Mode’ scans. In the Enhanced Mode four consecutive scans are performed
and summed into a single image, resulting in reduced signal noise to produce a higher density, higher
contrast image. Additional software tools have also been added to produce a phakic IOL template
and measurement tools for endothelial clearance and lens vault distance, along with more

sophisticated angle measurement tools (Amin, 2013).
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The latest hardware incarnation of the Visante, the Visante Omni, incorporates v3.0 software which
allows for integration with the ATLAS corneal topography system (Carl Zeiss Meditec, Dublin, CA,
USA), a Placido-disk based videokeratoscope. In this integrated system the vertex of the ATLAS scans
and the Visante pachymetric scans are superimposed to represent the same location. By using the
pachymetric data obtained with the Visante AS-OCT and the known anterior surface curvature data

from the ATLAS posterior corneal curvature data may be calculated.

Clinically, the Visante has been used to assist in the diagnosis of angle-closure glaucoma (Tahiri et al.,
2010); the diagnosis of dry eye (lbrahim et al., 2010); the management of hydrops (Kucumen et al.,
2010); the analysis of bleb morphology following trabeculectomy (Leung et al., 2007b) and the
determination of LASIK flap depth (Kouassi et al., 2012). The Visante is equipped with a Badal o