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Title: Improvements in or Relating to Contact Lenses

Field of the Invention
The present invention relates to a novel contact lens and to novel methods of
designing and manufacturing a contact lens for a subject, especially a soft contact

lens, and more especially (but not necessarily) a toric soft lens.

Background of the Invention

It is known to manufacture “rigid” contact lenses from materials such as poly methyl
methacrylate (PMMA) and related polymers. These lenses are typically about 8-
10mm in diameter. Such rigid lenses maintain essentially the same shape whether “on
eye” or “off eye”. Some people find rigid lenses uncomfortable and/or difficult to
wear and, at least partly as a result, ‘soft’ contact lenses were developed. These are
usually made of materials such as hydrogels, especially silicone hydrogels (sometimes
referred to as SiH). Soft lenses at least partly conform to the shape of the wearer’s
eye, and so have different shapes when on eye and off eye. Soft contact lenses are
generally larger than rigid contact lenses, and typically have a diameter in the range
13.5-15.0mm. As such, soft contact lenses usually contact a wider part of the surface
of the wearer’s eye than do rigid contact lenses. In particular, soft contact lenses
usually contact all or the majority of the corneo-scleral junction or limbus — this is
where the tissue in the eye transitions from the cornea (transparent) to the sclera
(opaque white tissue). As the eye does not have any obvious external anatomical
indicators of the location of the limbus, it is difficult to define the position of the
limbus accurately. Accordingly, for practical purposes the limbus is taken as being
annular and as having a diameter identical to that of the iris, as viewed externally
through the cornea. This dimension is commonly called the “Horizontal Visible Iris
Diameter” (HVID). A typical measurement for the HVID in a normal eye is about
11.5mm. A soft contact lens typically has a diameter about 2.0-3.5Smm greater than a

subject’s HVID.

The anterior ocular surface (“AOS”) of the eye includes all the cornea and those parts
of the sclera which are visible when the eye is looking straight ahead and the subject’s

eyelids are manually opened to their fullest extent.
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The central part of the cornea is described as the central zone, which is a circle of
about 6mm in diameter. That part of the anterior surface of the eye which is
peripheral to the central zone, but within the AOS, may be defined as the non-central

anterior ocular surface, or NCAOS.

It is known to design contact lenses which have a back surface (i.e. the surface of the
lens which, in use, is closer to the subject’s cornea) which is generally substantially
spherical, and a front surface (i.e. that surface of the lens which, in use, is further from
the subject’s cornea) which has a profile so as generally to confer on the lens optical
characteristics which ameliorate a defect in the subject’s vision. The radius of

curvature of the substantially spherical back surface is said to be the “base curve”.

Contact lens manufacturers usually make lenses with a substantially spherical back
surface which is one of a defined range or set of back surfaces, the back surface being
typically defined, at least in part, by its radius of curvature. Normal values of the
radius of curvature of the back surface or base curve of a lathe-cut soft contact lens
are in the range 7.80 to 9.00 mm (for moulded lenses, the normal range is about 8.40
to 8.80mm). Typically manufacturers produce a range of lenses with a 0.2mm
increment in the radius of curvature, this being referred to as a “step” up or down.

The smaller the radius of curvature, the more steeply curved is the back of the lens.

The front surface may be generally spherical (but with a different radius of curvature
to that of the back surface, so as to confer a desired optical power on the lens), or may
be aspherical. Aspherical contact lenses may be used when a multi-focal lens is
required, or to correct particular vision defects such as astigmatism, in which case a

lens with a toric front surface is employed.

Where contact lenses are substantially rotationally asymmetric (such as with toric
lenses) and thus have a particular desired orientation on eye in order to achieve the
necessary vision correction, it is known to add a stabilising means to the front surface
of the lens. Conventionally this takes the form of one or more “ballast” zones, or

areas of thickening, which interact with one or both eye lids when the eye is
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momentarily closed during blinking, which interaction, if the lens is not in the desired

orientation, imparts a rotational force on the lens to return it to the desired orientation.

Whilst such ‘ballast’ zones are effective in positioning the contact lens in the desired
orientation, they suffer from a number of defects. As they are relatively thick, they
impede the diffusion of oxygen to the cornea, and also add to the physical discomfort
of wearing the lens. Prismatic or other “ballast” designs can also induce a
gravitational effect i.e. the weight of the thicker part of the lens can be detrimental
when the subject orientates their head to one side (e.g. as when reading whilst lying

on a bed or a sofa) as it pulls the lens away from its desired orientation.

In the contact lens industry, assumptions are made about the manner in which a soft
contact lens fits to the cornea. As soft lenses are flexible, it is not necessary for the
back surface of the lens to align exactly with the front surface of the cornea. Usually,
the base curve and diameter of the contact lens is derived from “rules” calculated

from measurements of the eye.

Conventionally, the selection of the radius of curvature for the base curve relies on
measurement of the central radius of curvature of the cornea using a keratometer (an
instrument that measures the radii of curvature of a cornea within a central 4mm
zone). This measurement is called a “K-reading” and if it is obtained from another
instrument, such as a corneal topography machine, the measurement is referred to as

“Sim-K” (i.e. simulated Keratometer).

Typically, for the majority of normal eyes, the base curve of a soft lens is set to be
0.8mm flatter than the flattest K reading, (that is, to have a radius of curvature 0.8mm

greater than the K reading).

The diameter of the lens is generally based on the Horizontal Iris Visible Diameter

(HVID) and 1s typically set to be around 2.5 to 3mm larger than this measurement.

Disposable contact lenses are very thin and flexible and drape easily over the cornea.

Thus, lens dimensions tend to be fixed at static values that are assumed to fit the
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widest possible range of corneas. For example, many disposables are set at
8.60:14.40, where 8.60mm is the base curve and 14.40mm is the diameter of the lens.
Typically, these parameters will have been validated in clinical trials on a statistically

significant number of subjects.

Lathe cut customised contact lenses tend to be thicker and more complex in design.
Although some types are fitted using trial sets, many laboratories apply “Fitting
Rules”. These are derived from on eye trials and apply more complex calculations to

the K Readings and HVID supplied by the practitioner.

For fitting rules to work successfully, certain assumptions are made, including:

the shape of the whole cornea can be predicted from the K reading measurement
(central 4mm zone) with reasonable accuracy;

using the K readings as a guide, the periphery of the lens can be predicted to fit the
sclera beyond the boundary of the limbus; and

the predictions hold true for both right and left eyes, male and female genders and

across all ethnic groups.

Contact lenses are trialled using subjects that tend to be in the same geographical area
as the company actively designing the lens. Thus, any modifications to that design

are based on the characteristics of the test group subjects in that geographical area.

Due to the large number of lens designs available, fit issues can often be overcome by

changing lens design or using customised designs.

It has been possible for many years for ophthalmic practitioners to determine the
curvature of a subject’s corneal surface over the central optic zone (i.e. that part of the
cornea in front of the pupil and the iris, a circular zone of about 8mm in diameter)
using a device known as a corneal topographer. Recently, the fall in the cost of the

equipment has meant that corneal topography has become used far more widely.

Moreover, in the last few years, eye surface profilers have become available. These

devices are able to provide data on the curvature of the surface of the cornea over a
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much larger portion of the subject’s eye (i.e. the anterior ocular surface), covering all
of the cornea, the corneo-scleral junction, and a considerable part of the sclera.

However, eye surface profiler apparatus is not yet widely used.

In a conventional contact lens, circular central portions of the front and/or rear
surfaces of the contact lens are responsible for correcting the vision defect of the
subject. In most lenses, the vision correction is achieved solely by the curvature of
the central portion of the front surface of the lens, but in some lenses the curvature of

the central portions of the rear and front surfaces combine to correct the vision defect.

The front optical surface of a conventional contact lens (i.e. that portion which is
involved in creating the necessary optical power of the lens to correct the subject’s
vision defect) is a central circular portion of typically 6 to 12Zmm in diameter. The
rear optical surface of a conventional contact lens is a central circular portion with a
diameter in the range 7-14mm, more usually 9-13mm, and most typically 10-12mm.
The non-central rear surface of a contact lens is thus herein defined as that part of the
rear surface which is peripheral to the rear optical surface. Accordingly, in most
embodiments the non-central rear surface of the lens will be that part of the rear
surface which excludes the central 9-12mm diameter circle. More preferably it will
exclude a circular central portion with at least a 10mm diameter, 11mm or 12mm

diameter.

In addition to any role in correcting the vision defect of the subject, the shape of the
rear surface of the contact lens is also important in determining the fit of the lens to
the front of the subject’s eye, which must be neither too tight nor too loose. The
fitting of the lens is largely adjusted by adjusting the curvature of the rear surface of

the lens in the non-central portion.

Summary of the Invention
In a first aspect, the invention provides a contact lens the back surface of which has a
shape such that the sagittal depth of a vertical meridian in the non-central rear surface

differs from the sagittal depth of a horizontal meridian in the non-central rear surface
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by an amount in the range 50um to 500 um, (the non-central rear surface being as

defined above).

The sagittal depth of the vertical meridian may be less than that of the sagittal depth
of the horizontal meridian by an amount in this range, but more preferably the sagittal
depth of the vertical meridian will be greater than the sagittal depth of the horizontal

meridian by an amount in this range, as explained below.

The central rear optical surface of the contact lens is preferably an aspheric surface or

toroidal aspheric surface having the definition as follows:

Z =(X*/Re+ Y2/ Ry) /(1 + V(1= (PXD) /R - (PyYD) /RyY))

where:

Z 1s the sagittal depth of the optical surface for a given X and Y (X and Y being
orthogonal axes; the horizontal and vertical meridians respectively) Rx and Ry are the
radii in the respective directions X and Y; and P and Py are the conic section P values
in the respective directions X and Y (P being a measure of the eccentricity of the

conic section).

R and P values are dependent on the central K readings of the cornea to be fitted and

values are well known to persons skilled in the art of contact lens design.

The overall size of the rear central optical surface is a circle with a diameter normally
in the range 7mm to 14mm; preferably 9mm to 13mm; more preferably 10mm to

12mm.

The non-central rear surface geometry may conveniently be connected to the central
optical geometry via a tangent and typically achieves the required overall sagittal

depth by implementing a spline function (e.g. a Bezier spline function).
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The central front optical surface of the contact lens is preferably an aspheric surface

or toroidal aspheric surface having the definition as follows:

Z =X /Re+Y*/Ry)/ (1 +V (1 - PXHRS - (PyY?) /RyY))

where:

Z, Rx and Ry and Px and Py are all as defined above.

The non-central front surface geometry may conveniently be connected to the central
optical geometry via a tangent and typically achieves the overall sagittal depth
required to ensure that the contact lens edge thickness remains equal around the whole

lens circumference.

Preferred range values for the difference in sagittal depth between the vertical
meridian and the horizontal meridian (the vertical meridian preferably having the
greater sagittal depth) include the following: 50-300um; 50-200pum; 100-500um; 100-
300um; 100-200pum and 120-200um.

In contrast to the present invention, in conventional contact lenses, the rear surface is
designed such that the sagittal depth of the vertical and horizontal meridians in the

rear non-central portion is equal.

For the purposes of clarification, if required, the vertical meridian is the meridian of
the contact lens which, when the lens is worn on eye in the intended angular
orientation, is substantially vertical, and the horizontal meridian is substantially

horizontal, such that the two meridians are orthogonal.

In a second aspect, the invention provides a method of designing at least the back
surface of a contact lens adapted and configured for a subject from a particular ethnic

group and/or geographical region, the method comprising the steps of:
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(a) obtaining an averaged non-central anterior ocular surface profile for subjects
from the ethnic group and/or geographical region of interest, and (b) applying this

profile to the corresponding portion of the back surface of a contact lens design.

The step of obtaining an averaged non-central ocular surface profile for subjects from
an ethnic group and/or geographical region of interest may simply comprise obtaining
a profile which has been determined by another party, if such profile information is
available. Alternatively, the step may comprise examining a plurality of subjects of
the relevant ethnic group and/or from the relevant geographical region so as to obtain

NCAOS profile data, and deriving from those data an averaged profile.

The method preferably further comprises the step of making a lens according to the

design produced in step (b).

Preferably the lens of the invention has a diameter which is great enough that the lens
extends to cover the corneo-scleral junction. Conventionally, only soft contact lenses
are made in this size. Typically therefore the invention applies to soft contact lenses,
and to the design and manufacture of soft contact lenses. However, the invention may
also be applied to the rigid contact lenses, if desired, where the lenses are large
enough to extend to the corneo-scleral junction. Conventional materials for
manufacturing soft contact lenses comprise hydrogels, especially silicone hydrogels,

but other materials are also suitable.

The invention is especially useful in relation to contact lenses which, on eye, have a
particular desired rotational orientation, and accordingly require a rotational
stabilising means. Such lenses can include, for example, toric lenses or other lenses
that require the application of optical prism, or for the correction of higher order
optical aberrations. Alternatively, or additionally, the invention is especially useful in

relation to contact lenses which require accurate centration, such as multifocal lenses.

In a preferred embodiment, the invention provides a contact lens wherein any
necessary rotational stabilisation and/or centration is provided substantially entirely

by means of the fit of the back of the lens to the surface of the subject’s eye, and
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especially the fit to the non-central anterior ocular surface. In particular, the invention
allows for the design and manufacture of a contact lens, especially a soft contact lens
(and more especially a toric soft contact lens), which is rotationally stabilised on eye,
without any ballast or rotational stabilisation means incorporated on the front surface

of the lens, and provides a contact lens of that type.

In a third aspect, the invention provides a method of manufacturing a contact lens, the
method comprising the steps of:

1) making a lens in which at least part of the back surface of the lens in the non-
central anterior ocular surface region is adapted and configured to fit an averaged non-
central anterior ocular surface profile for subjects from a particular ethnic group
and/or geographical region of interest;

(1)  packaging the lens in sterile condition.

The contact lens made by the method of the third aspect of the invention may
conveniently have been designed by a method in accordance with the second aspect of
the invention, and performing the method of the third aspect will desirably result in

the manufacture of a contact lens in accordance with the first aspect.

The invention thus provides in preferred embodiments, a contact lens in accordance
with the first aspect, especially a soft contact lens, and more especially a toric soft
contact lens, which has a back surface in the non-central ocular surface region which
is adapted and configured to fit an averaged non-central anterior ocular surface profile

for subjects from a particular ethnic group and/or geographical region.

In particular, the ethnic group is other than Caucasian and/or the geographical region
is other than Europe or a part thereof (especially other than Western Europe). In one
embodiment the contact lens has a back surface, over at least part of the non-central
anterior ocular portion, which is adapted and configured to fit an averaged non-central
anterior ocular surface profile for an Asian subject, more especially a Taiwanese
subject, although in principle the invention is equally applicable to the design of a
contact lens for other ethnic groups and/or geographical regions. Particular

geographical regions of interest may include China, Japan and the Caribbean.
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In a preferred embodiment, the contact lens of the invention is one in which any
necessary rotational stabilisation is provided substantially entirely by means of the fit
of the back surface of the lens to the surface of the subject’s eye, especially by the fit
to the NCAOS. In particular, the invention allows the design and manufacture of a
contact lens, especially a soft contact lens (and more especially a toric soft contact
lens), which is rotationally stabilised on eye, without any ballast or rotational

stabilisation means incorporated on the front surface of the lens.

By way of explanation, the present inventors have surprisingly found that the
averaged curvature of the surface of human eyes in the NCAOS is markedly different
between subjects from different ethnic groups and/or geographical regions. This
surprising discovery led to the present invention. Specifically, it was found that, for
an average Asian subject (especially an average Taiwanese subject), the vertical
meridian was more steeply curved than the horizontal meridian in the NCAOS. It was
also found that the NCAOS profile of an average Asian subject differed between right
and left eyes. Obviously there are individual subjects among ethnic groups and/or
from particular geographical regions whose eye profile deviates from the average, but
when a sufficiently large number of typical representative subjects are examined, an
average can be found which is quite different to an averaged profile from other ethnic
groups or geographical regions. Preferably the averaged profile is based on
measurements made using normal adult subjects (‘normal’ in this context meaning
subjects without corneal defects, such as keratoconus, which are readily apparent

upon examination by a reasonably competent practitioner).

In preferred embodiments, the method of the second or third aspects of the invention,
and the contact lens of the first aspect of the invention, are such that the back surface
of the lens (and more specifically that part of the back surface of the lens outside of

the central zone) is not rotationally symmetrical.

In preferred embodiments, the method of the second or third aspects of the invention,
and the contact lens of the first aspect of the invention, are such that, when compared

to a conventional contact lens design (adapted and configured to fit an average
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Caucasian subject), the back surface of the lens (and more specifically, that part of the
back surface of the lens which, on eye, overlays the NCAOS) has a vertical axis (on
eye) which is more steeply curved (i.e. has a smaller radius of curvature) and a
horizontal axis (on eye) which is less steeply curved (i.e. has a larger radius of

curvature).

In preferred embodiments the method of the first or second aspects of the invention,
and the contact lens of the third aspect of the invention, are such that there is provided
a pair of contact lenses for a patient, one for each of the patient’s eyes, and wherein
the back surface of each of the lenses is not rotationally symmetrical (more
specifically that part of the back surface of the lens outside of the central zone).
Additionally, in preferred embodiments, the non-rotationally symmetric profile on the
non-central back surface of the lens for the patient’s right eye will be different to that
for the patient’s left eye. The pair of contact lenses may be provided in sterile
condition and as a plurality of such pairs, in conventional containers for contact

lenses.

It will be apparent to the person skilled in the art that the preferred aspects (which, in

29 (13
2

this context, includes those described as “convenient”, “desirable”, “advantageous”
and the like) of one aspect of the invention will generally be applicable also to the

other aspects of the invention, unless the context dictates otherwise.

The invention will now be further described by way of detailed illustrative examples,

and with reference to the accompanying drawings in which:

Figures 1(a) and 1(b) are representations of a normal human eye with (Fig. 1a), or

without (Fig. 1b), a contact lens in place, and showing various features;

Figure 2 is a schematic representation showing the operation of the eye surface

profiler;

Figure 3 shows two plots; the upper plot is a graph of tangent angle (in degrees)

against displacement (in mm) from the centre of the cornea; and the lower plot shows
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a graph of displacement (in mm) in the X, Y and Z axes of an orientation-adjusted eye

profile;

Figures 4a and 4b are graphs comparing the vertical and horizontal meridians in
averaged AOS profiles. More specifically, the figures compare differences in sagittal
height (in um) between the two meridians at various displacements (in mm) from the
corneal apex. Figure 4a compares these meridians in averaged right eyes, and figure
4b in averaged left eyes. In both figures, linear symbols represent the averaged

Caucasian eye profiles and circular symbols the averaged Taiwanese eye profiles;

Figures 5a and 5b are two different views of the same three dimensional graph
showing the difference in elevation (in mm, vertical axis) between the average
Caucasian eye profile and the average Taiwanese eye profile at various displacements

(in mm, planar axes) from the corneal apex;

Figure 6 is a plan view of the front of an embodiment of a lens according to the
invention, and Figures 6b and 6c¢ are cross-sectional views through the lens at

different meridians; and

Figures 7a and 7b are cross-sectional views of a contact lens in accordance with the

invention along the vertical and horizontal meridians respectively.

Detailed Description of the Invention
Referring first to Figures 1(a) and 1(b), various features of the human eye, and of

conventional contact lens fitting techniques, are described.

In Figure 1(a), dimension ‘A’ indicates the optic zone. This is a circle, typically of
8mm diameter, and is the portion of the eye over which the back surface of the lens is
conventionally assigned a “base curve”. Dimension ‘B’ marks the Horizontal Visible
Iris Diameter or HVID. Typically the HVID is around 11.5mm. The precise location
of the limbus or corneo-scleral junction cannot be readily determined by viewing the
exterior of the eye. Accordingly the HVID, which can be determined, is taken as a

rough approximation as the location of the limbus. Dimension ‘C’ denotes the
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diameter of typical soft contact lens. The edge of a soft contact lens usually extends
beyond the limbus. For most disposable contact lenses, the diameter C is in the range

13.8 — 14.6mm. Some soft lenses are larger than this, up to about 15.5mm.

In Figure 1(b), dimension D indicates the “central zone”. This is a circle of 6mm in
diameter and encompasses that portion of the eye which is generally used by
practitioners to determine the curvature of the cornea using a keratometer. °‘E’
denotes the outer limit of the limbus, and ‘F’ denotes the outer edge of the anterior
ocular surface (AOS), which is defined by area of the sclera visible when the subject
gazes straight ahead and the eyelids are separated manually to their fullest extent.
Accordingly, the non-central anterior ocular surface (NCAOS) of the eye is that part
of the AOS which lies outside of the central zone and is bounded at its inner edge by

D and at its outer edge by F.

Discovery
It was noted by the inventors that customised soft contact lenses that fit well for

Caucasian eyes did not fit as expected on eyes in patients in Taiwan.

Also, if lenses demonstrating a sub-optimal fit were replaced with others in
accordance with conventional fitting rules, the expected improvement in overall fit
was not achieved. Indeed, in some cases, although some fit characteristics were

improved, others were made worse.

Additionally, in other cases, identical lenses fitted to right and left eyes showing
essentially the same K readings and HVID could behave quite differently. This
suggested that K readings in particular were possibly a poor predictor of the shape of

the eye beyond the central zone.

Examination of the eyes of the patients in Taiwan using the Eye Surface Profiler (see
below) showed that differences in the non-central anterior ocular surface existed
between right and left eyes and that these differences would in themselves account for

the fit differences seen between right and left eyes.
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Further Investigation

In order to examine possible fitting issues between Caucasian and Asian ethnic
groups, on eye evaluation of contact lenses was performed for a cohort of 66 Taiwan
subject eyes using a contact lens design known to work well in Caucasian eyes. Each
eye was measured with the Eye Surface Profiler, and an equivalent number of

Caucasian eyes were measured for comparison using the same equipment.

Contact lenses were evaluated and recordings made of the findings in terms of
centration, movement, rotation, comfort and visual acuity. Additionally, each slit

lamp subject examination was video recorded for later analysis.

Fit of the lenses was assessed in relation to conventional fitting rules established for
normal eyes (e.g. as described in “The Contact Lens Manual: A Practical Fitting
Guide” by Andrew Gasson & Judith Morris, 2nd edition, Butterworth Heinemann
ISBN 0-7506-3187-2).

The fit of these lenses was then compared to the non-central anterior ocular surface of
the Taiwanese and Caucasian eyes. Additionally, the averaged profile of the
Caucasian anterior ocular surfaces was compared directly to those of the Taiwanese

eyes.

Eye Surface Profiler (“ESP”)
(Eaglet Eye b.v. Lange Schaft 7 G-11, 3991 AP Houten, The Netherlands)

The availability of a new instrument, the Eye Surface Profiler (“ESP”), has allowed
more detailed examination of the eye beyond the boundaries of the limbal area. ESP
is a system for measuring the anterior surface of the eye using Fourier Transform
Profilometry. Up to 20mm diameter of the Anterior Ocular Surface (AOS) can be
measured. To acquire a measurement, fluorescein is instilled in the eye enabling light
projected from two light sources to be scattered back from the eye front surface. (See
projection 1 & 2 in Fig. 2). The ESP apparatus comprises a digital camera 2, and first
and second projectors 4, 6. The scattered light forms vertical stripes which, when

superimposed on each other, form interference patterns.
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From these patterns, the ESP calculates a 3-dimensional model of the anterior surface
of the eye with, on average, more than 250,000 measurement points from which the
maps and parameters are calculated. A typical output is the 3D height map 8 shown

in Figure 2.

The portion of the eye analysed by the ESP extends well beyond the 4mm diameter
zone afforded by keratometers and allows examination of the limbus and sclera.
Previously, access to this area could only be obtained by using cast moulding
techniques, similar to those used to produce dental moulds, which is quite intrusive

for the subject.

The analysis of the ESP data from Caucasian or Taiwanese subjects was used to
compare the eyes of the two subject groups. However, in order to make a valid
comparison, it was necessary to ensure that all data were from eyes in the same
orientation. This was far from straightforward, given the lack of identifiable
anatomical features on the eye. In particular, when subjects are analysed using an
instrument such as the ESP, which is positioned close to the eye, there is a tendency
for the eyes to converge, to look at the instrument (i.e. both eyes tend to rotate

inwards towards the nose).

When working with the output of the ESP, it was discovered that the orientation of the
anterior eye surface was assigned by the apparatus in an unscientific manner. This
had the result that when attempting to identify and measure the orientation of
anatomical entities such as the limbus, it was impossible objectively to justify that
particular orientation. As this had a serious effect on calculations based on the
machine output, it was decided to create new software, “SpiritLevel”, which took the

raw output from the ESP and applied a scientifically justifiable levelling technique.

Essentially, SpiritLevel works as follows. It is known that there is a significant
change in the curvature of the anterior eye surface at the corneo-scleral junction. This
fact was used to develop a technique whereby the angle of the tangent to the surface at

each point on the eye is calculated. The software then detects the peaks of the angles
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(Fig. 3, upper plot) which define the shape of the limbus. This shape is then projected
onto the height map output calculated from the ESP data. Once this is done, the

surface is rotated to make the limbus shape horizontal (Fig. 3 lower plot).

The technique works for substantially all corneal shapes and does not require a source
image in order to detect the limbus, and it is possible to use the technique in
conjunction with outputs from other types of instrument (such as a corneal

topographer), not just an eye surface profiler.

In this way, it was possible for the inventors to make accurate and valid comparisons

between profiles obtained from different subjects.

When comparing the profiles of the eyes from Caucasian subjects with those from
Taiwanese subjects, the inventors surprisingly found that the average profile differed
quite considerably, especially outside the central 6mm diameter zone i.e. in the
NCAOS. They also found, even more surprisingly, that there were differences
between the profiles of the right eye and the left eye in each ethnic group, and
significantly more so in the Taiwanese subjects. Thus, not only should it be possible
to design a contact lens with a back surface which has improved fit for a subject from
a particular ethnic group and/or geographical region, but it should also be possible to
design a lens which has a back surface adapted and configured to provide an

improved fit for the subject’s right or left eye, as appropriate.

Representative data from the inventors’ findings are shown in Figures 4 and 5.

Figures 4a and 4b show how the mean Taiwanese AOS exhibits a greater difference
between horizontal and vertical curvature than the mean Caucasian AOS. This
difference in curvature is established by subtracting the vertical sagittal profile from
the horizontal sagittal profile, where the convention for the profile orientations is that:

the nasal and inferior directions are coincident for OD (i.e. right) eyes; and the
temporal and inferior directions are coincident for OS (i.e. left) eyes. This choice of
orientation is to preserve, as best as possible, the representation that the profiles are

viewed as they would appear if viewing the subjects’ actual eyes.
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Figure 4a charts the profile differences in the mean right eye AOS’s and figure 4b the
corresponding differences in the mean left eye AOS’s. In both figures the horizontal
axes represent the distance, in millimetres, from the corneal apex; the choice of which
direction(s) to take as positive differs between the figures, based upon the convention
described above. The vertical axes represent the difference, measured in micrometres,

in sagittal height between the horizontal and vertical meridians.

The figures show that in both right and left eyes, and in both Caucasian (linear
symbols) and Taiwanese (circular symbols) groupings, the trend is for the AOS to be
flatter horizontally than vertically. The trend is also for the flattening to increase with
distance from the corneal apex; and although the figures suggest that the flattening
decreases in the periphery of the AOS (particularly in the Caucasian mean AOS), this
may be due to the interference of lids and tear pooling with the Eye Surface Profiler

measurement near the edge of the AOS.

It can be seen that the magnitude of the horizontal flattening in many areas of any of
the mean eyes is greater than the magnitude of the flattening that would be seen if one
were to compare two spherical contact lenses whose base curves differ by one step; in
some areas of the Taiwanese mean profiles, the magnitude of the flattening is greater
than a two-step base curve change in a spherical lens. This suggests that the
horizontal flattening trend is significant enough to cause fit issues that cannot be

solved by a simple change of back surface curvature.

It is also apparent that in both eyes, and in both ethnicity groupings, the horizontal
flattening does not develop in a symmetrical fashion on either side of the corneal
apex. This asymmetry is visibly more pronounced in the Taiwanese mean AOS than
the Caucasian mean AOS, and furthermore is more pronounced in the Taiwanese right
mean eye than the left mean eye. These observations suggest fitting issues with the
Taiwanese population that cannot be solved by fitting a contact lens with a currently
existing toric back surface design, since such designs are all rotationally symmetric

and do not take account of the observed asymmetry in the mean AOS’s.
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The differences between the mean profiles are also presented in Figures Sa and Sb.
Figures 5a and Sb are two views of a three dimensional graph showing the difference
in sagittal depth (in mm, vertical axis) between the average Caucasian eye AOS
profile and the average Taiwanese eye AOS profile at various displacements (in mm,

planar axes) from the corneal apex.

These mean AOS profiles combine the data from the right and left eyes; in order make
this combination meaningful, the left eye data were reflected in the line running

through the corneal apex from the superior to the inferior of the AOS.

If the two mean AOS profiles were identical then the graph in figures Sa and 5b
would show a horizontal plane, since the difference in elevation would be zero in
every position on the AOS. Since the graph is not a horizontal plane, the AOS’s
therefore exhibit some differences. In fact the graph is a “saddle” shape, where the
largest positive values occur in the horizontal periphery, and the largest negative
values occur in the vertical periphery. This indicates that the mean Taiwanese AOS is
flatter in the horizontal periphery, and steeper in the vertical periphery, than the mean

Caucasian AOS.

This saddle shape implies that contact lens fit issues in the Taiwanese population,
which arise from a difference in AOS shape to the Caucasian population, are highly
unlikely to be soluble by a simple adjustment to the back surface curvature of an
existing contact lens design. To clarify, if one steepens the curvature to better match
the shape of the vertical periphery, then the lens becomes too tight in the horizontal
periphery; conversely if one flattens the curvature then a better fit horizontally is

offset by a looser fit vertically.

A consequence of this is that standard contact lenses made according to conventional
designs, based on experience with Caucasian subjects, do not fit very well in the
NCAOS region when worn by Taiwanese subjects. Accordingly, the invention
provides for contact lenses having different back surfaces in the NCAOS region with

improved fit for Taiwanese subjects.
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In addition, because the profile of Taiwanese subjects’ eyes in the NCAOS region is
more asymmetric than that in Caucasian eyes (upon which most current globally
successfully contact lens designs are based), it is possible to confer sufficient
rotational stabilisation on contact lenses for Taiwanese subjects by using an
asymmetric design (especially in the NCAOS region) to assist in lens stabilisation on
eye and, if desired, to dispense with ‘ballast’ features or other rotational stabilising
means on the front surface which are conventional in contact lenses for Caucasian

subjects when rotational stabilisation is required (e.g. for toric lenses).

In order to design a back surface of a contact lens to fit a non-Caucasian ethnic group,
it 1s possible to adopt a number of different approaches. In one approach, with
knowledge of the comparison of the average profiles of a Caucasian subject and a
subject from the ethnic group of interest, one can determine the difference between
the sagittal heights at a plurality of points — conveniently points lying on one or more
axes, such as vertical and horizontal axes, and then adjusting an existing conventional
“Caucasian” back surface design by applying the height differences at the selected
plurality of points. Desirably the selected plurality of points on the back surface of
the adjusted design are then joined by fitting a smooth surface via interpolation to

complete the design of the back surface.

A detailed example of the above approach is now described with reference to Figures

6a-6¢.

Figure 6a is a plan view of the front of a lens designed according to the method of the
invention, and Figures 6b and 6c¢ are cross-sectional views through the lens at

different meridians.

In Figure 6a, “A” denotes the edge of the front optic zone (8.00mm in diameter), and
“C” denotes the edge of the contact lens (the lens having a total diameter of 14.5mm).
The peripheral front surface of the lens comprises three radial zones; PF1, PF2 and

PF3.



10

15

20

25

30

WO 2017/163055 PCT/GB2017/050793

20

In Figures 6b and 6c¢, the broken line indicates the edge of the base curve applied to
the rear surface of the lens. M1 and M2 indicate different selected meridians on the
back surface, and ‘" and ‘g’ denote arcs or spline curves, as desired, applied to the
peripheral back surface of the lens at the respective meridians, selected to match the

desired sagittal heights.

Figures 7a and 7b are cross-sections through the lens in the vertical and horizontal
meridians respectively. Sy indicates the sagittal depth of the vertical meridian of the
contact lens and Sy indicates the sagittal depth of the horizontal meridian of the

contact lens.

The design method is as follows.

Firstly the central back surface curve is defined based on the standard fitting criteria
that are favoured by the person skilled in the art of contact lens manufacturing. In this
example, an 8.60mm radius of curvature is used to define a spherical base curve out to
a diameter of 12.00mm (dotted line in Figures 6b and 6¢). The total diameter of the
lens is defined again using the standard fitting criteria, in this example a total diameter
of 14.50mm is selected. Secondly, a peripheral arc is added at numerous selected
meridians (examples shown as M1 and M2) extending from the centre of the lens
outwards, on one side, to the edge of the lens. The radius of curvature of this
peripheral curve (f and g respectively) is calculated to most accurately fit to a plurality
of sagittal heights along this meridian from the diameter of the base curve out to the
total diameter of the contact lens. This is repeated for all the selected meridians, for
example about 200 meridians (which number gives a satisfactory resolution for the
fitting of the lens to the subject), around the complete lens. An alternative approach is
to use a respective plurality of spline curves around the lens that pass through the

plurality of sagittal heights rather than one single spherical arc per meridian.

Thirdly the front surface is calculated by determining the front optic radius of the lens
from the required power. This may be a toric surface should the person skilled in the
art desire a lens that exhibits a toric prescription. In this example the diameter of the

front optic zone is 8.00mm.
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Lastly the front peripheral area which may conventionally consist of 1, 2 or more
radial zones (PF1, PF2, PF3 in Figure 6a), is designed to ensure that the edge
thickness is consistent around the complete lens, at each meridian. The radius of each
of these zones is calculated based on the sagittal height of the back surface with the

addition of the required lens thickness.
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Claims

1. A contact lens, the back surface of which has a shape such that the sagittal
depth of a vertical meridian in the non-central rear surface differs from the sagittal
depth of a horizontal meridian in the non-central rear surface by an amount in the

range S0pm to 500pum.

2. A contact lens according to claim 1, wherein the sagittal depth of the vertical
meridian on the non-central surface differs from, and preferably is greater than, the
sagittal depth of the horizontal meridian in the non-central surface by an amount in

the range 100 um to S00um.

3. A contact lens according to claim 1, wherein the sagittal depth of the vertical
meridian on the non-central surface differs from, and preferably is greater than, the
sagittal depth of the horizontal meridian in the non-central surface by an amount in

the range 120 um to S00um.

4. A contact lens according to claim 1, wherein the sagittal depth of the vertical
meridian on the non-central surface differs from, and preferably is greater than, the
sagittal depth of the horizontal meridian in the non-central surface by an amount in

the range 100 um to 300um.

5. A contact lens according to claim 1, wherein the sagittal depth of the vertical
meridian on the non-central surface differs from, and preferably is greater than, the
sagittal depth of the horizontal meridian in the non-central surface by an amount in

the range 100 um to 200um.

6. A contact lens according to claim 1, wherein the sagittal depth of the vertical
meridian on the non-central surface differs from, and preferably is greater than, the
sagittal depth of the horizontal meridian in the non-central surface by an amount in

the range 120 um to 200um.
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7. A contact lens according to any one of the preceding claims, which is a soft

contact lens.

8. A contact lens in accordance with any one of the preceding claims, wherein

the contact lens has a toric front surface.

9. A contact lens according to any one of the preceding claims, wherein the
contact lens has a desired orientation on eye and wherein any necessary rotational
stabilisation of the contact lens is provided substantially entirely by means of the fit of
the back of the lens to the surface of the subject’s eye on the non-central anterior

ocular surface.

10. A contact lens according to claim 9, wherein the contact lens has no ballast or

rotational stabilising means incorporated on the front surface of the lens.

11. A contact lens according to any one of the preceding claims, comprising a
back surface in the non-central surface region which is adapted and configured to fit
an averaged non-central anterior ocular surface profile for subjects from a particular
ethnic group and/or geographical region, wherein the ethnic group is other than

Caucasian and the geographical region is other than Europe or a part thereof.

12. A contact lens according to claim 11, wherein the ethnic group is Asian.

13. A contact lens according to claim 11 or 12, wherein the geographical region is
Taiwan.

14. A method of making a contact lens, the contact lens being in accordance with

any one of the preceding claims, the method comprising the steps of designing a
contact lens, the back surface of which has a shape such that the sagittal depth of the
vertical meridian in the non-central surface differs from, and preferably is greater
than, the sagittal depth of the horizontal meridian in the non-central surface by an

amount in the range 50-500pum.
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15. A method of manufacturing a contact lens, the method comprising the steps of
(1) making a lens in which at least part of the back surface of the lens in

the non-central surface region is adapted and configured to fit an
averaged non-central anterior ocular surface profile for subjects from a
5 particular ethnic group and/or geographical region of interest;

(i)  packaging the lens in sterile condition.

16. A method of designing at least the back surface of a contact lens adapted and
configured for a subject from a particular ethnic group and/or geographical
10 region, the method comprising the steps of’
(a) obtaining an averaged non-central anterior ocular surface profile for
subjects from the ethnic group and/or geographical region of interest, and (b)
using this profile to design the corresponding portion of the back surface of a
contact lens design.
15
17. A method according to claim 15, which is further in accordance with claim

14.

20
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