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Determining global shape parameters of a cornea using an aspheric toric surface model.

A method of determining global shape parameters of a cornea is disclosed, the method comprising:

- determining a height map of a cornea by:

i. lluminating a cornea of an eye using a stimulator source comprising a plurality of point sources;

ii. capturing a reflected image of the plurality of point sources and determining a position of reflections of
the respective plurality of point sources and

iii. deriving the height map of the cornea based on a position of the plurality of point sources and the
position of the reflections of the respective plurality of point sources;

- fitting the height map as derived to a toric aspheric model to obtain a global fitting of the corneal surface
to the toric aspheric model and;

- using the global fitting to determine one or more parameters related to an astigmatism of the cornea.

® ®

Dit octrooi is verleend ongeacht het bijgevoegde resultaat van het onderzoek naar de stand van de techniek en
schriftelijke opinie. Het octrooischrift komt overeen met de oorspronkelijk ingediende stukken.
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Title: Determining global shape parameters of a cornea using an aspheric toric surface

model.

BACKGROUND:
Corneal topographers are currently used to obtain curvature and height data and generate
topographic maps of a corneal surface of an eye. Compared to keratometers, corneal
topographers enable to provide a more detailed description of the corneal surface, e.qg.
including local variations over the corneal surface, and whereby data of the central and
peripheral parts of the cornea can be obtained.
At present, method have been developed to process the height data as obtained from
measurements using a corneal topographer to obtain so-called simK indices, such indices
being used to characterize astigmatism. Such simK indices e.g. being:

- Rmin (or Ksteep)

- Rmax (or Kflat)

- Angle of astigmatism
The indices are referred as simK (simulated keratotomy) because the processing of the
height data to obtain the astigmatism parameters simulates the operation of a keratometer,
which is typically used to characterize astigmatism parameters.
In the known methods to determine the astigmatism parameters, 1-dimensional fits are
made along various meridians to determine flattest meridian. This meridian may then be
used to determine Kflat, the corresponding angle may be selected as the angle of
astigmatism.
For the mentioned method reference can e.g. be made to US 2012/10955.
A drawback of the known methods to derive global parameters such as astigmatism
parameters is that the known methods suffer from a poor repeatability. As a result, when
such parameters have been derived, e.g. from 2D corneal height data, an uncertainty may
arise whether the derived parameters are sufficiently accurate. In particular, with respect to
the angle of astigmatism, a high repeatability is desired because an error of only 10 degrees

in the angle of astigmatism would render an astigmatic correction useless.

SUMMARY OF THE INVENTION:
It is an object of the present invention to provide in a more accurate calculation of global
shape parameters of a cornea. These parameters may refer the front or the back surface of

the cornea.
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In accordance with a first aspect of the present invention, there is provided a method

of determining global shape parameters of a corneal surface, the method comprising:

determining a height map of the corneal surface by:

i. llluminating a cornea of an eye using a stimulator source comprising a
plurality of point sources;

ii. capturing a reflected image of the plurality of point sources and
determining a position of reflections of the respective plurality of point
sources from the captured reflected image and

ii. deriving the height map of the corneal surface based on a position of
the plurality of point sources and the position of the reflections of the
respective plurality of point sources;

- fitting the height map as derived to a toric aspheric model to obtain a global
fitting of the corneal surface to the toric aspheric model and,

- using the global fitting to determine one or more parameters related to an
astigmatism of the cornea.

The method according to the first aspect of the invention comprises a first step of
determining a height map of a corneal surface. In accordance with the present invention,
use is made of a stimulator source comprising a plurality of point light sources to in use
illuminate the cornea of an eye. In an embodiment, LEDs can be used as light sources. An
arrangement of monochrome LEDs may be applied, alternatively, LEDs of different colors
may be applied as well. In the latter case, identifying a correspondence between a light
source and a reflection of the light source on a reflective image may be facilitated. The step
of determining the height map includes illuminating a cornea of an eye using a stimulator
source comprising a plurality of point sources, capturing a reflected image of the plurality of
light sources and determining a position of reflections of the respective plurality of point
sources. Using the position of the point light sources, i.e. the coordinates (x, y, z) and the
determined positions of the reflections, i.e. the coordinates (x, y) on the reflected image (e.g.
captured by a 2D CCD camera), a corneal height map or surface height can be determined.
This can e.g. be done using ray-tracing algorithms.

In an embodiment, the deriving the height map includes the step of performing a
surface fitting using a set of Zernike polynomials. Such polynomials are global functions with
a comparatively large domain, rendering a reconstruction or fitting using such functions
comparatively robust to noise. In this respect, reference can e.g. be made to WO
2009/056161. Using such functions, any devisable shape can be describes when a
sufficiently high order is selected. There is however a trade-off, when an increasing order is
used, an improved accuracy is obtained, but at the cost of diminished repeatability. The use

of order 8 has been proven to be a good trade-off in the determination of astigmatism
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parameters. In general, it can be noted that global functions such as Zernike polynomials
prove to be very repeatable and very accurate. As an alternative to the use of Zernike

polynomials, the use of Fourier series or spline functions can be mentioned.

Compared to known methods, the height map as determined in the present invention
is based on point-to-point information, due to the use of a stimulator source comprising a
plurality of point shaped light sources, also referred to a point sources. In known methods,
Placido rings are used as a light source. The use of such rings may however resultin a
severe accuracy loss due to a combination of skew ray errors. Alternative known
approaches make use of a time-consuming data acquisition that may result in motion
artefacts and as a result in a poor repeatability of the measurements.

In a next step, the method according to the first aspect of the present invention
provides in fitting the height map as derived to a toric aspheric model to obtain a global
fitting of the corneal surface to the toric aspheric model. Whereas a known approach is to
use a number of 1-dimensional fits to derive a parameter of astigmatism, the present
invention uses a 2-dimensional fitting of the corneal height data. In particular, the corneal
height data is fitted to a toric aspheric model. It has been observed, by means of clinical
tests, that such an approach results in an improved repeatability over the known methods,
without a loss of accuracy. According to the inventors, the improved repeatability and high
accuracy of the method according to the invention can be attributed to the combination of
the use of point-to-point information (by using the above described stimulator source) and
the fitting to a toric aspheric (i.e. a 2-dimensional) model.

In a next step, the method according to the first aspect of the invention comprises the
step of using the global fitting to determine one or more parameters related to an
astigmatism of the cornea. Once a fitting of the height data onto a toric aspheric model has
been established, the model can be used to determine one or more parameters defining or
describing an astigmatism of the cornea. Such parameters may e.g. include Ksteep, Kflat
and form factor. Ksteep is in general used to denote the steepest meridian of the cornea,
whereas Kflat is used to denote the flattest meridian. The angle corresponding to the flattest
meridian is referred to as the angle of astigmatism. The form factor (k) or, equivalently, the
eccentricity (e) indicates to what extend the corneal surface is spherical, hyperbolical,
parabola or elliptical and affects spherical aberration.

1. According to a second aspect of the invention, there is provided a corneal
topographer comprising:
- a stimulator source comprising a plurality of point sources for, in use,

illuminating a target surface comprising a corneal surface of an eye;
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- animage target configured to capture a reflected image of the plurality of
point sources reflected from the target surface; and
- acomputational unit configured to:

i. determine a height map of the corneal surface based on a position of
the plurality of point sources and a position of the reflections of the
respective plurality of point sources on the captured reflected image;

ii. fitting the height map as derived to a toric aspheric model to obtain a
global fitting of the corneal surface to the toric aspheric model and;

ii. using the global fitting to determine one or more parameters related to
an astigmatism of the cornea.

The corneal topographer according to second aspect of the present invention
comprises a stimulator source that is configured to illuminate, during use, a cornea of an eye
with a pattern of light provided by a plurality of light sources, such as LEDs. The topographer
further comprises an image target configured to capture a reflected image of the plurality of
light sources (also referred to as point sources), reflected off of the cornea. In an
embodiment, the image target can comprise a camera system, e.g. including a CCD camera
or the like.

The corneal topographer according to the invention further comprises a computational unit
for processing the image data as obtained from the image target. Such a computational unit
may e.g. comprises a microprocessor or the like to process the image data. The image data
can e.g. be provided to an input terminal of the computational unit for processing. In
accordance with the present invention, the computational unit is configured to determine a
height map of the cornea based on a position of the plurality of point sources and a position
of the reflections of the respective plurality of point sources on the reflected image. In a
embodiment, determining such a height map involves performing a surface and surface
normal vector fitting using a set of Zernike polynomials. In order to determine the height
map, the computational unit makes use of the coordinates (x, y, z) of the point sources, and
the determined coordinates (X, y) of the reflections of the point sources on the image target,
e.g. a 2D CCD camera.

The computational unit is further configured to fit the height map as derived to a toric
aspheric model to obtain a global fitting of the corneal surface to the toric aspheric model
and; using the global fitting to determine one or more parameters related to an astigmatism
of the cornea.

In an embodiment, the corneal topographer may further comprise an output terminal
for outputting the one or more parameters in any suitable format. As an example, the
parameters may be outputted as numerical values or may be outputted as a graphical

representation of e.g. the Kflat and Ksteep orientations or positions.
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BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will now be described, by way of example only, with
reference to the accompanying schematic drawings in which corresponding reference
symbols indicate corresponding parts, and in which:

Figure 1 schematically depicts a flow chart of an embodiment of the method according to the
present invention;

Figure 2 schematically depicts a height profile of the cornea of an eye.

Figure 3 schematically depicts a flow chart of a preferred embodiment of the method
according to the present invention;

Figure 4 schematically depicts a corneal topographer according to an embodiment of the

present invention.

Description

Figure 1 schematically shows a flow chart of an embodiment of the method according to the
present invention. The method as shown comprises a first step 100 of determining a height
map representing a corneal surface. In accordance with the present invention, the height
map is established based on measurement data obtained by illuminating a corneal surface
with a stimulator source that comprises point sources, also referred to as a point source
stimulator. Within the present invention, the feature ‘point source’ is used to denote a light
source providing a comparatively small, point-like source of illumination, in contrast to e.g.
Placido rings having an area-type of illumination.

Using point-like illumination sources enables to provide a more accurate determination of the
corneal surface as represented by a height map. As an example of point sources, LEDs can
be mentioned. As alternative, a laser-type light source may be considered, whereby a laser
beam is distributed into a plurality of point sources using optical fibers. In a second step 110,
the height map as derived in the first step 100 is fitted to a toric aspheric model to obtain a
global fitting of the corneal surface to such a 2D toric aspheric model. By using a global
model, i.e. a 2D model that is fitted to the corneal surface, instead of a number of 1-
dimensional fits to derive the astigmatism parameters, it has been observed that the
repeatability of the results is significantly improved. It is understood that measurement errors
or errors made during the determination of the height map are more averaged out when a 2-
dimensional model is used, compared to when a 1-dimensional model is used. As such, the

global fitting using the toric aspheric model, which is a 2-dimensional fitting, is less
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susceptible or less influenced by local errors compared to a (combination of) 1-dimensional
fitting. As a result, the repeatability of the results is improved.
In a third step 120, the method according to the first aspect of the invention provides in
using the global fitting to the toric aspheric model to determine one or more parameters
related to an astigmatism of the cornea.
As an example, when a toric aspheric model is fitted to the height map of the cornea, the
parameters describing the toric aspheric model can be used to e.g. determine the steepest
and the flattest meridian. Yet another parameter as can be derived from the global fitting is
form factor (k) or, equivalently, the eccentricity (e) indicates to what extend the corneal
surface is spherical, hyperbolical, parabola or elliptical and affects spherical aberration.
Figure 2 schematically shows a height profile 200 of the cornea of an eye. Such
height profile or height map may e.g. be determined using a corneal topographer according
to the present invention, whereby reflections of a stimulator source are used.
The following describes how the global fitting of the height map may be obtained.

In general, a aspheric surface can be described by equation 1:

%2 +y2—Z2Rz+ kz? = 0
(1)

with z the corneal height, x and y the corresponding lateral positions, R the radius of
curvature and k the form factor. The mathematical method as describe makes use of matrix
equations, therefore the 2D arrays for height (z), position (x) and position (y) can be
reshaped to vector arrays in order to use matrix equations. Furthermore, because the aim is
to find two radii of curvature, because a toric model for the fitting of the height map or height
data (z), the constant R in equation 1 may be replaced by (a vectorised form of) the model

for the toric radius of curvature map:

R =R,— (R;—Ry)cos(a — )7 @)

Using trigonometric identities this can be expanded as:

R =R,—(R;—R ){cos(B)cos(a) + sin(B ) sinfa))? -

With a the angle of astigmatism and 6 the axis of the reference system.

Expanding equation 3 further:

R=R;,—(R;—R){cos(B)?cos(o)? + 2eos(B Joosia)sin(8) sine) + sin(8)? sinfe)?) @
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x* . e
R=R,—(R:—Ry) (m coslo)® + cos(a)sin(a) + " sm(n:t]lz)

_.rZ + },2 x2

®)

Now substituting R in equation (1) with the above equation (5) for R:

x2 },2
2 2 — _ - 2 : : 2
¥l +y2-2 [Rg (R, Rij(xz e cos(o)? + cos(e ) sin(e) + e zin o) )

Z

X+ 32 X2
+kzf =10

®)

Multiplying sides of the equation with =% + 2 to get:

2 2
cos(a)? + cos(a) sina) +—> = sin(c:r.)z)

2 4522 —2 R, — (R,—R 2
(2* +y°) 2 — (Rz 1)(1_2_'_}?2 xZ 4972 x2 (x
+y8z+ki(x? +y2)2f = 0

(7)
Cancelling out numerator and denominator results in:

(22 + 329 — 2[R, (%% + w2 — (R, —Ry MxZcos{a)? + Zyoos{a) sinfe) + yosinf{a)? )]z + kix?
+321z¢ = 0
(8)

In equation (8), x,y,z are known and Ry, R,, a and k are the parameters describing the toric
aspheric model. In accordance with an embodiment, equation (8) is reshaped in the form of

a matrix multiplication:

A=BC
©)

when equation 8 is written in this form, the parameters R;, R, a and k can be found using a
least squares fit. Matrix A contains constant parts of equation (8), B is a matrix that contains
the dependent part and C is a matrix of coefficients in which the parameters R;, R,, a and k
are present. If equation 8 is drafted in this form, one can calculate the coefficients by a

multiplication of the pseudo-inverse matrix B with A, which is a least squares fit:

B la=¢ (10)
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The left part of the equation has no coefficients (xz? +32}2, so this can be considered the

constant matrix A.

— (w2 22
A=z +vi) (1)

5 The matrix B then becomes:

B=((x%+yHz? =%z xyz v’z (12)

The unknown coefficients are therefore given by

—k
2R, — 2(R,—Ry jros(o)®
€= 4(R,—Ry Jsin(o)cos(o)

2R2 - Z{Rz_leSjIl{D.’.}z
10 (13)

From the numerical values of C the parameters R;, R, a and k can be calculated:

—k c(1)
2R, — 2(R,—Ry dcosln)? ()
4{Ro—Rq)sin{ajcosa) |~ | €(3)
2R, — 2(R,—Ry Jsin{ m)? C(4)

(14)
15
Given the vector array approach as mentioned, matrix A e.g. has 1 column and a number of
rows that is equal to the number of points n on which height is calculated (depending on the
implementation, n may e.g. be in a range of 5000 to 50000, typically in the range of 20000
to 30000). Matrix B has four columns and n rows and matrix C has 1 column and four rows.
20 To summarize, equation 8 can be recasted in matrix equation 9 with A, B and C given by
equations 11, 12 and 13 respectively.
When the numerical values of matrix C are established, the parameters R;, R,, a and k can
be determined by inverting equation 14, resulting in the parameters being described as a
function of the coefficients of matrix C:
25
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/ —€(1)
1 Jo:a)mcmzl -c@)?
4 4
k
B)- . c(3)
i weln 4ﬂﬂ1ﬂ®)

Cl2V4+ €040 1 IC(D2 4+ (C(4) — (2N’
= )ﬂz\/ 4 /
(15)

As can be seen, the result for a is degenerate. There are two solutions that satisfy the third

row of equation 15. These are given by:

A Y , cig)
0= E.S]I-.I.LW_ET] orn= 180 — asin m (16)
d b - 4 -

In order to get the correct one, the following check can be performed by filling in the

solutions for a in the original equation, whereby the a that satisfies

2R; — 2(R; — Ry)cos{e)? = €(2) 17)

is the angle a we are looking for.

As a convention, the angle of astigmatism will be a value between 0 and 180 degrees.
Therefore, if the calculation results in an angle outside this domain, they are given in terms
of the identical angle between 0 and 180. This means that the modulo operation may be
performed on the a of equation 17. The angle of astigmatism that results from the algorithm
is a mod 180.

Using the described algorithm, the parameters R;, R., a and k can thus be calculated with
high precision from the x,y,z, array describing the corneal height data or height map.

In Figure 3, a flow chart of a preferred embodiment of the present invention is
schematically shown:

A point-to-point measurement 310 of a corneal surface form the basis of the
calculations. In particular, the coordinates (x,y) of the reflections of the point sources of the
stimulator on an image target such as a 2D CCD camera, and the coordinates (x,y,z) of the
physical point source locations in space are used. Based on these coordinates, a
mathematical model of the corneal surface height, referred to as the corneal height map
330, is derived, preferably using Zernike polynomials 320. As a default, Zernike polynomials

up to order 8 are applied. In general, the Zernike order can be varied depending on the
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practical usage. For order 8, 45 coefficients are estimated using a least squares fit on both
the corneal surface normal vectors and the height data itself. This fit can be performed in an
iterative manner to obtain the coefficients that best describe the cornea.

Increasing the Zernike order results in a required estimation of more coefficients. In
theory, a better accuracy would be obtained with increasing Zernike order. However, the
total error may increase at a certain increase of the Zernike order, because of an increased
sensitivity to noise with an increasing number of coefficients. Order 8 has been found and
proved to be an optimum choice.

As a result of the combining of the point-to-point measurement 310 and the use of
Zernike polynomials 320, the height map obtained by using this method has proved to have
an increased accuracy and repeatability compared to the state of the art. This is due to the
fact that:

- in known arrangements, placido rings are used instead of point to point information.
The use of such rings may result in a severe accuracy loss as a combination of skew
ray errors and edge detection errors.

- In other known arrangements, a time-consuming data acquisition is used that may
result in motion induced artefacts and as a result in a poor repeatability of the
measurements.

When the accurate and repeatable corneal height map 330 is established, it is used to
obtain a global fitting of a 2-dimensional toric aspheric model 340 to the corneal surface.
This can e.g. be done by solving the matrix equation 9 as mentioned above. As a result,
accurate and repeatable astigmatism parameters 350 can be obtained.

The inventors of the method as described have in particular that that fitting the two-
dimensional toric aspheric model to a corneal height map which is obtained by a Zernike
polynomial fitting to point-to-point corneal height data results in a highly repeatable and
accurate axis of astigmatism estimation. By applying a corneal height map as calculated in
the preferred embodiment, i.e. by applying a Zernike polynomial fitting to point to point
corneal height data, the final result, i.e. the determined astigmatism parameters, is
unprecedented.

As an alternative to the use of Zernike polynomials, the following options are worth
mentioning:

- Fourier series. These are also global functions, like Zernike polynomials. Similar to
the use of Zernike polynomials, any shape can be described, provided that a
sufficiently high order is selected. As a difference, it can be that Fourier series are
defined on an infinite domain, whereas Zernike’s are defined in a circular domain.

Since a corneal outline resembles a circle and the Zernike polynomials resembles the
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shapes that are present in optical systems such as the cornea, see e.g. Figure 2, it

may be advantageous to use Zernike polynomials over Fourier series.

- Spline functions. The use of spline functions does not actually provide in a fitting, but
rather provide an interpolation. This means that the splines pass exactly trough the
measurement points. This may result in a more accurate height map, but most likely
at a high cost in terms of repeatability.

As mentioned above, the 2-dimensional fitting of the toric aspheric model to the corneal
height map can be realized using a least squares fitting. As alternatives, the following
options are worth mentioning:

- RANSAC or RANdom SAmple Consenus, which is an iterative method to estimate
parameters of a mathematical model from a set of measurements which may contain
outliers.

- Minimum Absolute Deviations.

As alternatives to the aforementioned toric aspheric model, the following can be mentioned:
An alternative model to the toric aspheric model could e.g. be a Gaussian model in which
theta is estimated. However, when using such model, there is no estimation made of
astigmatism. When using Gaussians, one could use a mixture of Gaussians to model toric
aspheric parameters. However, this model is expected to perform bad.

With respect to the use of a toric aspheric model, some minor variants or variations could be
mentioned. Referring to the asphericity as applied in the model as described, it can be
mentioned that this asphericity is assumed to radially symmetric. As an alternative, the
asphericity could be assumed to be radially non-symmetric, see e.g. Kiely et all., Optica
Acta, 1982, Vol. 29, No. 8, 1027-1040.

The methods as discussed above may advantageously be implemented in a corneal
topographer according to the present invention. Figure 4 schematically shows such a
topographer. In Figure 4, an embodiment of the corneal topographer according to the
present invention is schematically shown. The embodiment schematically shows a stimulator
source 400 arranged to project a plurality of light rays onto a corneal surface 410. The
stimulator 400 may e.g. have a conical shaped or a hemispherical shaped surface 220
whereby a plurality of the source points are arranged on this surface 420 for projecting the
plurality of light rays onto the corneal surface 410. In an embodiment, the source points can
be provided by mounting LEDs 430, optionally of different color, onto the surface 420. As an
alternative, the source points can consist of end-points of fiber optics arranged to emit rays
of light towards the corneal surface 410. As schematically shown, an incident ray of light I,
emitted by source point (Sp) 430.1 (having coordinates (Xs, Ys, Zs)) intersects the corneal
surface 410 (at corneal intersection point C (having coordinates (Xc, Yc, Zc)) and results in a

reflected ray of light R towards a lens 450 of an image target, e.g. a camera system such as
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a CCD camera for recording the corneal reflection. The reflected ray of light R is
subsequently receive by a camera plane 470 of the image target resulting in an image point
(Ip) having coordinates (Xi, Yi, Zi). The topographer according to the present invention
further comprises a computational unit 480, e.g. a computer, or microprocessor or the like
for processing the captured images and construct, based on the captured image, a
mathematical representation of the corneal surface 410. In particular, in accordance with the
present invention, the computational unit 480 is configured to:

i. determine a height map of the corneal surface 410 based on a position
of the plurality of point sources (e.g. on the surface 420) and a
position of the reflections of the respective plurality of point sources on
the captured reflected image (470);

ii. fitting the height map as derived to a toric aspheric model to obtain a
global fitting of the corneal surface 410 to the toric aspheric model
and;

iii. using the global fitting to determine one or more parameters related to
an astigmatism of the cornea.

As required, detailed embodiments of the present invention are disclosed herein;
however, it is to be understood that the disclosed embodiments are merely exemplary of the
invention, which can be embodied in various forms. Therefore, specific structural and
functional details disclosed herein are not to be interpreted as limiting, but merely as a basis
for the claims and as a representative basis for teaching one skilled in the art to variously
employ the present invention in virtually any appropriately detailed structure. In this respect,
it should be noted that the cited dimensions are only indicative for good understanding and
are not restricted to the scope of the invention.

Further, the terms and phrases used herein are not intended to be limiting, but rather, to
provide an understandable description of the invention.

The terms "a" or "an", as used herein, are defined as one or more than one. The term
plurality, as used herein, is defined as two or more than two. The term another, as used
herein, is defined as at least a second or more. The terms including and/or having, as used
herein, are defined as comprising (i.e., open language, not excluding other elements or
steps). Any reference signs in the claims should not be construed as limiting the scope of
the claims or the invention.

The mere fact that certain measures are recited in mutually different dependent claims

does not indicate that a combination of these measures cannot be used to advantage.
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CONCLUSIES

1. Werkwijze voor het bepalen van globale vormparameters van een hoornvlies opperviak, de
werkwijze omvattende:
- het bepalen van een hoogtekaart van het hoornvlies door:

i. het belichten van een hoornvlies van een oog met een stimulatorbron die
meerdere puntbronnen omvat;

ii. het vastleggen van een gereflecteerd beeld van de meerdere puntbronnen
en het bepalen van een positie van reflecties van de respectievelijke meerdere puntbronnen
van het vastgelegde gereflecteerd beeld en

iii. het afleiden van de hoogtekaart van het hoornvlies op basis van een positie
van de meerdere puntbronnen en de positie van de reflecties van de respectievelijke
meerdere puntbronnen;

- het doen aansluiten van de hoogtekaart zoals bepaald op een torisch asferisch model om
een globale fitting van het hoornvlies te verkrijgen met het torisch asferisch model en
- het gebruiken van de globale fitting om een of meer parameters met betrekking tot een

astigmatisme van het hoornvlies te bepalen.

2 . Werkwijze volgens conclusie 1 , waarbij de stap van het afleiden van de hoogtekaart de

stap omvat van het uitvoeren van een oppervlakte-fitting met een reeks Zernike-polynomen.
3 . Werkwijze volgens conclusie 1, waarbij de stap van het afleiden van de hoogtekaart het
uitvoeren omvat van een oppervlakte-fitting en een oppervlak-normaalvector-fitting met een

reeks Zernike-polynomen.

4 . Werkwijze volgens conclusie 2 of 3 , waarbij de reeks Zernike-polynomen polynomen tot
de 8e orde omvatten.

5 . Werkwijze volgens een van de voorgaande conclusies, waarbij de een of meer parameters

Ksteep , Kflat en vormfactor omvatten.

6 . Werkwijze volgens een van de voorgaande conclusies, waarbij het torisch asferisch model

wordt beschreven als :

%2 +y2—2Rz+kz? =0 R=R,—(R;—Ryjcos(a —8)?

waarbij :
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z = hoornvlieshoogte op positie (X, y ), R = een kromtestraal en k = een vormfactor

7 . Werkwijze volgens een van de voorgaande conclusies, waarbij de stap van het doen
aansluiten van de hoogtekaart zoals bepaald op een torisch asferisch model, wordt

uitgevoerd met een kleinste kwadraten aansluiting.

8 . Werkwijze volgens een van de voorgaande conclusies, waarbij de stap van het doen
aansluiten van de hoogtekaart zoals bepaald op een torisch asferisch model, wordt

uitgevoerd met behulp van RANSAC of minimale absolute afwijkingen.

9 . Een hoornvlies-topograaf omvattende :

- een stimulatorbron omvattende meerdere puntbronnen voor het tijdens gebruik belichten
van een doeloppervlak dat een hoornvlies van een oog omvat;

- een afbeeldingsdoel ingericht om een gereflecteerd beeld van de meerdere puntbronnen
gereflecteerd van het doeloppervlak op te vangen , en

- een rekeneenheid ingericht om:

i. een hoogtekaart van het hoornvlies te bepalen op basis van een positie van de
meerdere puntbronnen en een positie van de reflecties van de respectievelijke meerdere
puntbronnen op het opgevangen gereflecteerde beeld;

ii. het doen aansluiten van de hoogtekaart zoals bepaald op een torisch asferisch
model om een globale fitting van het hoornvlies met het torisch asferisch model te verkrijgen
en;

iii. het gebruiken van de globale fitting om een of meer parameters met betrekking tot

een astigmatisme van het hoornvlies te bepalen.

10 . De hoornvlies-topograaf volgens conclusie 9 , waarbij de meerdere puntbronnen LED-

lichtbronnen omvatten.

11 . De hoornvlies-topograaf volgens conclusie 9 of 10 , waarbij de rekeneenheid is ingericht

om de werkwijze volgens een van de conclusies 1 - 8 uit te voeren.



Determining a height map of a corneal
surface based on a reflected image of a point
100 - source stimulator.

\

fitting the height map to a toric aspheric
model to obtain a global fitting of the corneal
— surface.

110

(

120 using the global fitting to determine one or
\¥ more parameters related to an astigmatism of
— the cornea.

Figure 1



200

Figure 2

Point to point
data (source
points (x,y,z) and _|
image (x,y)

310

(‘ 330

\}

Accurate and
repeatable corneal

350 7

) height map
Use of Zernike
polynomials

\)
320 2-dimensional toric
aspheric fitting

7

Accurate and
repeatable

astigmatism
parameters

340 \//

Figure 3




(0,0,0)

),
470

-

430

Figure 4



[onry

EOB FORM 02.83 (P0414B)

Agentschap NL OCTROOIAANVRAAG NR.:
Ministerie van Economische Zaken NO 138999

NL 2012004
ONDERZOEKSRAPPORT
BETREFFENDE HET RESULTAAT VAN HET ONDERZOEK NAAR DE STAND VAN DE TECHNIEK
RELEVANTE LITERATUUR
Categoﬁe‘ Literatuur met, voor zover nodig, aanduiding van speciaal van belang zijnde Van belang voor | Classificatie
tekstgedeelten.of figuren. conclusie(s) nr: | (IPC)
X US 20117165943 Al (DE PAZ ET AL) 1-11 INV.
5 mei 2011 (2011-05-05) A61B3/036
* alineas [0057] - [0074] * A61B3/107

Onderzochte gebieden
van de techniek

A61B

Indien gewijzigde conclusies zijn ingediend, heeft dit rapport betrekking op de

conclusies ingediend op:

Plaats van onderzoek: Datum waarop het onderzoek werd Bevoegd ambtenaar:

voltooid:
Miinchen 9 oktober 2014 Martelli, Luca
1 CATEGORIE VAN DE VERMELDE LITERATUUR

X: de conclusie wordt als niet nieuw of niet inventief T: nade indieningsdatum of de voorrangsdatum
beschouwd ten opzichte van deze literatuur gepubliceerde literatuur die niet bezwarend is voor de

Y: de conclusie wordt als niet inventief beschouwd ten octrooiaanvrage, maar wordt vermeld ter verheldering van
opzichte van de combinatie van deze literatuur met de theorie of het principe dat ten grondslag ligt aan de
andere geciteerde literatuur van dezelfde categorie, uitvinding
waarbij de combinatie voor de vakman voor de hand E: eerdere octrooi(aanvrage), gepubliceerd op of nade
liggend wordt geacht indieningsdatum, waarin dezelfde uitvinding wordt

A: niet tot de categorie X of Y behorende literatuur die de beschreven
stand van de techniek beschrijft D: in de octrooiaanvrage vermeld

O: niet-schriftelijke stand van de techniek L: om andere redenen vermelde literatuur

P:tussen de voorrangsdatum en de indieningsdatum &: lid van dezelfde octrooifamilie of overeenkomstige
gepubliceerde literatuur octrooipublicatie




AANHANGSEL BEHORENDE BIJ HET RAPPORT BETREFFENDE
HET ONDERZOEK NAAR DE STAND VAN DE TECHNIEK, NO 138999
UITGEVOERD IN DE OCTROOIAANVRAGE NR. NL 2012004

Het aanhangsel bevat een opgave van elders gepubliceerde octrooiaanvragen of octrooien (zogenaamde leden van dezelfde octrooifamilie),
die overeenkomen met octrooischriften genoemd in het rapport.

De opgave is samengesteld aan de hand van gegevens uit het computerbestand van het Europees Octrooibureau per

De juistheid en volledigheid van deze opgave wordt noch door het Europees Octrooibureau, noch door het Bureau voor de Industrigle

eigendom gegarandeerd; de gegevens worden verstrekt voor informatiedoeleinden. 09-10-2014
In het rapport Datum van Overeenkomend(e) Datum van
genoemd octrooigeschrift publicatie geschrift(en) publicatie
US 2011105943 Al 05-05-2011 EP 2268192 Al 05-01-2011
US 2011105943 Al 05-05-2011
WO 2009127442 Al 22-10-2009
b3
8
g Algemene informatie over dit aanhangsel is gepubliceerd in de 'Official Journal' van het Europees Octrooibureau nr 12/82 blz 448 ev



SCHRIFTELIJKE OPINIE

DOSSIER NUMMER
NO138999

INDIENINGSDATUM VOORRANGSDATUM AANVRAAGNUMMER
20.12.2013 NL2012004

CLASSIFICATIE

INV. A61B3/0036 A61B3/107

AANVRAGER
i-Optics B.V.

Deze schriftelijke opinie bevat een toelichting op de volgende onderdelen:

Onderdeel |
Onderdeel |
Onderdeel Il
Onderdeel IV
Onderdeel V

Onderdeel VI

O00 ROOOR

Basis van de schriftelijke opinie

Voorrang

Vaststelling nieuwheid, inventiviteit en industriéle toepasbaarheid niet mogelijk
De aanvraag heeft betrekking op meer dan één uitvinding

Gemotiveerde verklaring ten aanzien van nieuwheid, inventiviteit en
industriéle toepasbaarheid

Andere geciteerde documenten

Onderdeel Vil Overige gebreken
Onderdeel VIII Overige opmerkingen

DE BEVOEGDE AMBTENAAR

Martelli, Luca

Form NL237A (Dekblad) (July 2006)




Aanvraag nr.:

SCHRIFTELIJKE OPINIE NL2012004

Onderdeel | Basis van de Schriftelijke Opinie

1. Deze schriftelijke opinie is opgesteld op basis van de meest recente conclusies ingediend voor aanvang van het
onderzoek.

2. Met betrekking tot nucleotide en/of aminozuur sequenties die genoemd worden in de aanvraag en relevant
zijn voor de uitvinding zoals beschreven in de conclusies, is dit onderzoek gedaan op basis van:

a. type materiaal:
L sequentie opsomming
0 tabel met betrekking tot de sequentie lijst
b. vorm van het materiaal:
Ll op papier
O in elektronische vorm
¢. moment van indiening/aanlevering:
[0 opgenomen in de aanvraag zoals ingediend
[J samen met de aanvraag elektronisch ingediend
O later aangeleverd voor het onderzoek
3. O Ingeval er meer dan één versie of kopie van een sequentie opsomming of tabel met betrekking op een
sequentie is ingediend of aangeleverd, zijn de benodigde verklaringen ingediend dat de informatie in de

latere of additionele kopieén identiek is aan de aanvraag zoals ingediend of niet meer informatie bevatten
dan de aanvraag zoals oorspronkelijk werd ingediend.

4. Overige opmerkingen:

NL2378B (July 2006)



SCHRIFTELIJKE OPINIE

Aanvraag nr.:

NL2012004

Onderdeel V.  Gemotiveerde verklaring ten aanzien van nieuwheid, inventiviteit en industriéle

toepashaarheid

. Verklaring

Nieuwheid

Inventiviteit

Industriéle toepasbaarheid

. Citaties en toelichting:

Zie aparte bladzijde

NL237B (July 2006)

Ja:
Nee:

Ja:
Nee:

Ja:
Nee:

Conclusies
Conclusies

Conclusies
Conclusies

Conclusies
Conclusies

4,5,8
1-3, 6, 7, 9-11



OPINIE AANVRAAGNUMMER

n
r
DE) NL2012004

1 Re ltem V

Reasoned statement with regard to novelty, inventive step or industrial
applicability; citations and explanations supporting such statement

Reference is made to the following document:

D1 US 2011/105943 A1 (DE PAZ ET AL) 5 mei 2011_(2011-05-05)
2 NOVELTY - INVENTIVE STEP
2.1 Independent claims 1,9

D1 discloses a method and apparatus to determine shape parameters of the
surface of the cornea (paragraph 66), comprising:

 determining an elevation map of the cornea by:

o illuminating the cornea with a stimulation source comprising a plu-
rality of point sources (paragraph 65)

o capturing a reflected image of the plurality of point sources and
determining a position of reflections of the respective plurality of
point sources from the captured reflected image (paragraph 65)

o deriving the height map of the corneal surface based on a position
of the plurality of point sources and the position of the reflections
of the respective plurality of point sources ("anterior surface mo-
del", "corneal thickness", paragraph 65);

- fitting the height map as derived to a toric aspheric model to obtain a
global fitting of the corneal surface to a toric aspheric model (parag-
raphs 67-68)

« using the global fitting to determine one or more parameters related to
an astigmatism of the cornea (paragraph 69).

Hence the subject-matter of independent method claim 1 and of apparatus
claim 9 lacks novelty.

Form NL237-3 (separate sheet) (July 2006) (sheet 1)
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2.2

Dependent claims 2-8, 10-11
D1 discloses the following features of these claims:

Claims 2-3: Zernike polynomials (paragraph 66)
Claim 6: toric aspheric model (paragraph 68).
Claim 7: least square fitting (paragraph 74)
Claim 10: LED light sources (paragraph 57).

Claim 11: apparatus adapted to carry out the method of claim 1 (see the pas-
sages cited for claim 1).

Hence the subject-matter of claims 2-3, 6-7, 10 lacks novelty.

The subject-matter of claim 4-5, 8 relates to obvious features which represent
obvious choices for the skilled person trying to solve the corresponding tech-
nical problem. So the subject-matter of these claims is not inventive.

Form NL237-3 (separate sheet) (July 2006) (sheet 2)
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