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(57) Abrégé/Abstract:

The present invention relates to a method (210), a device (110) and a computer programme for determining a refractive error of an
eye (112) of a user (114). The method (210) for determining the refractive error of the eye (112) of the user (114), wherein the eye
(112) of the user (114) has a choroid (124), comprises the following steps: a) determining at least one value for a layer thickness
(122) of the choroid (124) of the eye (112) of the user (114) over at least one region (150) of the choroid (124); and b) determining
a value (216) for the change in the refractive error of the eye (112) exclusively from at least two values for the layer thickness (122)
of the choroid (124), each of which have been determined at different times for the at least one region (150) of the choroid (124),
wherein the at least one region (150) is selected from a nasal perifoveal region (168) or a nasal parafoveal region (166).

C an a dg http:vopic.ge.ca » Ottawa-Hull K1A 0C9 - aup.:/eipo.ge.ca OPIC

OPIC - CIPO 191



CA 03111012 2021-02-26

WO 2621/605213 PCT/EP2020/069566

Abstract

The present invention relates to a method (210), an apparatus (110) and a computer program
5 for determining a refractive error of an eye (112} of a user (114). The method (210) for
determining the refractive error of the eye (112) of the user (114), the eye (112) of the user
(114) having a choroid (124), comprises the following steps:
a) asccrtaining at lcast onc valuc for a layer thickness (120) of the choroid (124} of the
eye (112) of the user (114) over at least one region (130) of the choroid (124); and
10 b) determining a value {216} for the change in the refractive error of the eye (112) only
from at least two values for the layer thickness (122) of the choroid (124) which were
each ascertained at different times for the at least one region (150} of the choroid (124),
wherein the at least one region (150) is selected from a nasal perifoveal region (168)

or a nasal parafoveal region (160).
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Determination of a change in a refractive error of an eye

Field of the invention

The present mvention relates to a method, an apparatus and a computer program for

determining a change in a refractive error of an eye of a user.
Prior art

The prior art has disclosed methods for determining refractive errors of an eye of a user.
Here, the term "refraction” denotes a refraction of light in the eve of the user which is
experienced by a light beam incident in the interior of the eye through the pupil. By having
available a number of spectacle lenses with known properties and by guiding the user
through a questionnaire process, it is possible to subjectively determine the defocusing of
the cye of the user and to determine which, c.g., spherocylindrical configuwration of the
spectacle lens leads to a substantial compensation of the refractive error of the eye and hence
to an image quality for the user that is as optimal as possible. Defocusing of the eye of the
user can lead to a refractive error (ametropia) of the user, m particular to nearsightedness
{mvyopia) or farsightcdness (hyperopia). An increased prevalence of myopia, particularly in
chiidren and adolescents, can be observed in Asiatic countries in particular, with the myopia
being caused in approximately 80% of cases by an increased eye length growth. As arule of
thumb, a lengthening of the eyeball of approximately I mm leads to a refractive error of

approximately 3 dpt.

Furthermore, capturing the refraction of the eye by measurement with and without a
cvcloplegic agent, 1.e., a pharmaceutical for reducing the ability of the eye to accommodate,
for the purposes of determining a change in the refractive error of the eye is known. This can
be carried out, in particular, for monitoring the progress of arefractive error or [or observing
an cffectivencss of approaches for reducing the progression of the refractive error.
Alternatively, it is possible to capture an axial length of the eye, in particular from the
anterior surface or posterior surface of the comea to the retinal pigment epithelium of the
retina, over a relatively long period of time by means of optical laser biometry, for example,
and it is possible to observe this growth over this period of time. To this end, progress can
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be monitored over the period of time of one to three years, with at least two measuremenis
being carried out each year as a rule. However, other intervals are also possible, for example
a measurement at least every week, month or year. However, i this case, a statement about
the individual progression or the effectiveness of a selected approach for reducing the

progression is only available after this period of time has expired.

Further, a relationship is known to exist between the layer thickness of the choroid of the
eye and the axial length of the latter. Moreover, the choroid is known to be able to react to
externally induced dioptric stimuli by way of a change in thickness, and the time resolution
of such a reaction is known to be in the range of minutes. By way of example, data
ascertained by means of optical coherence tomography (OCT) can be used to determine the
change in the layer thickness of the choroid. Further options of optical intervention for
reducing the progression of myopia are based on dioptric theories, for example an under-
accommodation theory or a peripheral defocus theory, wherein OCT measurements, more
particularly spectral domain OCT (SD-QOCD) and swept source OCT, can be used to
determine the influence of an intervention option on the choroidal thickness. If the change
in the choroidal thickness 1s ascertained by means of OCT, 1t is possible to make a statement
about the thinning or thickening of the choroid already after a number of minutes or hours.

However, the repeatability of measurements of the layer thickness of the choroid 1s generally
insufficient to be able to actually verify the size of the effect, described in the literature, of
approximately 10 pm to 30 pum or up to 30 pm m the case of primates or 260 pmn in the case
of chickens. References to such measurements can be found in D. Wang, R X.M. Chun, M.
Liu, RP.K. Lee, Y. Sun, T. Zhang, C. Lam, Q. Liu and C.H. Tol, Optical Defocus Rapidly
Changes Choroidal Thickness in Schoolchildren, PL0OS ONE 11(8): e0161535, doi:
10.1371/journal.pone. 0161535, 2016; S.A. Read, M.J. Collins, and B.P. Sander, Human
Optical Axial Length and Defocus, Ilnvestigative Ophthalmology & Visual Science 51(12),
pp. 6262-69, 2010; S.T-H. Chiang, }.R. Phillips and S. Backhouse, Effect of retinal image
defocus on the thickness of the human choroid, Ophthalmic Physiol. Opt, 35: 405413, doi:
10.1111/0p0.12218, 2015; D. Troilo, D.L. Nickla and CF. Wildsoet, Choroidal Thickness
Changes during Altered Eyve Growth and Refractive State in a Primate, Investigative
Ophthalmology & Visual Science 41 (6), pp. 1249-58, 2000; and J. Wallman, C. Wildsoet,
AL Xu, M.D. Gottlieb, D.L. Nickla, L. Marran, W. Krebs, A.M. Christensen, Moving the
Retina: Choroidal Modulation of Refractive State, Vision Res, 35(1), pp. 37-50, 1995,

WO 2018/165697 Al discloses apparatuses and methods for implementing an
ophthalmological lens design. Following the implementation, the influence of the
ophthalmological lens design can be measured by means of an ocular biometric apparatus.
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The influence of the ophthalmological lens design on the laver thickness of the choroid was
captured, in particular using a combination of an adaptive optical apparatus and the ocular
biometric apparatus. To this end, measurements were taken at different positions on the

retina including the fovea and at the retinal periphery.

US 2019/033619 Al discloses a method for monitoring and mhibiting an advance of near-
sightedness (myopia) in a person, comprising: measuring a change in the layer thickness of
the choroid over a period of time, in particular by means of optical coherence tomography
(OCT); and providing ophthalimological lenses, in particular in the form of spectacie lenses
or contact lenses, for reducing a contrast in peripheral vision in comparison with the contrast
for vision along the axis of the eye. The respectively obtained experimental results are

presented here as a function of the position on the retina.

Flores-Moreno lgnacio et al., The Relationship Between Axial Length and Choroidal
Thickness in Eyes With High Myopia, Am. 1. Ophthalmology 155 (2), 2012, pp. 314-319,
disclose examinations of the layer thickness of the choroid in highly myopic eves and the
corrclation thereof with the axial length of the eye, the age of the person and the spherical
equivalent of the refractive error. The layer thickness of the choroid was measured from the
outer end of the retinal pigment epithelium to the transition to the sclera in intervals of

500 pm to 2500 um nasally and temporally in relation to the fovea,

Object of the invention

Proceeding, in particular, from the disclosure in WO 2018/165697 Al or US 2019/ 033619
A1, the object of the present invention is directed to providing a methoed, an apparatus and a
computer program for detenmining a change in a refractive error of an eye of a user, which

at lcast partly overcome the listed disadvantages and limitations of the prior art.

In particular, the present method, the apparatus and the computer program should allow a
reliable determmation of the change m the refractive error of the eye, preferably for
classifving an advance of a refractive error or for a statement about the success of an
intervention for reducing the advance of the refractive error, by measuring the layer

thickness of the choroid with a high repeatability of the measurement results.

Disclosure of the invention

This object is achieved by a method, a computer program and an apparatus for determining
a change in a refractive error of an eve of a user, having the features of the independent
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patent claims. Preferred configurations, which can be realized individually or in

combination, are presented in the dependent claims.

Hercinafter the terms “exhibit™, “have”, “comprise” or “include™ or any grammatical
deviations therefrom are used in a non-exclusive way. Accordingly, these terms can refer
either to situations in which, besides the feature introduced by these terms, no further
features are present, or to situations in which one or more further features are present. For
example, the expression “A exhibits B”, “A has B”, “A comprises B” or “A includes B” can
refer both to the situation in which no further clement aside from B is provided in A, that is
10 say to a situation in which A consists exclusively of B, and to the situation in which, in
addition to B, one or more further elements are provided in A, for example element C,

elements C and D, or even further elements.

By way of example, the refractive error of an eye can preferably be largely compensated by
a spectacle lens with spherical correction and/or astigmatic correction and correction of the
axis and optionaliy by means of correction by a prism with a base. The aforementioned
corrections can preferably largely compensate the near and/or distance refractive error of an
cve.

The present mvention understands "refractive error” to mean all defects of an cye that can
be compensated by means of spherical correction and/or astigmatic correction and the
correction of the axis and optionally by means of the correction by a prism with a base, in
cach case for the distance. Here, the refractive error can comprise one, some or all of the
defects listed above.

In a first aspect, the present invention relates to a method for determining a change io a
refractive error of an cye of a user. The method comprises the following steps a) and b),
preferably in the specified order, wherein the methed steps can be carried out simultancously
in full or in part. Furthermore, steps of this method can be carried out repeatedly, in particular
more than once. The method might also comprise further steps in addition to the
aforementioned method steps, independently of whether or not said further steps are
mentioned in the present description. In particular, this can include a step which comprises

a capture of a layer thickness of the choroid of the eye of the user by measurement.

The method for determining a change in a refractive error of an eye of a user, the eye of the
user having a choroid, comprises the steps of?
a) ascertaining at least one value for a layer thickness of the choroid of the eye of the
user over at least one region of the choroid; and
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b) determining a value for the change in the refractive error of the eye only from at
least two values for the layer thickness of the choroid which were each captured at
different times for the at least one region of the choroid, wherein the at least one
region of the choroid is selected from a masal perifoveal region or a nasal

parafoveal region of the choroid.

The change in the refractive error determinable by the method preferably comprises the
correction for the distance, particularly preferably the spherical and astigmatic correction
and the correction of the axis, respectively for the distance, very preferably the spherical
correction for the distance. Alternatively, it is also possible to determine the change in the
spherical equivalent.

As described in more detail below, the present method for determining the change in the
refractive error of the eye of a user facilitates, in particular, a classification of an advance of
the refractive error or a statement about the success of an intervention for reducing the
advance of the refractive error by virtue of implementing a measurement of the layer
thickness of'the choroid at different times, wherein the measurement results obtained thereby
— in contrast to the methods known from the prior art — have a high repeatability. Hence,
using the present method, it is alrcady possible to determine a change in the refractive crror

of an eye with a high significance after only a few minutes.

According to step a) of the present invention, at least one value for a layer thickness of the
choroid of the eye of the user is ascertained over at least one region of the choroid. Here, the
terms "choroid” and "choroidea” denote an intermediate layer arranged, between the sclera
and the retina, in particular between the sclera and the retinal pigment epithelium, on the
side of the eye distant from the entrance of light. What emerges from this type of
arrangement of the choroid in the eye is that the layer thickness of the choroid is delimited
by the respectively adjoining sclera and retina, in particular the sclera and the retinal pigment
epithelium. The term "layer thickness of the choroid” within the scope of the present
invention denotes a distance between the sclera and the retina, with the distance being
determined substantially perpendicular to a direction of extent of the choroid. Here, the
extent of the choroid can exceed the layer thickness of the choroid by at least a factor of 10,
preferably by at least a factor of 20, particularly preferably by at least a factor of 50. In
respect of further details relating to the arrangement of the choroid and the associated layer
thickness, reference is made to the description of the exemplary embodiments below and to

the figures.
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In principle, ascertaining the at least one value for the layer thickness of the choroid as per
step a) of the present method can be preceded by the capture of the layer thickness of the
choroid, which can be implemented using any procedure and using any desired apparatus, in
particular a measuring device as described in more detail below, which is configured to
capture the layer thickness of the choroid. Here, the term "capture” relates to a recording of
at least one variable captured by measurement, from which the layer thickness can be
derived. In this case, capturing the layer thickness of the choroid of the eye can preferably
comprise a generation of a spatially resolved recording of the eye, wherein the recording at
least contains a region of the choroid and, preferably, a region of the sclera and the retina, in
particular the retinal pigment epithelium, respectively adjoining said region of the choroid.
However, different ways of capturing the layer thickness of the choroid are possible.

In a preferred configuration, a method selected from an optical method, an acoustic method
or a photoacoustic method can be used to capture the layer thickness of the choroid of the
eye, wherein, in accordance with the respectively selected method, use can he made of an
optical measuring device, an acoustic measuring device or a photoacoustic measuring
device. However, n principle, further methods are possible.

In a particularly preferred configuration, the layer thickness of the choroid can be captured
using an optical method, The term "optical method" in this case denotes a procedure in which
light, preferably light from the visible or infrared spectral range, impinges on the choroid of
the eye, in particular, whereupon a reflection of the light at the choroid following this
application of light allows conclusions to be drawn about a characteristic of the choroid, in
particular the laver thickness of the choroid. In contrast thereto, "acoustic method" and
"photoacoustic method" each denote a procedure in which the choroid is impinged by
acoustic waves, preferably ultrasound, with the capture by measurement likewise being

implemented in acoustic or optical fashion.

In a particularly preferred configuration, the optical method can be selected from a method
for optical coherence tomography. Here, the term "optical coherence tomography”, also
abbreviated "OCT", denotes an imaging method for generating a two-dimensional or three-
dimensional recording of biological tissue, in particular of the choroid of the eve and layers
adjoining the latter, wherein a resolution in the micrometer range can preferably be oblained.
To gencrate the desired recording, light with a temporally short coherence length from a
radiation source is split into two parts in a beam splitter, wherein a first part of the light
impinges on the tissue along an optical axis, wherein a second part of the light is guided over
a reference path, and wherein the light reflected by the tissue is made to interfere with the
reference light guided over the reference path in order to generate an interference signal.
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From the interference signal generated thus, it is possible initially to only distinguish
structures in the tissue along the optical axis; however, the desired two- or three-dimensional
recording of the tissue or a section thereof can be generated by way of a lateral scanning by

means of a change in the optical axis over the tissue.

Preferably, the optical coherence tomography method can be selected from a Fourier domain
OCT or a time domain OCT, with the Fourier domain QCT, in particular spectral domain
OCT or swept source OCT, being particularly preferred. The term "time domain OCT"
denotes a procedure in which a length of the reference path is altered and an intensity of the
interference is continuously captured in the process, with a change in the frequency spectrum
of the interference remaining unconsidered. By contrast, "Fourier domain OCT" denotes a
procedure in which the change in components of the frequency spectrum of the interference
is taken into account. If the change in the frequency spectrum of the interference is
simultancously excited and captured by means of a broadband radiation source, this
procedure is referred to as "spectral domain OCT". By contrast, in "swept source OCT", the
components of the frequency spectrum are temporally successively excited and captured, in
particular by successive tuning of the frequency excitation of the radiation source.

In an alternative configuration, the optical method can be selected from an adaptive optical
method. The term "adaptive optical method” in this case denotes an optical method in which
an imaging optical system, which comprises a beam path with imaging properties, is
configured to compensate optical changes occurring in the beam path by way of a change in
the imaging propertics, wherein it is possible to draw conclusions about optical changes in
the beam path from the change in the imaging properties. As a result, it is possible according
to the invention to deduce a layer thickness of the choroid if the choroid is integrated into
the optical system in such a way that a change i the layer thickness of the choroid alters the
imaging propertics of the optical system. Preferably, the adaptive optical method can be
selected from a method for determining an optical transmission or a method for determining
an optical reflectivity such that a change in the optical transmission or reflectivity of the
choroid, preferably by means of so-called "fundus reflectivity”, alters the imaging properties
of the optical system and thus facilitates the desired capture of the layer thickness of the
choroid. However, other types of adaptive optical metheds and devices are conceivable.

According to step a), furthcrmore, an ascertainment of the at least one value for the layer
thickness of the choroid is effected. In this case, the term "ascertainment” relates to the
determination of a value for the layer thickness of the choroid from at least one variable
captured by measurcment, from which the layer thickness can be derived. Here, the
ascertainment of the value for the layer thickness of the choroid can preferably comprise
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determining the value for the layer thickness from a spatially resolved recording of the eye,
particularly if an optical coherence tomography method is selected, wherein the recording
includes at least a region of the choroid and, preferably, a respective adjoining region of the
sclera and the retina, in particular the retinal pigment epithelium. However, other ways of
ascertaining the layer thickness of the choroid are possible, particularly if an above-described

adaptive optical method is used to capture the layer thickness.

According to step a), the at least one of value for the layer thickness of the choroid is
ascertained over at least one region of the choroid. The at least one region of the choroid in
this case denotes a section of the choroid which, as explained in more detail below, can
preferably be selected in relation to a point of the retina adjoining said section. In this case,
a value for an average layer thickness of the choroid can preferably be ascertained over the
at least one region of the choroid. Here, the "average layer thickness” denotes a mean,
preferably an arithmetic or geometric mean, a median or any other suitable representative
value for the layer thickness of the choroid over the at least one region. The "average layer
thickness" particularly preferably denotes an arithmetic mean. However, a different value
for the layer thickness of the choroid over the at least one region of the choroid is
conceivable.

According to step b), there 15 a determiination of the value for the change in the refractive
error of the eye of'the user, preferably in an evaluation device described in more detail below,
by preference following the ascertaimment of the at least one value for the layer thickness of
the choroid over the at least one region of the choroid in accordance with step a). According
to the present invention, only at least two values for the layer thickness of the choroid are
used to this end, said values each being ascertained at different times for the at least one
region of the choroid according to step a). Preferably, for this purpose, a first value for the
layer thickness of the choroid is ascertained at a first time and a second value for the layer
thickness of the choroid is ascertained at a second time, wherein the desired value for the
change in the refractive error of the eye of the user can be ascertained from relating the two
values, 1.¢., the first value and the second value. To this end, it is possible to estimate a value
for a lengthening of the eycball of the user, for example from the change in the laver
thickness which can be ascertained from a difference between the first value for the layer
thickness of the choroid and the second value for the layer thickness of the choroid. Using
the rule of thumb set forth at the outset, according to which a lengthening of the eycball of
approximately I mm leads to a refractive error of approximately 3 dpt, it is consequently
possible to deduce the change in the refractive error of the eye of the user. However, other
ways of determining the value for the change in the refractive error of the eve of the user are
possible.
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According to the present invention, the at least one region of the choroid is selected from a
nasal perifoveal region or a nasal parafoveal region of the choroid according to step b) for
determining the value for the change in the refractive error, with the nasal perifoveal region
of the choroid being particularly preferred. In this case, the at least one region of the choroid
denotes a section of the choroid, in particular in relation to a point of the retina adjacent to
said section, preferably in relation to the fovea which comprises a depression in the retina of
the eye situated in the center of the macula lutea, which is considered to be the region of

shamest vision in humans and mammals.

In a particularly preferred configuration, an area of the retina and hence of the choroid
adjacent thereto can be split into a subfoveal region, parafoveal regions or inner regions
surrounding the subfoveal region and perifoveal regions or outer regions surrounding the
parafoveal regions. Here, the subfoveal region can preferably have a diameter ranging from
0.5 mmto 1.5 mm, preferably | mm, comresponding to an angle of 3.33° while the
parafoveal regions can extend from touching the latter up to an inner diameter and the
penfoveal regions can extend from touching the latter up to an outer diameter, wherein the
inner diameter is preferably selected from a value from 2 mmto 4.5 mm, preferably 2.5 mm
to 4 mm, in particular 3 mm, corresponding to an angle of 10°, and the outer diameter is
sclected from a value of 5 mm to 20 mm, preferably 5 mm to 12 mm, in particular 6 mm,
corresponding to an angle of 20°. However, other values of the diameters specified here are

concetvable.

As already mentioned, the value for the change in the refractive error as per step b} is
determined according to the invention by using the at least two values for the layer thickness
of the choroid, which are ascertained for a nasal perifoveal region or a nasal parafoveal
region of the choroid. As emerges from the exemplary embodiments below and the figures,
an outer nasal region and/or an outer temporal region of the retina, in particular the regions
denoted "7" (right eye) and 9" (left eye) as per the so-called "ETDRS prid" of the retina,
are particularly preferably suitable to this end. The ETDRS gnid of the retina relates to a so-
called "Early Treatment Diabetic Retinopathy Study (ETDRS) Grid", as can be found, for
example, in the CIRRUS HD-OCT user handbook, 2660021164328 Rev. A 2016-10,
Appendix A-7. Therein, the retina is divided into regions from | o 9 in relation to the relative

position of the fovea,

While known methods for determining the change in the layer thickness of the choroid
evaluate possible changes in the layer thickness of the choroid predominantly in the
subfoveal region of the retina in particular, it was surprisingly possible to show by
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experiment {see table | below) that the reproducibility of the evaluation is significantly better
in the nasal perifoveal regions, i.e., in regions 7 and 9 in the ETDRS grid, and in the nasal
parafoveal region, i.e., in region 3 for the right eye and in region 5 for the left eye in the
ETDRS grid, but particularly in the nasal perifoveal region, i.c., in region 7 for the right eye
and in region 9 for the left eye, than in the subfoveal region of the retina and in the other
regions of the choreid. Hence, the present method facilitates the desired reliable
determination of the change in the refractive error of the eye with a high repeatability of the
measurement resuits and therefore preferably allows a more reliable classification of the
advance of a refractive error and more reliable statements about the success of an
intervention for reducing the advance of the refractive error.

In a further aspect, the present invention relates to a computer program for determining a
refractive error of an eye of a user, wherein the computer program is configured to determine
the refractive error of the eye of the user in accordance with the method, described herein,

for determining a refractive error of an eye of the user.

The method proposed herein for determining a change in a refractive error of an eve of a
user is also suitable for use in a method for producing a spectacle lens for the eye of the
relevant user, Pursuant to the standard DIN EN ISO 13666:2013-10, scetions 8.1.1 and 8.1.2,
a "spectacle lens"” is understood to mean an ophthalmic lens which, within the scope of the
present mvention, should serve to correct a refractive error of the eye, with the ophthalmic
lens being worn in front of the eve of the user but not in contact with the eye. The term "a
pair of spectacles” denotes any element which comprises two individual spectacle lenses and
a spectacle frame, the spectacle lens being provided for insertion into a spectacle frame that
is selected by a wearer of the pair of spectacles. In particular, from a determination of the
change in the refractive error occurring for the wuser, it is possible to ascertain a
spherocylindrical lens which is used as a spectacle lens to compensate the refractive error
occurring as defocusing of the eve, in such a way that an image quality that is as optimal as

possible can be obtained for the user.

In a further aspect, the present invention therefore relates to a method for producing a
spectacle lens, wherein the spectacle lenses are produced by processing a spectacle lens
blank, whercin the spectacle lens blank is processed on the basis of correction data and
centration data, wherein the centration data comprise instructions for positioning the
spectacle lens 1 front of the eye of a user for the purposes of compensating the refractive
error of the eye of the user, wherein a change in the refractive error of the eye of the user is
determined in accordance with the method, described herein, for determmimng a change in a
refractive error of an eye of a user. The method for producing a spectacle lens is used, in
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particular, if the change in the refractive error of the eye of the user reaches or exceeds a
threshold, preferably selected from an interval from 025dpt to 1.5dpt, in particular
0.25 dpt; 0.5 dpt; 0.75 dpt; 1 dpt; 1.25 dpt or 1.5 dpt.

In a further aspect, the present invention relates to an apparatus for determining the change
in the refractive error of the eye of the user, the eye of the user having a choroid. According
to the present invention, the apparatus comprises
~ ameasuring device for capturing a layer thickness of the choroid of the eye of the user;
and
— an evaluation device for ascertaining values for the layer thickness of the choroid of
the eye over at least two regions of the retina of the eye, wherein the evaluation device
is furthermore configured to determine a valuc for the change in the refractive error of
the eye only from at least two values for the layer thickness of the choroid, wherein
the values for the layer thickness of the choroid are each ascertained at different times
for the at least one region of the choroid, wherein the at least one region of the choroid

1s selected from a nasal perifoveal region or a nasal parafoveal region of the choroid.

For ascertaining values for the layer thickness of the choroid of the eye and for determining
the value for the change in the refractive error of the eye, in particular, it is possible to use
an automated software, preferably in the evaluation device. Alternatives arc a semi-
automated evaluation with a manual correction by an examiner or a completely manual
evaluation by the examiner by means of determining boundartes between the retinal pigment
epithelium of the retina and the choroid and between the choroid and the sclera. To this end,
use can be made of known software which carries out a segmentation of each scanned image
of an OCT on the basis of brighiess differences between adjacent pixels on the basis of a
sa-called "graph search methodology”. 1t is also possible, as a matter of principle, to apply
algorithms from the ficlds of machine vision, machine learning or artificial intelligence, in

particular for segmenting the choroid and for capturing lengths, arcas or volumes.

The evaluation device can be any desired device that is configured to receive, process and
output data. Preferably, this can be an electronically or optoelectronically controllable
measuring unit which may be equipped with, in particular, a computer, microcomputer or
programmable chip, e.g., an application-specific integrated circuit {ASIC) or an FPGA
(field-programmable gate array), wherein the measuring deviee can access one or more
computer programs, which may be configured to carry out the methods described herein.
Alternatively, the evaluation device can be comprised by a mobile communications

appliance, in particular a smartphone or a tablet. However, other configurations of the
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evaluation device are possible, for example an integration of the evaluation device in the

aforementioned measuring device.

For definitions and optional configurations of the computer program and the apparatus for
determining a change in a refractive error of an eye of a user, reference is made to the
description, either above or below, of the method for determining a refractive error of an eye

of a user,

In summary, in the context of the present invention, the following embodiments are

particularly preferred:

Embodiment 1. A mcthod for determining a change in a refractive error of an cyc of a user,
the eye of the user having a choroid, wherein the method comprises the steps of:
a) ascertaining at least one value for a layer thickness of the choroid of the eye of the
user over at least one region of the choroid; and
b) determining a value for the change in the refractive error of the eye only from at
least two values for the layer thickness of the choroid which were each captured at
different times for the at feast one region of the choroid, wherein the at least one
region of the choroid is sclected from a nasal perifoveal region or a nasal

parafoveal region of the choroid.

Embodiment 2. The method according to the preceding embodiment, wherein the at least

one region of the choroid 1s selected from the nasal peritoveal region of the choroid.

Embodiment 3. The method according to any one of the preceding embodiments, wherein a

value for an average layer thickness of the choroid is ascertained over the atleast one region.

Embodiment 4, The method according to the preceding embodiment, wherein the average
layer thickness of the choroid is selected from a mean, preferably an arithmetic mean or a
geometric mean, a median or a representative value for the layer thickness of the choroid
over the at ieast one region.

Embodiment 5. The method according to any one of the preceding embodiments, wherein a
partial field is selected from the nasal perifoveal region of the choroid, said field comprising
an outer quadrant of an annular space with an inner diameter and an outer diameter centered

around a foveal region.
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Embodiment 6. Method according to the preceding embodiment, wherein the inner diameter

is selected from a value of 2 mm to 4.5 mum, preferably 2.5 mm to 4 mm, in particular 3 mm.

Embodiumnent 7. Method according to any one of the two preceding embodiments, wherein
the outer diameter is sclected from a valuc of 5 mm to 20 mm, preferably 5 mm to 12 mm,

in particular 6 mm.

Embeodiment 8. The method according to any one of the three preceding embodiments,

wherein the partial field corresponds to the nasal perifoveal region.

Embodiment 9. The method according to any one of the four preceding embodiments,

wherein the partial field corresponds to a region 7 or a region 9 inan ETDRS grid.

Embodiment 10. The method according to any one of the preceding embodiments,
wherein the values for the layer thickness of the choroid are ascertained by means of
performing image processing on a spatially resolved recording of the eye.

Embodiment 11. The method according to any one of the preceding embodiments,
wherein the values for the layer thickness of the choroid are ascertained by means of an
algorithm selected from at least one of the fields of machine vision, machine learning or

artificial intelligence.

Embodiment 12. The method according to any one of the preceding embodiments,
whercin a method sclected from an optical methed, an acoustic method or a photoacoustic

method is used to capture the layer thickness of the choroid.

Embodiment 13. The method according to the preceding embodiment, wherein the
optical methad is selected from a method for optical coherence tomography or an adaptive

optical method.

Embodiment 14. The method according to the preceding embodiment, wherein the
optical coherence tomography method is selected from a Fourier domain OCT, a swept
source OCT or a time domain OCT, with the Fourier domain OCT and the swept source

OCT being particularly preferred.

Embodiment 15. The method according to the preceding embodiment, wherein the

Fourier domain OCT comprises a spectral domam OCT.
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Embodiment 16. The method according to any one of the three preceding
embodiments, wherein the adaptive optical method is selected from a method for
determining an optical transmission of the choroid or a method for determining an optical

reflectivity of the choroid.

Embodiment 17. A comiputer program for determining a change in a refractive error
of an eye of a user, wherein the computer program is configured to carry out the method

steps according to any one of the preceding embodiments.

Embodiment 18. An apparatus for determining a change in a refractive error of an eve
of a user, wherein the apparatus comprises:
- & measuring device for capturing a layer thickness of the choroid of the cyc of the
user; and
— an evaluation device for evaluating values for the layer thickness of the choroid of
the eye over at least one region of the choroid, wherein the evaluation device is
furthermore configured to determine a value for the change in the refractive error of
the eye only from at least two values for the layer thickness of the choroid, wherein
the values for the layer thickness of the choroid are cach ascertained at different times
for the at least one region of the choroid, wherein the at least one region of the choroid

is sclected from a nasal perifoveal region or a nasal parafoveal region of the choroid.

Embodiment 19. The apparatus according to the preceding embodiment, wherein the

at least one region of the choroid 1s selected from the nasal perifoveal region of the choroid.

Embodiment 20. The apparatus according to any one of the two preceding
embodiments, wherein the evaluation device is furthermore configured to ascertain a value

for an average layer thickness of the choroid over the at least one region.

Embodiment 21. The apparatus according to the preceding embodiment, wherein the
evaluation device is furthermore configured to select the average layer thickness of the
choroid from a mean, preferably an arithmetic mean or a geometric mean, a median or a

representative value for the layer thickness of the choroid over the at least one region.

Embodiment 22, The apparatus according to any one of the four preceding
embodiments, wherein the evaluation device is furthermore configured to select a partial
field from the nasal perifoveal region of the choroid, said field comprising an outer quadrant
of an annular space with an inner diameter and an outer diameter centered around a foveal
region.
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Embodiment 23. The apparatus according to the preceding embodiment, wherein the
evaluation device is furthermore configured to select the inner diameter from a value of

2.5 mm to 4 nun, preferably 3 mm.

Embodiment 24. The apparatus according to any one of the two preceding
embodiments, wherein the evaluation device is furthermore configured to select the outer

diameter from a value of 3 mm to 8 mm, preferably 6 mm.

Embodiment 25. The apparatus according to any one of the three preceding

embodiments, wherein the partial ficld corresponds to the nasal perifoveal region.

Embodiment 26. The apparatus according to any one of the four preceding
embodiments, wherein the partial field corresponds to a region 7 or a region 9 in an ETDRS

grid.

Embodiment 27. The apparatus according to any one of preceding embodiments 18 to
26, wherein the evaluation device is furthermore configured to ascertain values for the layer
thickness of the choreid by means of performing image processing on a spatially resolved

recording of the eye.

Embodiment 28. The apparatus according to any one of preceding embodiments 18 to
27, wherein the evaluation device 1s furthermore contigured to use an algorithm selected
from at least one of the fields of machine vision, machine learning or artificial intelligence

1o ascertain the values for the layer thickness of the choroid.

Embodiment 29, The apparatus according to any one of the preceding embodiments
18 to 28, wherein the measuring device is selected from an optical measuring device, an

acoustic measuring device or a photoacoustic measuring device.

Embediment 30. The apparatus according to the preceding embodiment, wherein the
optical measuring device is selected from a device for optical coherence tomography or a

device for carrying out an adaptive optical method,

Embodiment 31. The apparatus according to the preceding embodiment, wheremn the
device for optical coherence tomography is configured to carry out a Fourier domain OCT,
a swept source OCT or a time domam OCT, with the Fourier domain OCT and the swept
source OCT being particularly preferred.
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Embodiment 32, The apparatus according to the preceding embodiment, wherein the
Fourier domain OCT comprises a spectral domain OCT.

Embodiment 33, The apparatus according to any onc of the three preceding
embodiments, wherein the device for carrying out the adaptive optical method is configured
to carry out a method for determining an optical transmission of the choroid or a method for

deternmning an optical reflectivity of the choroid,

Embodiment 34. The apparatus according to any one of the sixteen preceding
embodiments, whercin the apparatus has a housing, into which the measuring device and

cvaluation device have been introduced.

Brief description of the figures

Further details and features of the invention will become apparent from the following
descnption of preferred exemplary embodiments, in particular in conjunction with the
dependent claims. In this case, the respective features can be realized by themselves or as a
plurality in combination with one another. The invention is not restricted to the exemplary
embodiments. The exemplary embodiments are illustrated schematically in the figures. In
this case, identical reference numerals in the individual figures designate identical or
functionally identical elements or elements corresponding to one another with regard to their

functions. In detail:

Figure 1  shows a preferred exemplary embodiment of an apparatus for determining a
change in a refractive error of an eye of a user;

Figure 2 shows a schematic illustration of a relative position of the choroid between the
sclera and retina;

Figure 3  shows a schematic illustration of a subdivision of the retina into various regions;
and

Figure 4  shows a flowchart of the method according to the invention for determining the
change in the refractive error of the eye of the user.

Exemplary embodiments
Figure 1 schematically shows a preferred exemplary embodiment of an apparatus 110 for

determining a change in a refractive error of an eye 112 of a user 114. The apparatus 110

comprises a measuring device 110, preferably an optical measuring device 118, in particular
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a device 120 for optical coherence tomography, which is configured to capture a layer
thickness 122 of the choroid 124 of the eye 112 of the user 114. However, other types of
measuring devices, in particular acoustic or photoacoustic measuring devices, are
conceivable. As illustrated schematically in figure 2, the chorord (choroidea) 124 represents
an intermediate tayer which, on the side of the cye 112 distant from the entry of light, is
arranged between the sclera 126 and retina 128, in particular between the sclera 126 and the

retinal pigment epithelium 130.

The device 120 for optical coherence tomography facilitates an imaging method for
generating a 2- or 3-dimensional recording of biological tissue, which in this case comprises
the choroid 124, and the sclera 126 and retinal pigment epithelium 130 adjoining said
choroid in the eve 112, wherein a resolution in the micrometer range can preferably be
obtained. To generate the desired recording, light 132 with a temporally short coherence
length from a radiation source is split into two parts in a beam splitter, wherein the first part
of the light impinges on the fissue along an optical axis 134, wherein a second part of the
light is guided over a reference path, and wherein the light 136 reflected by the tissue is made
to interfere with the reference light guided over the reference path in order to generate an
interference signal. From the interference signal, it is possible initially to only distinguish
structures in the tissue along the optical axis 134; however, the desired 2- or 3-dimensional
recording of the tissue or a section thercof can be gencrated by way of a lateral scanning by

means of a change in the optical axis 134 over the tissue,

In the present embodiment, the method for optical coherence tomography can preterably be
selected from a Fourier domain OCT, in particular a spectral domain OCT or a swept source
OCT. Alternatively, a time domain OCT is likewise conceivable. A further alternative
configuration can comprise a device for carrying out an adaptive optical method (not
illustrated), which is configured to carry out an adaptive optical method, in particular a

method for determining an optical transmission or reflectivity of the choroid 124,

As illustrated schematically in Figure 1, the apparatus 110 can further have a housing 138,
which may comprise an evaluation device 140 in addition to the measuring device 116. As
an alternative or in addition thereto, the evaluation device 140 may, however, also be
attached outside of the housing 138, wherein a wired or wireless connection 142 may be
present between the measuring device 116 and the evaluation device 140. The evaluation
device 140 can be equipped with a processor 144, which may be provided to carry out one
or more algorithms. Furthermore, provision can be made of a monitor 146 for displaying

values and a keyboard 148 for entering values or commands. Further types of the
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embodiment of the apparatus 110, in particular the evaluation device 140, are however also
possible.

The evaluation device 140 i3 configured to ascertain values for the layer thickness 122 of the
choroid 124 of the cye 112 over at lcast onc region 150 of the choroid. To this end, the
evaluation device 140 can receive variables captured by measurement, which variables are
transmitted from the measuring device 116 to the evaluation device 140 via the connection
142, wherein the layer thickness 122 of the choroid 124 of the eye 112 can be derived from

the variables captured by measurement.

According to the present invention, the evaluation device is furthermore configured to
determine a value for the change in the refractive error of the eye 112 only from at least two
values for the layer thickness 122 of the choroid 124, wherein the two values for the layer
thickness 122 of the choroid 124 are respectively ascertained at different times for the at
least one region 150 of the choroid. The at least one region 150 of the choroid 124 in this
case denotes a section of the choroid 124 which can preferably be selected in relation to a
point of the retina 128 adjoining said section. In this case, a value for an average layer
thickness 122 of the choroid 124 can preferably be ascertained for the at least one region 150

of the choroid 124, However, other types of values are possible.

Preferably, a first value for the layer thickness 122 of the choroid 124 is ascertained at a first
tune and a second value for the layer thickness 122 of the choroid 124 is ascertained at a
second time, wherein the desired value for the change in the refractive error of the eye 112
of the user 114 can be ascertained from relating the first value and the second value to one
another. To this end, it is possible to estimate a value for a change in a length 1352 of the
eyeball of the user 114, for example from the change in the layer thickness 122 which can
be ascertained from the difference between the first value for the layer thickness 122 and the
second value for the layer thickness 122. Using the rule of thumb set forth at the outset,
according to which an increase in the length 152 of the eyeball of the user 114 of
approximately I mm leads to a refractive error of approximately 3 dpt, it is consequently
possible to deduce the change in the refractive error of the eye 112 of the user 114,

Figure 3 shows the various regions 150 of a so-called "ETDRS grid" of the retina 128, which
arc provided with numbers "1" to "9". Here, a subfoveal region 154 with the number "1" and
parafoveal regions 156 with the numbers "2", "3" "4" and "5" surrounding the subfoveal
region 154 are distinguished from the perifoveal regions 158 with the numbers "6", "7", "§"
and "9" surrounding the parafoveal regions 156 In a particularly preferred configuration, an
area of the retina [28 and hence of the choroid 124 adjacent thereto can be split into a
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subfoveal region 154, parafoveal regions 156 or inner regions surrounding the subfoveal
region and perifoveal regions 158 or outer regions swrounding the parafoveal regions. Here,
the subfoveal region 154 can preferably have a diameter 160 ranging from 0.5 mm to
1.5 mm, preferably 1 mm, corresponding to an angle of 3.33°, while the parafoveal regions
156 can extend from touching the latter to an inner diameter 162 and the adjoining perifoveal
regions 158 can extend to an outer diameter 164, wherein the inner diameter 162 can
preferably be selected from a value from 2.5 mm to 4.5 mm, preferably 2.5 mm to 4 mm, in
particular 3 mm, i.e., corresponding to an angle of 10°, and the outer diameter 164 can
preferably be selected from a value of 5 mm to 20 mm, preferably 5 mm to 12 mm, in
particular 6 mm, i.e., corresponding to an angle of 20°. However, other values of the
diameters 160, 162, 164 specified here are conceivable.

According to the present invention, the at least one region 150 of the choroid 124 which is
used to determine the change in the refractive error of the eye 112 of the user 114 is selected
from a nasal perifoveal region 168 or a nasal parafoveal region 166 of the choroid 124. While
known methods for determming the change in the layer thickness of the choroid evaluate
possible changes in the layer thickness 122 of the choroid 124 predominantly in the
subfoveal region 154 of the retina 128, it could surprisingly be verified experimentally that
a reproducibility of the evaluation is significantly better in the nasal perifoveal region 168
and in the nasal parafoveal region 166, i.e., regions "3" and "7" for the right eye and regions
"5" and "9" for the left eye in the ETDRS grid, in particular in the nasal perifoveal region
168, i.c., the region "7" for the right eye and the region "9" for the left eye in the ETDRS
grid, than m the subfoveal region 154, in the remaining, 1.¢., non-nasal, paratoveal regions,
i.c., the regions "2" and "4" in the ETDRS grid, and in the remaining, i.e., non-nasal,

perifoveal regions, ie., the regions "6" and "8" in the ETDRS grid.

Examinations using the spectral domain OCT as a measuring mcthod for capturing the layer
thickness 122 of the choroid 124 have shown that the best reproducibility occurs
predominantly in the nasal parafoveal region 166 and in the nasal perifoveal region 168, in
particular in the nasal perifoveal region 168, Table 1 comprises measurement values for the
reproducibility of measurements for capturing the layer thickness 122 of the choroid 124,
listed according to the individual regions 150 of the choroid 124:
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Table 1

Region 150 of the choroid 124 Reproducibility

Subfoveal region 154 > 40 um, on average 60 um

All parafoveal regions 136 > 20 um, on average 30 um

All perifoveal regions 138 > 15 um, on average 30 um

Nasal parafoveal region 166 > 15 pm, on average 25 um

Nasal perifoveal region 168 > 10 um, on average 20 um

Consequently, the nasal perifoveal region 168 offers the most accurate reproducibility within
the choroid. In principle, it was found, as verified by the values listed in table 1, that the
reproducibility in each region 150 of the choroid 124 improves the more the relevant region
150 is arranged away from the subfoveal region 154 and arranged in the nasal direction, A
possible explanation offered for this could lic in a reduction in the layer thickness 122 of the
choroid 124 in the regions 150 that are further away from the subfoveal region 154 and in

the nasal direction.

Figure 4 schematically shows a flowchart of a preferred exemplary embodiment of a method
210 according to the mvention for determining the change of the refractive error of the eye
112 of the user | 14,

In an ascertainment step 212 there is, as per step a), the ascertainment of at least one value
for the laycr thickness 122 of the choroid 124 of the cyc 112 of the uscr 114 over the at lcast
one region 150 of the choroid 124,

In a determination step 214 there is, as per step b), the determination of the value 216 for the
change in the refractive error of the eye 112 of the user 114 only from at least two values for
the layer thickness 122 of the choroid 124 which were each ascertained at different times t1,
tz, ... for the at least onc region 150 of the choroid 124, wherein the at least one region 150
of the choroid 124 is sclected from the nasal perifoveal region 168 or the nasal parafoveal

region 166 of the choroid [24.

Hence, the present method 210 facilitates the desired reliable determination of the change in
the refractive error of the eye 112 of the user 114 with a high repeatability of the
measurement results and therefore preferably allows a more reliable classification of the
advance of a refractive error and more reliable statements about the success of an

intervention for reducing the advance of the refractive crror.
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List of reference signs

110 apparatus

112 eye

114 user

116 measuring device

118 optical measuring device
120 device for optical coherence tomography
122 layer thickness

124 choroid (choroidea)

126 sclera

128 retina

130 retinal pigment epithelium
132 light

134 optical axis

136 reflected light

138 housing

140 cvaluation device

142 connection

144 processor

146 monitor

148 keyboard

150 region

152 length of the eyeball

154 subfoveal region

156 parafoveal region

158 perifoveal region

160 diameter

162 inner diameter

164 outer diameter

166 nasal parafoveal region
168 nasal perifoveal region
210 method for determining a change in a refractive error of an eye of a user
212 ascertainment step

214 determination step

216 value of the change in the refractive error of the eye of the user
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Patent claims

A method (210} for determining a change in a refractive error of an eye (112) of'a user

(114), the eye (112) of the user (1 14) having a choroid (124}, wherein the method (210)

compriscs the following steps:

a) ascertaining at lcast one value for a layer thickness (120) of the choroid (124) of
the eve (112) of the user (114} over at least one region {150} of the choroid (124);
and

b} determining a value (216) for the change in the refractive error of the eye (112),
characterized

in that the value (216) for the change in the refractive error of the eye (112) is
determined only from at teast two values for the layer thickness (122) of the choroid
(124) which were each ascertained at different times for the at lcast one region (130)
of the choroid (124), wherein the at least one region {150) is selected from a nasal

perifoveal region (168) or a nasal parafoveal region (166).

The method (2190) as claimed in claim I, characterized in that the at least one region

(150) 15 selected from the nasal perifoveal region (168).

The method (210) as claimed in any one of claims 1 or 2, characterized in that a value
for an average layer thickness (122) of the choroid (124) is ascertained in the at {east

onc region (150).

The method (210} as claimed in any one of claims 1 to 3, characterized in that a partial
field 1s selected from the nasal perifoveal region (168) of the choroid, said field
comprising an outer guadrant of an annular space with an inner diameter (162) and an
outer diameter (164} centered around a foveal region (154).

The method (210) as claimed in any one of claims | to 4, charactenized 1n that the
values for the layer thickness (122) of the choroid (124) are ascertained by means of

performing image processing on a spatially resolved recording of the eye (112).

The method (210) as claimed in any one of claims 1 to 5, characterized in that a method
sclected trom an optical method, an acoustic method or a photoacoustic method is used
to capture the layer thickness (122) of the choroid (124).
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The method (213 as claimed in claim 6, characterized in that the optical method 15
selected from a method for optical coherence tomography or an adaptive optical

method.

The method (210) as claimed in claim 7. characterized in that the optical coherence
tornography method 1s selected from a Fourier domain OCT, a swept source OCT or a
time domain OCT, or in that the adaptive optical method is selected from a method for

determining an optical transmission or a method for determining an optical reflectivity.

A computer program product for determining a change in a refractive error of an eye

{112) of auser (114), the eye (112} of the user (114) having a choroid (124), wherein

the computer program product comprises a computer readable memory storing

computer executable instructions thereon that when executed by a computer perform

the following method steps:

a) ascertaining at least one value for a layer thickness (120) of the choroid (124) of
the eye (112) of the user (114) over at least one region (150) of the choroid (124);
and

b) determining a value (216) for the change in the refractive error of the eye (112),
characterized

in that a value (216) for the change in the refractive error of the eye (112) is determined
only from at least two values for the layer thickness (122) of the choroid (124) which
were each ascertained at different times for the at least one region (150) of the choroid
(124}, wherein the at least one region (130) is selected from a nasal perifoveal region

(168) or a nasal parafoveal region (166).

An apparatus (1 10) for determining a change in a refractive error of an eve (112)of a
user (114), the eye (112) of the user (114} having a choroid (124), wherein the
apparatus (110} comprises:
— a measuring device (116) for capturing a layer thickness (122) of the choroid
(124) of the eye (112) of the user (114); and
— an evaluation device (140) for ascertaining values for the layer thickness (122)
of the choroid {124) over at least one region (150} of the choroid (124),

characterized

in that the evaluation device (140) is furthermore configured to determine a value (216)
for the change in the refractive error of the eye (112) only from at least two values for
the layer thickness (122) of the choroid (124), wherein the values for the layer

thickness (122) of the choroid {124) are cach ascertained at different times for the at
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least one region (150) of the choroid (124), wherein the at least one region (150) is

selected from a nasal perifoveal region (168) or a nasal parafoveal region {166).

The apparatus (110} as claimed in claim 10, characterized in that the evaluation device
(140} is furthcrmore configured to ascertain a valuce for an average layer thickness

(122) of the choroid {140) over the at least one region (150).

The apparatus (110) as claimed in any one of claims 10 or 11, characterized in that the
evaluation device (140) is configured to select a partial field from the nasal perifoveal
region {168) of the choroid, said field comprising an outer quadrant of an annular space
with an inner diameter (162) and an outer diameter (164) centered around a foveal
region (154).

The apparatus (110) as claimed in any one of claims 10 to 12, characterized in that the
measuring device (116) for capturing a layer thickness of the choroid is selected from
an optical measuring device {118), an acoustic measuring device and a photoacoustic

measuring device.

The apparatus (110} as claimed in claim 13, characterized in that the optical measuring
device (118) 1s sclected from a device (120} for optical coherence tomography or a

device for carrying out an adaptive optical method.

The apparatus as claimed in claim 14, characterized in that the device (120) for optical
coherence tomography is configured to camry out a Fourier domain OCT, a swept
source OCT or a time domain OCT or in that the device for carrving out the adaptive
optical method is configured to carry out determination of an optical transmission or

an optical reflectivity.
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