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(54) Title: APPARATUS AND METHOD FOR AUTOMATICALLY DETERMINING A STRABISMUS ANGLE

(57) Abstract: Apparatus and method for automatically determining a stra-
bismus angle of the eyes of an individual by performing a reflection test on
said eyes, comprising the steps of : -directing at least a first beam of light
onto said eyes of the individual; -having the individual focus its eyes; -us-
ing at least one imaging device for: measuring the light beam reflected
from the eyes for establishing which eye is fixating, and performing a re-
flex test on both eyes to estimate the strabismus angle, wherein -the retlex
test is carried out by applying at least two light sources at known differing
positions and measuring the corneal reflections of said light sources in
both eyes by monitoring said corneal reflections by an imaging device or
devices; -the said corneal reflections are used to derive corneal center coor-
dinates for both eyes individually; -for both eyes individually pupil center
coordinates are estimated; -the corneal center coordinates and the pupil
center coordinates of both eyes are used to estimate the strabismus angle.
For the eye that is fixating an angle kappa is calculated representing an an-
gle between the eyes' optical axis through the corneal center and the pupil
center, and the visual axis through the corneal center and the eye's fovea,
and the angle kappa is then used for determining the strabismus angle.

FIG. 1
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Apparatus and method for automatically determining a strabismus

angle

The invention relates to an apparatus and a method for
determining a strabismus angle of the eyes of an individual by
performing a reflection test on said eyes.

Such an apparatus and method are known from US-A-
5,502,520 and from DE-A-196 49 490,

Strabismus is a frequent disorder among children, affecting
approximately 3-4% of the population. Strabismus 1s a misalign-
ment of the eyes in which the visual axes are not directed to
the same fixation point. Except from the cosmetic effects, stra-
bismus may cause amblyopia (a ‘lazy eye’) in children and diplo-
pia (double vision) in adults. Strabismus is usually corrected
by muscle surgery, which aims to correct the alignment of the
eyes, by relocating the eye muscles with shortening or lengthen-
ing one or two eye muscle attachments to the eye, during eye
muscle surgery.

The reoperation rate for strabismus surgery is between 20%
and 50% in children operated under the age of four. This puts a
burden on costs of healthcare and the quality of life of pa-
tients. Strabismus operations in the Netherlands are performed
roughly 150 times a week. More than half of the strabismus reop-
erations can be attributed to three sources of variance: (1) in-
accurate preoperative measurements of the strabismus angle (20%
of the reoperations), (2) variability in surgical strategy among
ophthalmologists and orthoptists (15%) and (3) inaccurate sur-
gery (20%). The remaining variance 1is attributable to individual
differences in recovery, anatomy and physiology of the patient’s
eye muscles or orbit and differences in degree of binocular vi-
sion.

In the apparatus and method of DE-A-196 49 490 a strabismus
angle of the eyes of an individual is determined by performing a
reflection test on said eyes, comprising the steps of:
-directing at least a first beam of light onto said eyes of the
individual;
~having the individual focus its eyes;

-using an imaging device for performing a reflex test on both
eyes to estimate the strabismus angle,

wherein:
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-the reflex test is carried out by applying at least two light
sources at known differing positions and measuring the corneal
reflections of said light sources in both eyes by monitoring
sald corneal reflections by an imaging device or devices;
~-the said corneal reflections are used to derive corneal center
coordinates for both eyes individually;
~for both eyes individually pupil center coordinates are esti-
mated; and
-the corneal center coordinates and the pupil center coordinates
of both eyes are used to estimate the strabismus angle.

In the apparatus and method known from US-A-5,502,520 the
following steps are applied:
~-directing at least a first beam of light onto the eyes of the
individual; |
-having the individual focus its eyes on the first beam of
light;
~using at least one imaging device for measuring the light beam
reflected from the eyes for determining a Brlckner reflex test
and performing a Hirschberg reflex test. The reflected light
beam is for this purpose recorded with a video apparatus, and
the recorded images are later forwarded to an eye specialist for
a diagnosis of eye disorders indicated by the said Brilckner and
Hirschberg reflex tests. Although this known apparatus and
method obviate the need of the presence of the eye specialist,
and allow that any medical practitioner can take the test, it is
still disadvantageous in that it needs the efforts of the eye
specialist to analyze in a conventional manner the presence of
eye disorders, such as in particular strabismus.

The problems that attach to the conventional manner of
determining and treating strabismus and which cause the high
rate of reoperations as discussed above, therefore still remain.

Another drawback of the prior art relates to the con-
ventional use of the Hirschberg-test. This test is based on de-~
termining the position of the corneal light reflection (first
Purkinje image) relative to the pupil center when a light is
shone onto the eyes. If the eyes are aligned properly, the re-
flection will appear on the same (mirrored) location on each
eye. If the patient is strabismic, the reflections will be asym-
metrical. The angle of strabismus is evaluated from the mis-
alignment of the reflection in the strabismic eye. Because of

its dependency on a patient’s anatomy such as its corneal curva-
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ture, which varies significantly and is not individually esti-
mated, the Hirschberg-test is unreliable with a reported stan-
dard deviation of 3.9°, see Hasebe, S. et al, The reliability of
a video-enhanced Hirschberg-test under clinical conditions. In-
vest Ophtalmol Vis Sci, 1995. 36(13), pages 2678-85.

Latent strabismus angles are currently measured with a
standard deviation of 1.7° and manifest strabismus with a stan-
dard deviation between 3.9 and 5.4°. The average strabismus as-
sessment lasts a quarter of an hour if the angle of strabismus
is measured in all gaze directions, and requires cooperation of
a patient. This presents major problems in patients below four
years old, which concerns the majority of the patients. Chil-
dren, more than adults, require a fast, objective and entertain-
ing measurement approach to measure strabismus angles. A child’s
concentration span is limited (in the order of seconds) and gen-
erally decreases during a task. Due to the limitations of the
current measurement methods there is a need for a new method and
apparatus to measure strabismus angles (particularly with chil-
dren) in a quick and accurate way.

In summary the main drawbacks of the current state of the
art to measure strabismus angles are its limited accuracy, the
time required to obtain a measurement and its dependency on pa-
tient cooperation.

It is therefore one of the objectives of the invention
to propose a method and apparatus with which it is possible to
assess the angle of strabismus in a quick (within 30 seconds)
and accurate (< 0.5° SD) way, by using a technique that mini-
mally relies on the cooperation of the (young) patient. Further
it is an objective of the invention to be able to measure from a
distance of at least one meter, and in a manner that free head
movement 1s allowed. By using an objective and accurate measure-
ment method, the inter- and intra-observer variations in the
preoperative measurement can be reduced and young uncooperative
patients can be measured more easily. Moreover, an easier and
faster measurement method offers the possibility to assess a pa-
tient’s strabismus angle more frequently. This way, the intra-
patient variability can be taken into account in the decisions
for surgery.

In order to meet one or more of the above objectives,
the method and apparatus of the invention are characterized by

one or more of the appended claims.
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In a first aspect of the invention, a method for auto-
matically determining a strabismus angle of the eyes of an indi-
vidual is proposed wherein:

-first the light beam reflected from the eyes is measured in a
first test for establishing which eye of both eyes is fixating,
and that thereafter:

-for both the fixating eye and the non-fixating eye individually
the estimated corneal center coordinates and the estimated pupil
center coordinates are used to establish each eye’s optical axis
through the corneal center and the pupil center of the concern-
ing eye; and that

-for the eye that is fixating the angle kappa is established be-
tween the fixating eye’s optical axis and a first visual axis
through that fixating eye’s corneal center and its fovea;

-for the non-fixating eye a second visual axis is derived from
that non-fixating eye’s optical axis and the angle kappa that is
established for the fixating eye;

-and that the strabismus angle is derived from the so derived
first and second visual axes of both eyes.

In this manner it is possible to automate the determi-
nation of the strabismus angle and exclude the necessity from
the prior art to include a human determination by an eye spe-
cialist of the concerning eye disorder. Accordingly it is possi-
ble to improve the speed, reliability and accuracy of the deter-
mination of the strabismus angle. The method further provides
the advantageous feature that the strabismus angle can be meas-
ured in all directions of gaze, and not merely in a 2D-plane. A
further advantage of the invention is that the strabismus-angle
can be measured as a function of the position of the individ-
ual’s head.

The method of the invention can effectively be carried out
in an apparatus having the features that it comprises at least
two light sources at different positions, that its imaging de-
vice 1s arranged to measure the corneal reflections of said
light sources in both eyes, and that it comprises calculating
means connected to the imaging device that is arranged to effect
that
-the saild corneal reflections are used to derive corneal center
coordinates for both eyes individually;

-for both eyes individually pupil center coordinates are esti-

mated; and that
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~the corneal center coordinates and the pupil center coordinates
of both eyes are used to estimate the strabismus angle.

According to the invention this apparatus has the fol-
lowing features that differentiate it from the prior art, nota-
bly an imaging device arranged to measure a light beam reflected
from the eyes for establishing which eye of both eyes is fixat-
ing, and calculating means arranged to determine:

-for both the fixating eye and the non-fixating eye individually
the estimated corneal center coordinates and the estimated pupil
center coordinates, and to establish for both the fixating eye
and the non-fixating eye the optical axis through the corneal
center and the pupil center of the concerning eye;

-for the eye that is fixating the angle kappa between the fixat-
ing eye’s optical axis and a first visual axis through that fix-
ating eye’s corneal center and its fovea;

-for the non-fixating eye a second visual axis depending on that
non-fixating eye’s optical axis and the angle kappa that is es-
tablished for the fixating eye; and

-the strabismus angle from the so derived first and second vis-
ual axes of both eyes.

In order to promote the operational speed of the appa-
ratus and the method applied thereby, it is advantageous that
the imaging device is arranged for stereo imaging. This can ef-
fectively be implemented by arranging that the imaging device
comprises two cameras at different locations.

The invention will hereinafter be further elucidated
with refereﬁce to the following discussion of a method in accor-
dance with the invention, and a provisional set up of an appara-
tus in accordance with the invention.

In the following discussion reference will further be
made to the drawing, in which:

-figure 1 shows schematically two eyes and the relevant
optical and visual axes;

-figure 2 shows schematically the calculation scheme
for the strabismus angle in accordance with the invention;

-figure 3 shows a photograph demonstrating asymmetry in
the reflexes of the eyes attributable to strabismus;

-figure 4 shows schematically a first test as applied
in accordance with the invention;

-figure 5 shows a stereo camera setup for application

in the method of the invention;
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-figure 6 provides an exemplary image of the eyes of an
individual showing three corneal reflections;

-figure 7 shows schematically the measurement protocol
of the automated strabismus measurement in accordance with the
invention;

-figure 8 shows schematically a ray diagram of one
light source reflected in a convex mirror and observed by two
cameras;

-figure 9 shows schematically a ray diagram with three
light sources reflected in a convex mirror and observed by two
cameras;

~figure 10 shows the virtual image of the pupil, as ob-
served by two cameras;

-figure 11 shows a schematic top view of an eye with
its concerning optical and visual axes; and

-figure 12 shows the experimental setup of the appara-
tus in accordance with the invention.

The measurement method of the invention will be discussed
with reference to the following definitions which generally ap-
ply in the field.

In orthotropic subjects, the wvisual axes (VA) of both eyes
are directed at the fixation target (see Fig.l). A strabismus
patient fixates with only one eye at a time. Hence, the angle
kappa of a patient is considered the angular difference between
the visual axis of the non-fixating eye and the direction in
which this eye 1s supposed to point (Fig.1l).

In figure 1 the following legend applies:

OA = optical axis fixation target

VA= visual axis

VAO = visual axis in orthotropic

PC = pupil center

CC
CE

Il

corneal sphere center

I

eyeball center

Fig.l shows the strabismus angle defined as the angle be-
tween the visual axis of the strabismic eye and the axis where
the eye is supposed to point at in the situation of binocular
fixation. The optical axis (OA) and visual axis (VA) of both
eyes are represented. CC is the corneal center. CE represents
the (rotation) center of the eye. In figure 1, the left eye fix-
ates on the fixation target and the right eye is deviated out-

ward (exodeviation).
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The visual axis (VA) of the human eye originates as figure
1 shows from the fovea, crosses the corneal sphere center (CC)
and is directed towards a fixation object [23]. The visual axis
does generally not coincide with the optical axis of the human
eye. The fovea, where the visual axis originates does not have a
central position on the retina, but is located 3.9 = 2.7° to the
temporal side. The optical axis (OA) 1is considered the symmetry
axis of the eye and is assumed to cross three principal points
of the eye: the pupil center PC, the corneal center CC and the
eye center CE. )

As mentioned earlier the angle kappa is defined as the an-
gle between the visual axis and the optical axis. Kappa is
highly correlated in both eyes (r=0.8996 [24]), although some-
times asymmetries exist. Since its variability is high, a cali-
bration 1s needed before an accurate measurement can be ob-
tained.

The angle kappa can be estimated in the patient’s fixating
eye with a calibration, when the subject instantanecusly fixates
on the coaxial light source. Kappa 1s assumed to be equal in
both eyes. To compute the strabismus angle the visual axes (VA)
in both eyes have to be determined. In the fixating eye, the
visual axis is assumed to point at the fixation target. In the
strabismic eye, the visual axis can not be found directly, but
is projected on the found optical axis, by angle kappa (see also
the schematic calculation scheme of Fig.2).

The measurement protocol in accordance with the inven-
tion to determine a patient’s strabismus angle is discussed in
the following with reference to figure 2. In figure 2 square
blocks represent célculation processes, rounded blocks represent
input and output data.

In the calculation scheme for the strabismus angle as shown
in figure 2, first the angle kappa i1s calibrated in the dominant
(fixating) eye. The corneal reflection centers I1l, I2, I3 and
pupil center are determined in 3D coordinates. Then the center
of corneal curvature CC is calculated, and subsequently the op-
tical axis (OA) and visual axis (VA) in the fixating eye are de-
termined. In the strabismic eye, only the optical axis (OA) can
be measured.

As discussed above the angle kappa is the angle between the
optical and visual axes and 1s assumed to be equal in both eyes.

Consistent therewith for the strabismic eye the visual axis is
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projected on the OA'by angle kappa. The strabismus angle is then
calculated with the VA in the fixating eye and VA in the stra-
bismic eye.

Hereinafter a detailed disclosure of each method step in

accordance with the invention will be provided.

Step 1: Detection of the fixating eye

The first step in assessing the strabismus angle is the de-
termination of the fixating eye. The question whether a patient
fixates with its right or left eye can for instance be solved
with the Brlckner test.

Brickner (1962) [25] introduced the test, in which a bright
coaxial light source is used to illuminate both eyes of the sub-
ject. Two red fundus reflexes appear and the brightness of these
reflexes 1s compared. When the light shines exactly in the fovea
a darker response 1is seen than when the light is reflected by
the periphery of the fovea. Strabismus or anisometropia can be
diagnosed from the asymmetry of these reflexes without touching
the child (see Fig.3).

Fig.3 shows the asymmetry of the red reflexes attributable
to (micro)strabismus. The pupil of the patient’s fixating eye
(right in the image) appears darker than the strabismic eye.
Figure 3 is adapted from [27].

By using a light source that is exactly coaxial with a cam-
era, an automated test can be performed. The Brickner test is
sensitive to anisometropia (the condition in which the two eyes
have unequal refractive power) in the assessment of pupil
brightness [13]. This causes false positives for strabismus and
should be taken into account, for instance by assessing the re-
fractive errors should be assessed prior to performing the test.

In the method and apparatus of the invention an automated
version of the test is implemented as schematically shown in
Fig.4.

As an input to the test as represented by block 1 first the
segmented pupils are acquired from the obtained images. Block 2
then calculates and compares the average pupil brightness. Block
3 redoes the test if the pupil brightness of both pupils is lar-
ger than a fixation threshold of 1° to 2°, else it continues to

block 4. In block 4 the Dominant (fixating) eye is determined by
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the lowest pupil brightness. Finally in block 5 it provides the
output: the patient fixates and its fixating eye is L/R.
When fixation is assured and the fixating eye is deter-

mined, the visual axis (VA) in this eye can be derived.

Step 2: Individual parameter estimation through a one-point

calibration

To determine the rotation in both eyes, in the method of
the invention an automated technique is applied.

A person’s eye rotation can be derived from the pupil cen-
ters and corneal reflections (hereinafter referred to as PCCR).

The PCCR technique 1s related to the Hirschberg test ac-
cording to the prior art to determine strabismus angles. The hu-
man cornea acts like a convex mirror: when a light is shone onto
the eye, a reflection (first Purkinje image) appears on the cor-
nea. The horizontal or vertical distance between the center of
this reflection and the center of a person’s pupil can be used
as a measure for the eye rotation.

The PCCR technique can be applied in non-cooperative pa-
tients and requires at least a setup with one camera and one
light source. The main disadvantage in this configuration, how-
ever, 1s its sensitivity to human biometric parameters. A per-
son’s radius of corneal curvature (Rc) and the distance between
the light source, camera and the subject strongly affect the po-
sition where the corneal reflection appears. The position of the
observed pupil center is affected by refraction of the cornea
and the anterior chamber depth (ACD); the position of the real
pupil. A patient’s Rc and ACD have an influence on the measure-
ment accuracy of PCCR and vary significantly [6, 24]7.

A fourth parameter that influences the accuracy of the PCCR
is a patient’s angle kappa, the angle between the visual axis
(VA) and the optical axis (OA). Before an accurate measurement
can be performed, an individual calibration of these parameters
should be done. In the PCCR with one camera and one light
source, the subject i1s therefore generally asked to fixate on a
number of calibration points to estimate the parameters Rc, ACD
and the angle kappa.

In order to circumvent the Rc and ACD need to apply more
than one calibration point, it is in accordance with the inven-

tion preferred to apply an arrangement as shown in figure 5 with
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a stereo camera setup with two cameras (Cl, C2) and at least
two, and preferably at least three infrared light sources (LI,
L2, L3). In this setup it 1is possible to apply a method avoiding
calibrating a person’s corneal radius and anterior chamber
depth.

With the stereo camera setup as shown in figure 5, the cor-
neal reflections and pupil centers can be calculated in 3D
global coordinates. With multiple light sources it is possible
to calculate the center of the cornea CC, assuming that the cor-
nea -as mentioned above- behaves as a convex mirror. This way,
the optical axis (OA) and visual axis (VA) (as discussed with
reference to Fig.1l) of both eyes of a patient can be determined
in 3D, which will be explained in detail hereinafter. The angle
kappa can thus be calibrated with one-point fixation on a coax-
ial light source, which can also be used to perform the Brickner
test.

This one-point calibration requires only little time and
cooperation from the individual subjected to the method, which
is particularly advantageous with a young child. In the designed
setup as shown in figure 5, a stereo camera setup 1s used, in
which the two cameras are considered to act as pinhole cameras.
The light sources are considered point sources.

Fig.6 provides an example image of an exotropic subject ob-
served by camera 2 (Fig.5). The three corneal reflections (first
Purkinje images) of the three light sources are visible on the

subject’s pupils.
Measurement calculations

To calculate the strabismus angle in a patient, the optical
axes {(0OA) and visual axes (VA) in both eyes are estimated from
the pupil centers and corneal reflections. The center of corneal
curvature CC (Fig.l), which is part of both OA and VA, is calcu-
lated for both eyes, using the corneal reflections (Fig.6),

which are virtual images behind the corneal surface.

Pupil Center PC

The optical axis (OA) of the eye can be determined with the
information of nodal point CC and the location of the pupil cen-

ter PC. When an eye is observed by a camera, the image displays
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the virtual image of the pupil, instead of the physical pupil.
The virtual image of the pupil center (PC) differs from the
physical pupil center (PP), due to the refraction of the cornea,
and will be seen magnified and displaced anteriorly.

The virtual image of the pupil is independent of the camera
position and can be assumed to lie on the same optical axis as
the physical pupil center PP. When observed by a stereoc camera
setup, the 3D location of the virtual image of the pupil can be

determined by a 3D triangulation, as can be seen in Fig.10.

Fig.10 shows a virtual image of the pupil, observed by two
cameras. CC represents the corneal center of curvature, PP the

physical pupil center and PC the used virtual pupil center.

Optical and visual axes in the fixating eye

By knowing the 3D position of the fixation target {(e.g. the
coaxial light source L2) and the corneal center CC, the direc-
tion of the visual axis VA of the fixating eye (Fig.1l1l) can be
calculated. The optical and visual axes in the fixating eye are
determined and the angle kappa 1s calculated as the angle be-
tween these two axes in horizontal and vertical directions (in
the reference frame of the head).

Fig.1l1l shows schematically a top view of the right eye of
the human eye with the visual axis VA, originating from the fo-
vea, crossing CC and directed to the fixation target. The opti-
cal axis OA crosses CC and pupil center PC.

Angle kappa 1s the angle between OA and VA. CC is the center of

corneal curvature and CE the eye ball center [32].
Optical and visual axes in the strabismic eye

The optical axis of the strabismic (non-fixating) eye
(OAstr) can be determined also by deriving the pupil center PC
and corneal center CC. With the assumption that angle kappa is
equal in both eyes, the visual axis of the strabismic eye
(VAstr) is revealed by a vector projection on its optical axis.

When the visual axis in the strabismic eye is calculated,
the horizontal strabismus angle is determined as the angle in
horizontal direction between the strabismic visual axis and the

reference axis where the eye was supposed to point at (Fig.1).
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If desired the vertical angle of strabismus can be computed as

well,
Corneal Center CC

When a ray of light is reflected on a convex surface, such
as the cornea, the reflection (or first Purkinje image) is
formed as a virtual image behind the surface (see Fig.8). The
corneal surface is assumed to be spherical. The reflection law
of convex mirrors establishes that the virtual light position is
only determined by the actual position of the light source and
by the position of the mirror, independent of the camera posi-
tion [32]. If two cameras of a stereo camera setup are placed at
different locations, each camera will capture the same virtual
image of the light source in space.

With the use of a stereo camera setup the 3D location of
the virtual image of the corneal reflection can be calculated
according to the theory of convex mirrors.

According to the properties of a convex mirror an incident
ray that is directed towards the center of curvature of the mir-
ror, is reflected back along its own path. The virtual image of
the reflection of a light source will lie in this path. The
light source, the virtual image of its corneal reflection, and
the center of curvature of the cornea will be colinear [32]. If
at least two light sources with known positions are used, this
colinearity can be used to calculate the corneal center of cur-
vature CC (see'also Fig.9) by determining the points of inter-
section of the obtained lines. The accuracy of this determina-
tion can be improved by increasing the number of light sources.

Fig.9 shows a setup that can be used for the one-point
calibration with two cameras (Cl and C2) and three light sources
(L1, L2, L3), generating 3 virtual images (Il, I2, I3) of cor-
neal reflections. CC represents the corneal center. L, I and CC

are colinear.

Step 3: Strabismus angle measurement

Once the visual axes (VA) have been determined in the fix-

ating and strabismic eye in the manner described above, it is
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possible to derive both in vertical and horizontal direction the
quantitative strabismus angle of a patient.

The total scheme to determine a patient’s fixating eye, to
estimate a patient’s angle and to calculate the strabismus an-
gle, is represented in Fig.7.

Fig.7 shows the scheme of the measurement protocol of an
automated strabismus measurement in accordance with the inven-
tion. A first test Tl is used to determine from acquired images
I the patient’s fixating (dominant) eye (step 1). The angle
kappa 1s calibrated with a one-point calibration T2 on a fixa-
tion target (step 2). Then in step 3 represented by block T3 the
strabismus angle can be straightforwardly computed.

The calculations done to perform the gquantitative measure-
ment of the strabismus angle are described in detail in the pre-
vious section. A detailed calculation process scheme is repre-

sented in Fig.2.

Experimental setup of an apparatus in accordance with the inven-

tion

A schematical view of the experimental setup that is used
to demonstrate the invention is shown in Fig. 12. Two synchro-
nized ethernet Prosilica cameras (GC2450) with a resolution of
2450x2050 pixels have been mounted on a tripod. Two lenses with
75 mm focal length have been mounted, aimed to measure patients
at 1.1 m distance from the camera with a field of view of 120mm.
The cameras have been calibrated with a calibration toolbox in
Matlab [33].

Fig.12 shows on the left: A picture of an individual with
his head placed in a chin rest. On the right figure 12 shows the
used experimental configuration with the stereo camera setup and
three (IR) light sources of which one was coaxial with the left
camera.

To invoke the corneal reflections three infrared light
sources (Epigap) with a wavelength of 870 nm and a radiant power
of 240 mW have been applied in an array. Infrared light is used
because visible light reflections may be confused with ambient
disturbing light reflections. For the fixation target, light in

the visible spectrum was used.
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On the camera lenses, two infrared transmitting filters
were mounted. The infrared-transmitting filters absorb most of
the visible light region and transmit the infrared region (> 700
nm). The light sources are completely safe for the human eye.
Two light sources (L1 and L3) are pointed directly to the sub-
ject, whereas the central light source (L2) 1is focused by a lens
on a small aluminium coated mirror under 45° in front of one
camera to invoke the Bruckner reflex and to serve as a fixation
target for the one-point calibration.

For the image processing and the extraction of the centers
of the corneal reflections and the pupil centers, a Starburst
algorithm [34] was implemented. Starburst is an open-source eye-
tracking algorithm in Matlab, originally developed for head-
mounted eye-tracking systems [34]. The algorithm begins by lo-
cating and removing the corneal reflections from the image. The
center of the corneal reflection is computed as the gravity cen-
ter of the bright reflection. The pupil edge points are located
using an iterative feature-based technique. An ellipse is fitted
to the detected edge points [35]. Each time the algorithm is
performed, the result is a set of three corneal reflection cen-
ters and 1 pupil center in 2D picture coordinates (see Fig.13).

When the pupil centers and corneal reflections of both eyes
are extracted from the images of the two cameras, a stereo tri-
angulation is performed to calculate the 3D coordinates of the

respective points in space.
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CLAIMS

1. Method for automatically determining a strabismus
angle of the eyes of an individual by performing a reflection
test on said eyes, comprising the steps of:

-directing at least a first beam of light onto said eyes of the
individual;

-having the individual focus its eyes;

-using an imaging device for performing a reflex test on both
eyes to estimate the strabismus angle,

wherein:

~the reflex test is carried out by applying at least

two light sources at known differing positions and

measuring the corneal reflections of said light sources
in both eyes by monitoring said corneal reflections by
an imaging device or devices;

-the said corneal reflections are used to derive cor-

neal center coordinates for both eyes individually;

-for both eyes individually pupil center coordinates

are estimated; and

-the corneal center coordinates and the pupil center

coordinates of both eyes are used to estimate the stra-

bismus angle,
characterized in that
-first the light beam reflected from the eyes is measured in a
first test for establishing which eye of both eyes is fixating,
and that thereafter:
~-for both the fixating eye and the non-fixating eye individually
the estimated corneal center coordinates and the estimated pupil
center coordinates are used to establish each eye’s optical axis
through the corneal center and the pupil center of the concern-
ing eye; 4
-for the eye that is fixating the angle kappa is established be-
tween the fixating eye’s optical axis and a first visual axis
through that fixating eye’s corneal center and its fovea;
-for the non-fixating eye a second visual axis is derived from
that non-fixating eye’s optical axis and the angle kappa that is
established for the fixating eye;
—and that the strabismus angle is derived from the so derived

first and second visual axes of both eyes.
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2. Method according to claim 1, characterized in that
monitoring of the corneal reflections by the imaging device or
devices 1s performed by using at least two cameras at different
locations.

3. Method according to claim lor 2, charaterized in
that the position of the individual’s head is measured, and the
strabismus-angle is related to said position.

4. Apparatus for automatically determining a strabismus
angle of the eyes of an individual, comprising:

-at least a first light source for directing light onto the eyes
of the individual,

-an imaging device for performing a reflex test on both eyes to
estimate the strabismus angle,

and further comprising:

-two further light sources at different positions, wherein the
imaging device is arranged to measure the corneal reflections of
said light sources in both eyes,

-calculating means connected to the imaging device so as to ef-
fect that:

-the said corneal reflections are used to derive cor-

neal center coordinates for both eyes individually;

-for both eyes individually pupil center coordinates

are estimated;

-the corneal center coordinates and the pupil center

coordinates of both eyes are used to estimate the stra-

bismus angle,
characterized in that
-the imaging device is arranged to measure the light beam re-
flected from the eyes for establishing which eye of both eyes is
fixating, and
-the calculating means i1s arranged to determine:

.for both the fixating eye and the non-fixating eye in-

dividually the estimated corneal center coordinates and

the estimated pupil center coordinates, and to estab-
lish for both the fixating eye and the non-fixating eye
the optical axis through the corneal center and the pu-
pil center of the concerning eye;

.for the eye that is fixating the angle kappa between

the fixating eye’s optical axis and a first visual axis
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through that fixating eye’s corneal center and its fo-
vea;
.for the non-fixating eye a second visual axis depend-
ing on that non-fixating eye’s optical axis and the an-
5 gle kappa that is established for the fixating eye;
.the strabismus angle from the so derived first and
second visual axes of both eyes.
5. Apparatus according to claim 4, characterized in
that the imaging device 1s arranged for stereo imaging.
10 6. Apparatus according to claim 5, characterized in
that the imaging device comprises at least two cameras at dif-

ferent locations.



WO 2011/021936 PCT/NL2010/050521

1/6

FIG. 1



WO 2011/021936 PCT/NL2010/050521

2/6
peoTT T k ST 'i
E (e ) (G11m) i i (mem) (eo )
l 100y,2) | L I(xy.2) i
' o :
i w] i | [ |
| | } I
PC 177 cC 1y | CC(XIYIZ) PC(X’y’Z) |
E oy Z)v { Y (y.2) : E 4 on 4 :
I ENCLY O e G s B
| |
: OA VA : E :
: * ! | |
; | |Kappa ®) : ;
| |
: VAsix ! : VAstr :
o } . |

y v




WO 2011/021936

PCT/NL2010/050521

3/6

Coff
Ci oLy

no




WO 2011/021936

PCT/NL2010/050521

4/6

> T1

FIG. 6

» T2 » T3 >0

FIG. 8



WO 2011/021936 PCT/NL2010/050521

FIG. 9

FIG. 10



WO 2011/021936 PCT/NL2010/050521

6/6

FIG. 11




INTERNATIONAL SEARCH

REPORT

international application No

PCT/NL2010/050521

A. CLASSIFICATION OF SUBJECT MATTER
A61B3/08

INV.
ADD. A61B3/107 A61B3/113

cation and IPC

According to International Patent Classification (IPC) or to both national classifi

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classificaf

A61B

tion symbols)

Documentation searched other than minimum documentation to the extent that

such documents are included in the fields searched

Electronic data base consulted during the international search (name of data b

EPO-Internal

ase and, where practical, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A DE 196 49 490 A1 (BARRY JEAN CYRIAQUE DR 1-6
MED DIP [DE] UNIV EBERHARD KARLS [DE])
20 November 1997 (1997-11-20)
figures 4-6
column 1, Tine 3 - line 5
column 2, line 52 - column 4, line 66
column 5, line 7 - line 11
column 5, line 45 - line 51
A WO 87/02565 A1 (RETINA FOUND EYE RES INST 1-6
[US]) 7 May 1987 (1987-05-07)
page 6, line 32 - page 7, line 4
page 15, line 15 - page 16, line 3

-/

m Further documents are listed in the continuation of Box C.

E See patent family annex.

* Special categories of cited documents :

“A° document defining the general state of the arn which is not
considered to be of particular relevance

“E" earlier document but published on or after the international
filing date

“L* document which may throw doubts on priority claim(s) or
which is cited to establish the publication date of another
citation or other special reason (as specified)

"0O" document referring to an oral disclosure, use, exhibition or
other means

"P" document published prior to the international filing date but
later than the priority date claimed ’

“T" later document published after the intemational filing date
or priority date and not in conflict with the application but
cited to understand the principle or theory underlying the
invention

"X* document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered to
involve an inventive step when the document is taken alone

"Y" document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more other such docu-
me'r]\ts, such combination being obvious to @ person skilled
in the art.

"&" document member of the same patent family

Date of the actual completion of the interational search

27 October 2010

Date of mailing of the international search report

05/11/2010

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Albrecht, Ronald

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/NL2010/050521

C{Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A

SHIH SHENG-WEN ET AL: "A novel approach
to 3-D gaze tracking using stereo
cameras."

TEEE TRANSACTIONS ON SYSTEMS, MAN, AND
CYBERNETICS. PART B, CYBERNETICS : A
PUBLICATION OF THE IEEE SYSTEMS, MAN, AND
CYBERNETICS SOCIETY FEB 2004,

vol. 34, no. 1, February 2004 (2004-02),
pages 234-245, XP002574761

ISSN: 1083-4419

cited in the application

the whole document

in particular chapter VI.D

1-6

Form PCT/ISA/210 (continuation of second sheet) (Aprit 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/NL2010/050521
Patent document Publication Patent family Publication
cited in search report date member(s) date
DE 19649490 Al 20-11-1997  NONE
WO 8702565 Al 07-05-1987 EP 0245455 Al 19-11-1987
JP 63502642 T 06-10-1988
us 4729652 A 08-03-1988

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - claims
	Page 20 - claims
	Page 21 - claims
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - wo-search-report
	Page 29 - wo-search-report
	Page 30 - wo-search-report

