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Description

[0001] The presentinvention relates to an ocular prop-
erty measuring apparatus and method, for application
especially, but not exclusively, in the determination of
blood glucose levels in animals.

[0002] Diabetes is a major and rapidly growing prob-
lem: there are estimates that over 170 million people suf-
fer from the disorder worldwide. In addition, studies have
shown that the incidence of juvenile-onset, insulin-de-
pendent diabetes has doubled over the lasts 15 years.
There has also been a doubling in the number of children
under the age of 5 suffering from diabetes injust 10 years.
[0003] The symptoms associated with diabetes can be
severe. Ifthe blood glucose level is not suitably controlled
by the patient, the physical damage which may be caused
includes blindness, heart disease and gangrene. As
such, the mortality rate for diabetics is significantly higher
than the rate for the average person.

[0004] A person’s blood glucose concentration varies
over a relatively short timescale, due to a number of fac-
tors, such as the length of time since the patient’s last
meal, the type of food ingested, the amount of exercise
taken, and whether or not the patient is otherwise ill. As
aresult, diabetics usually need to test their glucose levels
many times a day, in order to monitor and control their
condition. The actual testing regime varies between pa-
tients and is individually prescribed by the doctor or dia-
betes educator of the patient.

[0005] The primary method used for testing blood glu-
cose concentration involves the taking of a blood sample,
which is then analysed. In this test, a patient’s finger or
arm is pricked with a small needle and the resulting drop
of blood is placed on a test strip, for analysis in a hand-
held meter. If the glucose concentration reading is above
an acceptable level, insulin must be injected into the
blood stream to bring the glucose concentration back
within an acceptable range.

[0006] Because of the frequency of testing required to
monitor the blood glucose concentration, the patient is
normally expected to perform the tests throughout the
day, drawing and analysing the blood sample himself.
There are a number of problems experienced by patients
with the above procedure. Firstly, the technique is inva-
sive and therefore carries the risk of infection. Secondly,
continual pricking of the fingers causes hard skin. Thirdly,
the process is clearly not pain-free. Finally, there is a
large, ongoing consumables cost associated with this
method. As a result of these and other problems, certain
sectors of the diabetic population do not test themselves
as often as required. This is particularly the case for the
elderly, who tend to lack the fine motor skills required;
teenagers, who tend to find the whole procedure socially
embarrassing; and children, who tend not to accept the
discomfort associated with the process.

[0007] A number of non-invasive blood glucose con-
centration measuring techniques have been proposed to
overcome these problems. One particular approach

10

15

20

25

30

35

40

45

50

55

which has been suggested involves measuring the glu-
cose concentration of the aqueous humor in the anterior
chamber of the eye, since, while varying between indi-
viduals, there is a close correlation between this concen-
tration and the blood glucose concentration. Measure-
ment of the glucose concentration of the aqueous humor
may be achieved by various means; for example, by po-
larimetry (e.g., US-A-5,896.198); by Raman techniques
(e.g., WO-A-00/02479); by spectrometry (e.g., US-A-
5,969,815); or by reflectometry (e.g., US-B1-6,226,089).
[0008] A desirable alternative approach to measuring
the glucose concentration in the aqueous humor involves
measuring the refractive index of the aqueous humor,
since there is a strong correlation between the refractive
index and the glucose concentration.

[0009] US-A-3,963,019 discloses a method and appa-
ratus, by which a beam of light is projected into and
through the aqueous humor of a patient’s eye. The an-
gular displacement of light reflected from the iris and
through the aqueous humor is proportional to the refrac-
tive index of the aqueous humor. Hence by measuring
the angle of the reflected light, the glucose concentration
of the aqueous humor may be found. In practice, this
technique measures the combined optical properties of
the aqueous humor and the cornea and it is not trivial to
deconvolve the effect of each. In addition, changes to
the cornea, for example, will reduce the accuracy of read-
ings taken in this way.

[0010] US-A-6,152,875 discloses a method and appa-
ratus, by which the refractive index of the aqueous humor
may be derived by measuring the intensity of light reflect-
ed from the eye. The intensities of reflected light from the
air/cornea and cornea/aqueous humor interfaces are
measured and compared to determined how much light
is reflected from the cornea/aqueous humor interface rel-
ative to the corneal/air interface. It is assumed that the
amount of light reflected from the air/cornea interface is
constant, and that the amount of light reflected from the
cornea/aqueous humor interface is related to the refrac-
tive index of the aqueous humor. There are a number of
practical limitations to this technique. For example, any
stray light or reflections from other surfaces will cause
inaccuracies in measurements, so additional steps such
as interferometry, frequency shift, or ultra-short pulses
are required to achieve the required accuracy. Since the
method relies on the measurement of the relative reflect-
ed intensities from two surfaces of the eye, further inac-
curacies may be introduced because of diurnal variations
inthe shape of the cornea, changes in the refractive index
of the tear film (itself affected by the blood glucose level)
and variations in atmospheric conditions, such as tem-
perature and pressure, which will alter the refractive in-
dex of the air.

[0011] US-B1-6,226,089 relates to a method and sys-
tem for measuring glucose concentration in the aqueous
humor of the eye, using an extinction filter to control the
intensity of the light entering the eye. The optical absorb-
ance index or the refractive index of the aqueous humor
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is determined from the intensities of backscattering light
from the air-cornea and cornea-aqueous humor interfac-
es.

[0012] WO-A-03/025562 discloses an interferometric
technique for measuring the refractive index of the aque-
ous humor. In this technique, two beams of light are
shone onto the iris in the eye, one beam having a plane
wavefront and the other beam having a spherical wave-
front. The two beams interfere where they coincide on
the iris, to form a pattern of dark and light rings at a de-
tector. Changes in the refractive index of the aqueous
humor affect the phase difference between the interfering
beams and therefore the spacing of the fringes. The re-
fractive index may thus be determined by measuring the
spacing of the fringes. One practical problem with this
technique is that a laser is required. A further problem is
that interferometry is very sensitive to vibrations, with the
result that the apparatus effectively needs to be arranged
on an optical bench. In particular, this technique would
not be suitable for use with a hand-held meter. Further-
more, with this interferometric arrangement, it is not pos-
sible to distinguish between corneal changes and chang-
es in the aqueous humor.

[0013] Thereisaneed,therefore, foranapparatus and
method which employs a non-invasive, optical technique
for the reliable determination of changes in the refractive
index of the aqueous humor in the anterior chamber of
an eye. In particular, it would be desirable for measure-
ments made by such apparatus and method to be used
to derive the concentration of glucose in the aqueous
humor and, in turn, the concentration of glucose in the
blood of a patient. There is also a need for an apparatus
and method which may be used to determine the con-
centrations of other compounds in the aqueous humor,
including both naturally occurring and intentionally intro-
duced chemicals, and which may be used to measure
other properties of the eye, such as corneal thickness
and surface curvature.

[0014] The present invention aims to address the
above and other objectives by providing an improved
technique for the measurement of properties of an eye.
[0015] According to a first aspect of the present inven-
tion, there is provided a method of measuring changes
in an apparent depth of the anterior chamber of an eye,
the anterior chamber being defined by a first interface
between the cornea and the aqueous humor of the eye
and a second interface between the aqueous humor and
the ocular lens of the eye, the method comprising the
steps of: a) focusing light to ameasurement location prox-
imate or within the eye; b) scanning the measurement
location through the anterior chamber; c) detecting re-
flected light from the measurement location as the meas-
urement location passes through the first and the second
interfaces and generating a signal representative of the
detected light; d) deriving from the signal apparent posi-
tions of the first and the second interfaces and, therefrom,
the apparent depth of the anterior chamber; €) comparing
the derived apparent depth with a previous reference
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measurement of the apparent depth, so as to determine
a change in the refractive index of the aqueous humor;
and f) calculating a measure of change in concentration
of an analyte of interest in the aqueous humor from the
determined change of refractive index.

[0016] When the measurement volume, or location, is
scanned through a section of the eye, incident light is
reflected as a local peak each time the measurement
location passes through an interface between two media
of different refractive index. By recording the signal gen-
erated by a detector on receipt of this reflected light, a
reflected light intensity profile may be obtained. The sig-
nal is associated with the apparent position of the meas-
urement location, either in time or space, so that the ap-
parent depth of the section may be derived. The apparent
depth will typically differ from the real, or physical, depth
of the section by the refractive index of the section.
Changes in the apparent depth may therefore be used
to calculate changes in the refractive index of the section.
For example, if the apparent depth is an optical path
length through the aqueous humor, a change in the re-
fractive index of the aqueous humor may be derived from
a comparison of optical path length measurements,
thereby providing a measure of the glucose concentra-
tion of the aqueous humor. In this case, the first and sec-
ond surfaces are the cornea-aqueous humor interface
and the aqueous humor-ocular lens interface respective-
ly. Although the method and apparatus of the present
invention are intended to be used predominantly with the
human eye, the invention may also be applied to animal
eyes.

[0017] The present invention provides many advan-
tages over previous techniques. For example, the
present invention is capable of providing very high (sub-
micrometre) axial resolution. In addition, it is not neces-
sary to measure the absolute intensity of the reflected
light; the signal profile is instead used primarily to deter-
mine the apparent positions of interfaces of the eye. As
such, the method is relatively less affected by atmos-
pheric conditions and other changes to the outside of the
eye. Furthermore, corneal changes, for example, may
be deconvolved from the measurement of the apparent
depth of the section. Finally, a laser source is not essen-
tial for the present invention.

[0018] According to a second aspect of the present
invention, there is provided an apparatus for measuring
changes in an apparent depth of the anterior chamber of
an eye, the anterior chamber being defined by a first in-
terface between the cornea and the aqueous humor of
the eye and a second interface between the aqueous
humor and the ocular lens of the eye, the apparatus com-
prising: a) an optical focusing assembly, adapted to focus
incident light to a measurement location proximate or
within the eye; b) a scanning assembly, adapted to scan
the measurement location through the anterior chamber;
c) a detector, adapted to detect reflected light from the
measurement location as the measurement location
passes through the first and the second interfaces and
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adapted to generate a signal representative of the de-
tected light; and d) a processor, adapted to: i) derive from
the signal apparent positions of the first and the second
interfaces and, therefrom, the apparent depth of the an-
terior chamber; ii) compare the derived apparent depth
with a previous reference measurement of the apparent
depth, so as to determine a change in the refractive index
of the aqueous humor; and iii) calculate a measure of
change in concentration of an analyte of interest in the
aqueous humor from the determined change of refractive
index.

[0019] In preferred embodiments, the apparatus em-
ploys a confocal arrangement, so that the location to
which and from which light is incident and reflected may
be precisely determined. Preferably, the measurement
location is scanned by translating an optical lens on a
scanning stage.

[0020] According to one embodiment of the present
invention, there is provided a method of measuring
changes in a property of an eye, comprising the steps of:
a) directing light from a light source to a first reference
location; b) spatially filtering light not received at the first
reference location; c) receiving light from the first refer-
ence location and focusing the light to a measurement
location; d) scanning the measurement location along a
measurement line within the eye; e) receiving reflected
light from the measurement location and focusing the
reflected light to a second reference location; f) spatially
filtering reflected light not received at the second refer-
ence location; g) measuring an intensity of the reflected
light received at the second reference location; h) relating
an intensity measurement to an apparent position of the
measurement location; i) selecting intensity measure-
ments of interest, the intensity measurements of interest
representing measurement locations of interest; and j)
deriving a distance between the measurement locations
of interest, the distance being an apparent depth of the
anterior chamber, the anterior chamber being defined by
a first interface between the cornea and the aqueous
humor of the eye and a second interface between the
aqueous humor and the ocular lens of the eye, the meth-
od further comprising the steps of: k) comparing the de-
rived apparent depth with a previous reference measure-
ment of the apparent depth, so as to determine a change
in the refractive index of the aqueous humor; and 1) cal-
culating a measure of change in concentration of an an-
alyte of interest in the aqueous humor from the deter-
mined change of refractive index.

[0021] Preferably, the method employs a confocal
scanning technique and the first and second reference
locations are coincident. Preferably, the intensity meas-
urements of interest are peaks in the reflected light in-
tensity profile which is obtained, each peak representing
a respective interface between different refractive re-
gions of the eye.

[0022] According to another embodiment of the
present invention, there is provided an apparatus for
measuring changes in a property of an eye, the property
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being an apparent depth of the anterior chamber defined
by a first interface between the cornea and the aqueous
humor of the eye and a second interface between the
aqueous humor and the ocular lens of the eye, the ap-
paratus comprising: a light source; a source optical ele-
ment, adapted to direct light from the light source to a
first reference location; an objective optical element,
adapted to receive light from the first reference location
and to focus the light to a measurement location, the
objective optical element being further adapted to scan
the measurement location along a measurement line
within the eye and through the anterior chamber; a return
optical element, adapted to receive reflected light from
the measurement location and to focus the reflected light
toasecondreference location; an optical detector, adapt-
ed to measure an intensity of the reflected light received
atthe second reference location; and a processor, adapt-
ed to: i) relate intensity measurements of interest to ap-
parent positions of the measurement location, so as to
derive the apparent depth of the anterior chamber; ii)
compare the derived apparent depth with a previous ref-
erence measurement of the apparent depth, so as to de-
termine a change in the refractive index of the aqueous
humor; and iii) calculate a measure of change in concen-
tration of an analyte of interest in the aqueous humor
from the determined change of refractive index.

[0023] Preferably, the apparatus employs a confocal
scanning arrangement and the firstand second reference
locations are coincident. Advantageously, the reference
locations are provided by a pinhole aperture, which also
acts to stop stray light (i.e. light not focused to the refer-
ence locations) from continuing past the reference loca-
tions.

[0024] The apparatus of the present invention may be
used in a variety of applications. Preferably, the appara-
tus is compact and portable. In particular, the apparatus
of the present invention may be formed of components
using micro-electromechanical systems (MEMS), or mi-
cro-systems technology (MST), and may additionally or
alternatively be incorporated in a hand-held device, and
these features represent further aspects of the present
invention.

[0025] Other preferred features are set out in the de-
scription, and in the dependent claims which are append-
ed hereto.

[0026] The present invention may be put into practice
in a number of ways and some embodiments will now be
described, by way of example only, with reference to the
following figures, in which:

Figure 1 shows schematically a scanning technique
in accordance with a first embodiment of the present
invention;

Figure 2 shows a confocal optical scanning appara-
tus in accordance with a second embodiment of the
present invention;

Figure 3 shows a confocal optical scanning appara-
tus in accordance with a third embodiment of the
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present invention;

Figures 4a and 4b show schematic ray diagrams of
a confocal lens arrangement, with a reflecting object
respectively in and out of focus;

Figure 5 shows schematically an intensity profile of
reflected light when the focal plane of the lens ar-
rangement of Figures 4a & 4b is scanned past a re-
flecting object;

Figures 6a and 6b show schematic ray diagrams of
retroreflections from a convex surface and aconcave
surface respectively, when the lens arrangement of
Figures 4 and 5 is focused at the centre of curvature
of the surface; and

Figure 7 shows a confocal detector array in accord-
ance with a further embodiment of the present in-
vention.

[0027] Figure 1 shows an embodiment of the present
invention, in which a scanning technique is used to meas-
ure the apparent locations of interfaces within an eye 30.
Incident light is focused to a location, which represents
a measurement volume, generally proximate or within
the eye 30. The measurement location is then scanned
through at least a part of the eye 30 such as the anterior
chamber of the eye. Each time the focused light encoun-
ters an interface of the eye 30, the light is reflected from
the interface. The reflected light is then detected to gen-
erate a signal representative of that detected light. The
apparent location of the measurement volume, as deter-
mined externally of the eye 30, is related to the signal,
so that a reflected light signal profile, with respect to the
apparent position of the measurement location, may be
generated and, from this, the apparent locations of the
interfaces determined. An optical path length, or depth,
between any two interfaces of interest may then be cal-
culated.

[0028] Figure 1 shows a scanning lens 26, the focal
point 15 of which represents the measurement location.
The scanning lens 26 may be scanned along its optical
axis (not shown), so that its focal point 15 is, in turn,
scanned from a location external of the eye 30 to a loca-
tion within the eye. With reference to the anterior chamber
of the eye 30, the eye comprises a cornea 32, aqueous
humor 34 and an ocular lens 36, behind which is the
vitreous humor. In this embodiment, the line of measure-
ment taken by the measurement location passes through
the cornea 32, the aqueous humor 34 and the ocular lens
36 and is coaxial with the optical axis of the scanning
lens 26. As the focal point 15 passes through a surface
bounding two media having different refractive indices
n4,ny, the incident light is reflected from the surface. A
light intensity detector 20 (not shown) detects the reflect-
ed light and generates a signal, which rises to a peak
and then falls away each time the measurement location
passes through an interface in the eye 30. The size of
the intensity spike depends on the properties of the two
media either side of the interface. Scanning the meas-
urement location therefore results in a reflection peak for
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each of the four surfaces illustrated in Figure 1: the air-
cornea boundary, the cornea-aqueous humor boundary,
the aqueous humor-ocular lens boundary, and the ocular
lens-vitreous humor boundary. The apparent distance
between features of interest on the intensity curve may
then be determined and properties of the eye 30, such
as corneal thickness, ocular lens thickness, or the optical
path length, 1, through the aqueous humor 34, may be
derived.

[0029] The optical path length, 1, through the aqueous
humor 34 is given by the distance between the intensity
peaks seen when the reflected light is from the cornea-
aqueous humor interface and the aqueous humor-ocular
lens interface. The intensity curve shown in Figure 1 is
characteristic of the reflected light intensity measured be-
tween the exterior surface of the cornea 32 and the sur-
face between the ocular lens 36 and the vitreous humor
(when secondary, retro-reflections from these curved
surfaces, which are discussed below, are ignored). As
such, the two intensity measurements of interest are the
middle two intensity peaks of the four and the distance
between these peaks will be referred to as the optical
path length 1.

[0030] The optical path length 1 is the product of the
physical thickness, d, of the aqueous humor 34 and the
refractive index, n, of the aqueous humor: 1 = nd. From
individual to individual, the physical thickness d varies in
dependence upon a number of factors, including the in-
dividual's particular physiology, the corneal thickness
and the accommodation of the ocular lens. As a general
rule, the cornea 32 increases in thickness by approxi-
mately 5% overnight and requires around four hours to
return to its baseline thickness. A number of proposed
techniques for the measurement of glucose levels in the
aqueous humor 34 are affected by this phenomenon, to
the extent that their accuracy is compromised. One ad-
vantage of the scanning technique of the present em-
bodiment is that the corneal thickness may be measured
independently and thus deconvolved from the measure-
ment of the optical path length 1 of the aqueous humor 34.
[0031] Other factors which may affect the properties
of the cornea 32, the aqueous humor 34 and the ocular
lens 36 may also be deconvolved from the optical path
length 1 measurements. For example, the wearing of
contact lenses changes the thickness of the cornea 32.
Using the scanning technique of the present embodi-
ment, both this effect and the fact that an additional op-
tical component is present along the measurement line
may be taken into account and factored out of the optical
path length 1 measurement. Similarly, by arranging for
the measurement line to extend partially into the vitreous
humor, the locations of both surfaces of the ocular lens
36 may be determined. The thickness of the ocular lens
36 can then be evaluated and taken into account in the
optical path length 1 measurement. Alternatively, a ref-
erence object 38 (not shown) may be used to achieve a
reference accommodation of the eye 30. By arranging
the reference object 38 so that it appears to be located
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at infinity and so that it is visible by the eye 30 throughout
a scanning measurement, it is possible for the eye to
maintain a constant, reference accommodation (i.e., the
ocular lens 36 should repeatably adjust to substantially
the same thickness when focusing the reference object
38). This also provides the advantage that the eye 30 is
looking in a predetermined direction and not to one side
(i.e., the eye is properly aligned), which helps to ensure
that reflected lightis properly received by the detector 20.
[0032] Preferably, in this embodiment, a light source
(not shown) provides an incident beam of light, which is
passed through a first reference location 11 (not shown)
defined in space. The incident light beam is then manip-
ulated by at least the scanning lens 26 to generate a
converging light beam, which is irradiated to the eye 30.
Preferably, a spatial filter (not shown) is used to prevent
incident light not passing through the first reference lo-
cation 11 from being focussed to the eye 30. The point
15 to which the light beam is focused is scanned along
a measurement line through the eye 30, from a position
in front of the cornea 32 to behind the ocular lens 36.
During this operation, the apparent distance moved by
the focus 15 and the intensity values of the backward
scattered light beam received at the detector 20 are
logged. Preferably, the reflected light is arranged to pass
through a second reference location 13 (not shown),
which may be traced directly back to the first reference
location 11. Again, it is preferable that a spatial filter (not
shown) is used to prevent reflected light not passing
through the second reference location 13 from being re-
ceived at the detector 20. In this way, it may be estab-
lished that light which is received at the detector 20 has
passed through the second reference location 13 and
has, therefore, also passed through the first reference
location 11. Since light passing through the first reference
location 11 is focused to the measurement location, any
light received at the detector 20 should have been re-
flected from the measurement location and should, there-
fore, indicate the presence of an interface. Of course,
there will be a relatively low, background level of light
detected by the detector 20, but the surface reflections
will result in a much greater intensity signal, so there is
no degradation in measurement accuracy as a result of
this. The distance moved between the intensity peaks
seen when the back surface of the cornea 32 and the
front surface of the ocular lens 36 respectively are in fo-
cus gives the optical path length 1 through the aqueous
humor 34.

[0033] Ifthe physical thickness d of the aqueous humor
34 is constant, or if changes to its thickness caused by
variations in the cornea 32 and/or the ocular lens 36 are
measured and taken into account, any changes in the
optical path length 1 measurement are due to changes
in the refractive index n of the aqueous humor. Therefore,
once a calibration measurement of the optical path length
1, refractive index n, and physical thickness d of the aque-
ous humor has been taken, changes in the refractive in-
dex may be determined. Since there is a linear relation-
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ship between the concentration of glucose within the
aqueous humor 34 and its refractive index n, changes in
the glucose concentration may be derived from the
changes in refractive index. Then, because the glucose
concentration in the aqueous humor 34 is, in turn, de-
pendent on the glucose concentration in the bloodstream
of a patient, changes in the blood glucose concentration
may be determined. In this way, the patient may check
his blood glucose level and discover whether any correc-
tive action is required, should the level be outside ac-
ceptable limits.

[0034] There are a number of ways of performing the
patient calibration. One preferred method involves taking
several measurements of the optical path length 1 and,
for each measurement, also taking a blood sample, from
which the blood glucose concentration may be derived.
The range of measurements should cover the expected
range of blood glucose concentrations of a diabetic pa-
tient. The optical path length 1 may be measured directly,
but the physical thickness d and the refractive index n
may not be resolved independently from a single optical
path length measurement. It is therefore assumed that
the physical thickness d does not change by an appre-
ciable amount between measurements, so that there is
a direct correlation between the range of measurements
of the optical path length 1 and the derived blood glucose
levels. The correlation curve, which is generally a straight
line, may then be used for future optical path length meas-
urements - taken without a corresponding blood sample
- to determine the blood glucose concentration of the
patient.

[0035] As will be understood, there are many different
embodiments which may be used to put the apparatus
and method of the present invention into practice. Figure
2 shows one exemplary embodiment, which in detail
comprises a confocal scanning apparatus. Throughout
this specification, identical or similar items are referred
to using the same reference numeral. The apparatus
comprises a light-emitting diode (LED) light source 40,
which is arranged to emit light in the red region of the
visible wavelength spectrum. Diodes which may be used
include the Hamamatsu L7140 10 650 nm optical link
LED (manufactured by Hamamatsu Photonics K.K. of
Japan) or the Opto Diode Corporation OD 520 L high
output green LED (manufactured by Opto Diode Corp.
of California, USA), although, for certain applications,
proprietary light sources may be designed and used. This
wavelength region is chosenin order to minimise the pos-
sibility of causing chronic damage to the eye 30. In ad-
dition, red light is preferred, since there is a relatively
large choice of LEDs in this wavelength region. However,
light at other visible wavelengths, down to and including
green light, may alternatively or additionally be used, es-
pecially for embodiments using two wavelengths of light
(such as Figure 3, below) since this offers a desirable
separation between the two wavelengths.

[0036] A source collimating lens element 42 is located
downstream of the light source 40 and is used to collimate
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thelightinto anincident light beam having a defined beam
size. A source convergent lens element 44 is then used
to bring the light beam to a first reference location 11, at
the focal point of the convergent lens element. Disposed
in between the two lens elements 42, 44 is abeam splitter
46. The beam splitter 46 may be provided by a BK7 broad-
band AR coated 50/50 beam splitter, such as a 25 mm
side Linos cube, number 35 5525 (manufactured by
LINOS Photonics GmbH & Co. KG of Germany). How-
ever, in certain applications, a custom-made beam split-
ter may be used. The term "beam splitter" is generally
used to refer to an optical element which divides an in-
cident light beam. The ratio of reflected light to transmit-
ted lightin any chosen direction may be adjusted accord-
ing to the particular functional requirements of the beam
splitter. In the present embodiment, the beam splitter 46
is arranged to permit 50% of the incident light beam to
pass through the beam splitter, from the source collimat-
ing lens element 42 to the source convergent lens ele-
ment 44, substantially undeviated. For light returning
through the source convergent lens element 44 (this act-
ing as areturn collimating lens element), the beam splitter
46 is arranged to redirect 50% of the return light by 90°
towards a detector convergent lens element 50, which
focuses the return light to the detector 20. In an alterna-
tive embodiment, a polarising beam splitter, followed by
a quarter-wave plate is used, in order to reduce the
amount of light lost during combination and redirection.
[0037] Located at a first reference location 11 is the
pinhole aperture 14, provided by the pinhole stop 12,
which lies in the focal plane of the source convergent
lens element 44. The diameter of the pinhole aperture
14 is determined by the required numerical aperture (NA)
of the incident light beam and the wavelength of light
used. In this embodiment the diameter is of the order of
10 pm.

[0038] From the first reference location 11, incident
lightis collimated by an objective collimating lens element
48 and focused to a measurement location by the objec-
tive convergent lens element 26. The measurement lo-
cation lies on a measurement line, which is coaxial with
the optical axis of the lens arrangement 10. Preferably,
the optical axis of the eye 30 is also coaxial with the optical
axis of the lens arrangement 10, such that the measure-
ment line passes from outside the eye, through the centre
of the cornea 32, through the aqueous humor 34 and
through the centre of the ocular lens 36. If desired, the
measurement line may continue through the ocular lens
36 and partially into the vitreous humor, so that meas-
urements of the thickness of the ocular lens may be tak-
en.

[0039] When a surface of, or in, the eye 30 is present
at the measurement location, provided by the second
focal point 15 of the lens arrangement 10, incident light
is reflected and focused to a second reference location
13. In this embodiment, the second reference location
13 is provided by the pinhole aperture 14 and is thus
confocal with the first reference location 11. The return
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light beam is reflected from the surface of, or in, the eye
30 and passed along its original path, through the pinhole
aperture 14 and to the beam splitter 46, where the return
light is redirected by 90° and focused by the detector
convergent lens element 50 to the detector 20. The de-
tector 20 measures the intensity of the return light, which
is linked to the apparent measurement location by any
suitable means, such as a processor.

[0040] The objective convergent lens element 26 is
mounted on a scanning stage 24 (not shown), so that the
lens element may be translated backwards and forwards.
In this way, the measurement location may be scanned
along the measurement line, through the eye 30. In a
preferred configuration of the lens element 26, the inci-
dent light beam exiting the lens element has an initial
diameter of 7 mm and NA=0.2.

[0041] In order to obtain a reflected light intensity pro-
file of the eye 30, the objective convergent lens element
26is scanned by the scanning stage 24, so that the meas-
urement location is translated from a point external of the
eye, in front of the cornea 32, to a point within the ocular
lens 36. While the scanning stage 24 translates the lens
element 26, the position of the scanning stage is meas-
ured by a sensor 52 (not shown). This positional infor-
mation is sent to a processor 54 (not shown), which also
receives intensity signals from the detector 20, so that
the location of the objective convergent lens element 26
and hence its focal point 15 (which represents the meas-
urement location of the optical arrangement 10) in rela-
tion to component features of the eye 30 is known
throughout the measurement process.

[0042] Each time a component feature of the eye 30,
such as the air-cornea interface or the aqueous humor-
ocular lens interface, is coincident with the measurement
location, an intensity peak is seen. For measuring the
distance between features of interest of the eye 30, it is
not necessary to measure the absolute intensity of the
reflected light reaching the detector 20; the information
required is provided by the lateral position of the centre
of each peak representing a feature of interest. During
scanning, the measurement location is associated with
the intensity being measured at the detector 20 and the
apparent location of the surfaces of components of the
eye 30 are thereby determined.

[0043] Inordertoimprove the accuracy of the intensity
measurements taken, curve fitting may optionally be
used to increase the resolution with which the peak of
each intensity spike is determined.

[0044] The distance between the intensity peaks gen-
erated by reflections from the back surface of the cornea
32 (the cornea-aqueous humor interface) and the front
surface of the ocular lens 36 (the aqueous humor-ocular
lens interface) represents the optical path length 1
through the aqueous humor 34. If the accommodation of
the eye 30 is maintained throughout a measurement and
is consistent for all measurements, then the physical
depth of the aqueous humor is a constant and the only
variable is the refractive index n of the aqueous humor.
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As such, changes in the refractive index n - measured
as changes in the optical path length 1 - may be linked
to changes in the glucose level. In order to achieve this,
it is necessary first to perform an individual calibration
for each patient, to ascertain the particular relationship
between the optical path length 1 and the blood glucose
concentration.

[0045] In order to provide increased resolution to the
measurements and to make the ocular property-meas-
uring instrument more useful, two wavelengths, A, and
Ao, may be used to perform two optical path length meas-
urements simultaneously. One such embodiment is
shown in Figure 3. The instrument is similar to that shown
in Figure 2, but differs in the following details:

[0046] The light source 40 and source collimating lens
element 42 have been replaced by a first light source 40a
and first source collimat.ing lens element 42a, a second
light source 40b and second source collimating lens el-
ement42b, and abeam combiner 56. These components
are disposed upstream of the beam splitter 46, as before.
The first and second light sources 40a, b and collimating
lens elements 42a, b respectively are arranged such that
their optical axes are mutually perpendicular. In this way,
afirstlight beam having a first wavelength, A4, is received
at the beam combiner 56 along an optical axis which is
generally coaxial with that of the lens arrangement 10. A
second light beam, having a second different wave-
length, A,, is received at the beam combiner 56 along an
optical axis generally perpendicular to that of the lens
arrangement 10. The two light beams are combined and
the combined light beam passes through the beam split-
ter 46 and onwards in the manner described above. On
reflection from a surface of the eye 30 and receipt by the
beam splitter 46, the combined return light beam is redi-
rected by substantially 90°, again as before. However, in
this embodiment, the detector convergent lens element
50 and detector 20 have been replaced by a first detector
convergent lens element 50a and detector 20a, a second
detector convergent lens element 50b and detector 20b,
and a detector beam splitter 58. Return light from the
beam splitter 46 is received by the detector beam splitter
58, which separates the return light into two (still com-
bined) perpendicular light beams, for focusing and de-
tection. The first and second detectors 20a, b may com-
prise any suitable filter means (not shown) for permitting
light of one wavelength only (A4 and A, respectively) to
be detected. Alternatively, the detector beam splitter 58
may separate the return light beam by wavelength and
produce two light beams having the first and second
wavelengths A4, A, respectively.

[0047] As for the single wavelength measurement, the
intensity profiles measured are matched to the measure-
ment location and the apparent location of the surfaces
of interest in the eye 30 are determined for each wave-
length. These independent measurements of the optical
path length I, |, of the aqueous humor 34 are thus made
and from these measurements, two simultaneous equa-
tions may be obtained and solved. Since the refractive
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index n of the aqueous humor 34 varies with the wave-
length of the incident light, the two simultaneous equa-
tions both include three variables: the refractive index ny,
n, at each wavelength A4, A, and the thickness d of the
aqueous humor 34. However, as the refractive indices
n4, N, are dependent on wavelength and are therefore
related to each another, the two simultaneous equations
may be solved and the refractive index and thickness of
the aqueous humor determined.

[0048] One approach for analysing the two equations
obtained when two wavelengths, A, A,, are used is as
follows. The two equations obtained are:

g = dnyy,
|2 = dn}\,z

where d is the (constant) physical thickness of the aque-
ous humor 34 and |, is the optical path length and n, 4 is
the refractive index for wavelength A, and |, is the optical
path length and n, , is the refractive index for wavelength
A,. Since the physical thickness d is the same in both
cases and |, and |, are both measured, the two variables
which are to be solved are n,  and n,,. The two refractive
indices n, 4, N, are related to each other by the dispersion
curve for the particular concentration of glucose solution
inthe aqueous humor 34, the relationship taking the form:

V = £ (na/nme) .

[0049] Therefore, by using a look-up table, or equation
for the dispersion relation for different glucose concen-
trations, the ratio of the refractive indices n, 4, n,, at the
two wavelengths A4, A, can be used to calculate the glu-
cose concentration of the aqueous humor 34.

[0050] Removing the physical distance d from this cal-
culation provides an important benefit, since this value
cannot accurately be assumed to be constant in all cir-
cumstances. In practice, the cornea 32 changes thick-
ness diurnally, the ocular lens 36 oscillates regularly by
a small amount and, during testing, a user may uninten-
tionally move the test instrument or his head. Because
both wavelength measurements are taken simultaneous-
ly, any variation in the value of the physical thickness d
of the aqueous humor 34 will affect both measurements
of the optical path length 1 equally and will therefore be
cancelled out upon division of the two measurements.
[0051] As will be understood, the optical path length
measurements need to be calibrated for each patient be-
fore use. This is achieved by simultaneously taking finger
stick blood tests and performing the eye scan, while the
blood glucose level is varied. In this way, the blood glu-
cose level may be directly related to the measured optical
path length, or refractive index ratio without the need to
determine the intermediate values of the glucose con-
centration of the aqueous humor itself.

[0052] Inaddition, by using more than two wavelengths
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ofincident light, it is possible to determine still other prop-
erties of the eye 30, such as the levels of ascorbate,
pyruvate, lactate, and other chemicals, including medi-
cally or intentionally introduced drugs as well as naturally
occurring ones. It is also possible to determine refractive
index changes taking place as a result of changes in am-
bient temperature and pressure. In this way, N simulta-
neous equations may be generated, with N independent
variables, and these may be solved to determine chang-
es in properties of the eye 30. If m different properties of
the aqueous humor 34, for example, are to be evaluated,
m+1 measurement wavelengths should be used.
[0053] Principles behind the confocal scanning tech-
niqgue embodied by the apparatus of Figure 2 and the
apparatus of Figure 3 will now be described in some detail
with reference to Figures 4a, 4b and 5.

[0054] Figure 4a shows an optical configuration 1,
which includes a lens arrangement 10, schematically il-
lustrated by a single lens, and a pinhole stop 12 having
a pinhole aperture 14 disposed therein. The pinhole stop
12 is positioned in relation to the lens arrangement 10,
such that the pinhole stop lies in the first focal plane of
the lens arrangement and the pinhole aperture 14 lies on
the optical axis (not shown) of the lens arrangement. In
this way, light passing through the pinhole aperture 14
is received by the lens arrangement 10 and focused to
its second focus 15. Located at the second focal plane
of the lens arrangement 10 is a reflecting object 16, from
which incident light is reflected.

[0055] The optical configuration 1 shown in Figure 4a
is a confocal arrangement, with the reflecting object 16
in focus. The lens arrangement 10 functions both as the
objective imaging element, for light incident upon the re-
flecting object 16, and as the return imaging element, for
light reflected from the reflecting object. The pinhole ap-
erture 14 defines a first reference point in space, past
which incident light upstream of the optical configuration
1 must travel to reach the reflecting object 16, and past
which reflected light from the reflecting object must travel
in order to be detected.

[0056] Figure 4a shows two incident light rays 18i, 19i
and two reflected light rays 18r, 19r propagating through
the optical configuration 1 in the above manner. The in-
cident light rays 18i, 19i are made to converge at the first
reference point provided by the pinhole aperture 14 by
an upstream focusing element (not shown). From here,
the incident rays 18i, 19i pass through the lens arrange-
ment 10, which refracts and focuses the rays to the sec-
ond focus 15. Because the second focal point 15 of the
lens arrangement 10 is located at a point on the reflecting
object 16, the incident light rays 18i, 19i are reflected
from the reflecting object. The reflected light rays 18r,
19rare received by the lens arrangement 10 and focused
to a second reference point. In the confocal arrangement
shown in Figure 4a, the second reference point is also
provided by the pinhole aperture 14 and is therefore co-
incident with the first reference point.

[0057] In this example, the path described by incident
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light ray 19i represents a reflection about the optical axis
of the lens arrangement 10 of the path described by in-
cident light ray 18i. As such, on reflection from the re-
flecting object 16, reflected light ray 18r follows the path
described by incident light ray 19i and reflected light ray
19r follows the path described by incident light ray 18i.
In this way, incident light rays 18i, 19i and reflected light
rays 18r, 19r describe complementary paths through the
optical configuration 1.

Thus, if a reflecting object 16 is present at the second
focus 15 of the lens arrangement 10, an incident light
beam propagating through the pinhole aperture 14 and
lens arrangement will be reflected back along its original
path and return through the pinhole aperture.

[0058] The reflecting object 16 need not be a polished
surface or mirror, but may be any surface from which
lightis reflected. In particular, the reflecting object 16 may
be a surface of a transparent medium having a different
refractive index fromits surroundings, such that a Fresnel
reflection occurs when light is incident upon the surface.
[0059] If no reflecting object 16 is present at, or near,
the second focus 15 of the lens arrangement 10, light is
not reflected from that point back through the lens ar-
rangement towards the pinhole stop 12 and only a neg-
ligible amount of light passes through the pinhole aper-
ture 14 itself. If the reflecting object 16 is proximate, but
not coincident with, the second focal point 15, the path
described by a light beam through the optical configura-
tion 1 is as shown in Figure 4b. Here, incident light rays
18i, 19i pass through the pinhole aperture 14 and are
focused by the lens arrangement 10 in the same manner
described with reference to Figure 4a. However, since
there is no reflecting object 16 present exactly at the sec-
ond focus 15, the incident light rays 18i, 19i continue in
a downstream direction, past the second focus, until they
shortly encounter the reflecting object. Here, the incident
light rays 18i, 19i are respectively reflected and return as
reflected light rays 18r, 19r. However, since the incident
light rays 18i, 19i are not reflected at the second focus
15, the reflected light rays 18r, 19r do not follow the paths
described by the incident light rays, as before. As such,
the reflected light rays 18r, 19r are not brought to the
second reference point provided by the pinhole aperture
14, but are instead brought to separate points on the
pinhole stop 12, either side of the pinhole aperture, where
conventional absorption or diffuse reflection takes place.
Thus, if areflecting object 16 is close to, but not coincident
with, the second focus 15 of the lens arrangement 10,
an incident light beam propagating through the pinhole
aperture 14 and the lens arrangement will not be reflected
back along its original path and through the pinhole ap-
erture. Instead, the reflected light beam will not be fo-
cused on the pinhole aperture 14 and only a relatively
small proportion of the light will pass through the pinhole
aperture.

[0060] If a light intensity detector 20 (not shown) is
placed upstream of the optical configuration 1, along with
suitable optical imaging elements (also not shown), an
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intensity of the reflected light received through the pin-
hole aperture 14 may be measured. Depending on the
presence of, and exact location of, a reflecting object 16,
the intensity measured will be either a negligibly small,
minimum value (for no object), a peak value (for an object
coincident with the second focus 15), or a value between
the minimum and peak values (for an object close to the
second focus). Thus, if the second focus 15 of the lens
arrangement 10 is scanned linearly past a reflecting ob-
ject 16, an intensity curve may be generated.

[0061] Figure 5 shows the optical configuration 1 of
Figures 4a and 4b, arranged to scan the second focal
point 15 between first and second focal planes 22a and
22b. In this embodiment the lens arrangement 10 in-
cludes a mechanical translation means 24 (not shown),
which is arranged to translate at least a final, convergent
lens element 26 (also not shown) along a predetermined
path, in either of a forward or a rearward direction. The
geometry of the lens element 26 is fixed, such that a
radius of curvature of the wavefronts of the incident light
leaving the lens element is predefined. In this way, the
focal length of the lens arrangement 10 is a known con-
stant. Therefore, by knowing the location of the lens el-
ement 26 during translation, the exact position of the sec-
ond focus 15 may also be known.

[0062] When the light intensity detector 20 is posi-
tioned upstream of the optical configuration 1, and the
second focal point 15 is scanned linearly from the first
focal plane 22a to the second focal plane 22b, the inten-
sity measurements made by the detector are paired with
the varying position of the second focus 15. This may be
achieved by moving either the lens arrangement 10 or
the item under evaluation. An intensity curve, as shown
in Figure 5, is thereby generated. The intensity curve
illustrates the fact that there is a relatively negligible,
background intensity value measured when there is no
object present at or near the second focus 15. As the
second focus 15 is moved towards the reflecting object
16, the intensity value rises, in line with the object coming
increasingly into focus. When the reflecting object 16 and
second focal point 15 are coincident, the intensity value
reaches a peak value, since the greatest amount of inci-
dent light passing through the pinhole aperture 14 and
being reflected from the reflecting object is received back
through the pinhole aperture. Further scanning of the lens
element 24 towards the second focal plane 22b takes
the reflecting object 16 increasingly out of focus, so that
the intensity curve falls quickly back to the minimum in-
tensity value.

[0063] Thus byknowing the design of the lens arrange-
ment 10 and the relative position of the second focus 15,
the apparent location of the reflecting object 16 may be
established by determining the distance measurement
which corresponds with the peak intensity measurement
on the curve. The use of the confocal principle in this
configuration permits a reference location in space to be
defined very precisely. Indeed, it is possible to achieve
sub-micrometre axial resolution using such a confocal
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arrangement.

[0064] Figures 6a and 6b illustrate a further embodi-
ment of the present invention, in which the radius of cur-
vature of a surface (of the eye 30) may be measured.
During scanning of the measurement location, provided
by the focal point 15, the focal point may be moved into
a position which is coincident with the centre of curvature
of a curved optical interface of the eye 30, such as a
surface of the cornea 32 or the ocular lens 36, for exam-
ple. In such a position, the incident light rays which con-
verge to the focal point 15 follow a path which is normal
to the curved surface 160. As such a proportion of the
incident light is retro-reflected from the surface 160 back
along its original optical path. Figure 6a shows an em-
bodiment, in which the curved surface 160 is a convex
surface 160a, having.a radius of curvature, R. Figure 6b
shows an embodiment, in which the curved surface 160
is a concave surface 160b, also having a radius of cur-
vature, R. In each case, individual light rays are retro-
reflected from the surface 160a, b and return along their
individual, original paths back through the pinhole aper-
ture 14. As far as the detector 20 and associated proc-
essor are concerned, there is a virtual interface located
at the centre of curvature in both cases. Thus light ap-
pears to be reflected from the measurement location at
the virtual interface (at the centre of curvature) and the
intensity signal generated by the detector 20 as a result
of the retro-reflections is logged as originating from that
location.

[0065] Thus a reflection peak is again detected by the
detector 20, as the light is directed back and passes
through the pinhole aperture 14. By tracking the meas-
urement location, the apparent location of the centre of
curvature of the surface 160 may be determined from the
corresponding light intensity peak. By calculating the dis-
tance between this location and the location of the inten-
sity peak observed when the measurement location
passes through the curved surface 160, the apparent ra-
dius of curvature R’ of the curved surface may be deter-
mined.

[0066] By collecting this information as the measure-
mentlocation is scanned through the eye 30 as described
above, the apparent location of each surface and its ra-
dius of curvature may be determined. Since the refractive
indices of each component of the eye 30 are already
known, this information may be used to determine the
refractive errors of a particular eye and, in turn, the power
of corrective spectacles which may be required.

[0067] Furthermore, this method may be usedto detect
debris in the aqueous humor 34, caused for example by
corrective eye surgery, cataract removal and the like.
Currently, such debris is not specifically quantified and
ophthalmologists have different views as to what is to be
considered a large or small amount of material. With the
above scanning technique, the debris is detected as
small intensity reflections within the aqueous humor 34
and the number and size of these reflections may be
used to quantify the amount of such debris in the aqueous
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humor.

[0068] In order to obtain a strong return signal at the
detector 20, it is important that the eye 30 is oriented to
be axially aligned with the scanning lens 26. In one em-
bodiment, this is achieved by simultaneously projecting
an image to the user whilst taking the measurement, so
that the user focuses on this image and the correct align-
ment and accommodation of the eye is maintained. In an
alternative embodiment, two points of light, coaxial with
the measurement beam, are projected into the eye 30,
so that the user may align the two points before perform-
ing the measurement, thereby ensuring correct align-
ment. In yet another embodiment, a point source of light,
coaxial with the measurement beam, is shone through
the pinhole and is arranged to be visible only when the
user lines up the light with the pinhole aperture 14 (i.e.
when the user can see the point source of light). Once
this is so, the instrument is correctly aligned.

[0069] Axial misalignment results in the return light
beam being slightly offset with respect to the pinhole ap-
erture 14 and thus reduces the level return light received
by the detector 20. If, however, a CCD array is used in-
stead of the pinhole aperture 14, each pixel within the
CCD array can be treated as a pinhole aperture. Accord-
ingly, if the focused return light moves to one side, the
pixel considered to be the pinhole aperture may be re-
placed by a different pixel, thereby tracking the focused
return light by tracking the intensity peak. There will be
a generally larger background level of light in this case,
but the intensity peak may still be detected and tracked
by analysing the detected intensities measured by the
neighbouring pixels in the array.

[0070] Alternatively, a further solution to the axial mis-
alignment problem which does not require the user to
look straight into the instrument involves the use of an
array of micro-lenses 100, in combination with an array
of pinhole apertures 120 in the return path and a CCD
detector array 200, as shown in Figure 7. With this ar-
rangement, an array of confocal detectors is provided,
with each individual confocal system being arranged to
analyse a specific angle of the return light.

[0071] It will be understood that the above embodi-
ments can be adapted and enhanced in a number of
ways. From a patient’s point of view, it may be discon-
certing to have a laser shone into an eye, so it is prefer-
able for the apparatus to use an incoherent light source
40. This is acceptable from a functionality perspective,
but alternative embodiments may use laser sources.
These can be any form of laser, including but not limited
to diode lasers, vertical cavity surface emitting lasers
(VCSELs) and gas lasers. The narrow waveband of a
laser source has the advantage that any chromatic ab-
errations occurring in the optical system with an incoher-
ent source 40 may be reduced.

[0072] In embodiments using an incoherent light
source 40 the source may be either a narrow or broad
wavelength band type. The possible sources include but
are not limited to light emitting diodes (LEDs), incandes-
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cent or fluorescent lights, or any broadband, "white light"
source. With a broadband source, a wavelength filter,
such as an etalon, diffraction grating, thin film filter, de-
multiplexer (as used in optical telecommunications), or
other design could be used to define a narrow measure-
ment waveband. This filter may be located at or near the
source 40 or the detector 20 of the instrument.

[0073] Thereis no specificrestriction to the wavelength
of light which may be used to perform the measurements,
although wavelengths in the red region of the spectrum
are preferable, since these minimise the possibility of any
long term effects on the eye. The wavelength may alter-
natively be in the ultraviolet, visible, near infra-red or far
infra-red region of the spectrum.

[0074] The optical elements used in the instrument are
preferably refractive lenses; butin some instances it may
be advantageous to use diffractive elements instead. Dif-
fractive elements generally have a shallower profile than
the refractive elements and may be easily mass pro-
duced by moulding techniques, which offers advantages
when large scale production is intended. Alternatively
still, graded index lenses may be used, and these have
the advantage that they are of high quality, relatively
small and economical to use in high quantities.

[0075] Although in the above embodiments the first
and second reference locations 11, 13 have been de-
scribed as being provided by the pinhole aperture 14,
these may alternatively be provided by one or more fibre
optic or other light guide elements. The use of an optical
fibre affords the possibility of providing the apparatus in
the form of a test instrument body and remote test head.
In such an embodiment, the optical components up-
stream of the first reference location 11 are comprised
in the body and the lens arrangement 10, which performs
the scanning sequence, is comprised in the test head.
As such, the test instrument body could, for example, be
located on the earpiece of a pair of spectacles, with the
test head being built into the front of the spectacles. The
use of a light guide structure permits greater flexibility in
terms of the location and direction of the light beams than
with free-space optics.

[0076] Alternatively still, the function of the pinhole ap-
erture 14 may be achieved using a small aperture source
and detector combination. Such an arrangement would
resultin a simplified apparatus, since there would be few-
er components required. However, the degree of free-
dom available in terms of the optical layout would be re-
duced.

[0077] The scanning of the measurementlocation may
be achieved by many techniques including but not limited
to physically moving a lens element or changing the focal
length of a lens element. If the lens element 26 is trans-
lated, it may be controlled in such a way that the focal
point moves while the numerical aperture of the meas-
urement beam remains constant, or the focal point may
be moved while the numerical aperture of the beam is
also changed.

[0078] Alternatively, a variable refractive index ele-



21 EP 1 691 675 B1 22

ment, such as a liquid crystal device, may be used, so
that there are no moving parts and the lifetime of the
instrument may be advantageously increased.

[0079] Alternatively still, in applications using mechan-
ical translation, the distance that the translation stage is
required to travel may be reduced by ’folding’ the light
beam. This may be achieved by employing a mirror as-
sembly, between the convergent lens element 26 and
the eye 30, to reflect the light beam twice as itis focussed
to the measurement location. At least one of the mirrors
in the mirror assembly is arranged to be translated, so
that the measurement location is scanned in the above
manner. In this way, the travel of the focal point 15 (or,
measurement location) may be arranged to be twice that
of the mirror travel. This effect can be increased further
by ‘folding’ the light beam more than twice, using a suit-
able mirror assembly. As will be appreciated, the shorter
the translation distance required, the smaller the overall
size of the instrument may be, which has particular ben-
efits when used as a hand-held device.

[0080] Preferably, with any form of mechanical trans-
lation, the lens element 26 is mounted on a linear motion
stage to enable the scanning of the focal point 15 through
the eye 30. The translation stage may be moved with a
range of motion control devices including, but not limited
to, piezoelectric crystals, lead screw actuators, DC-mi-
crometer or stepper actuators or voice coils. Examples
of suitable, commercially available motion control stages
include the Newport CMA-12CC compact motorized ac-
tuator (manufactured by Newport Corporation of Califor-
nia, USA) and the Physik Instrumente (P1) M-111.15DG
high-resolution micro-translation stage (manufactured
by Physik Instrumente (Pl) GmbH & Co. KG of Germany).
Whilst the stage is translated and the focal point 15 is
scanned through the eye 30, the reflected light received
by the detector 20 is measured. In one embodiment, the
coupling of the signal generated by the detector 20 and
the position of the measurement location is achieved by
simultaneously measuring the location of the stage and
the signal generated by the detector 20. In this way, a
point-by-point association between the detector signal
and the position of the measurement, location is ob-
tained. In an alternative embodiment, the stage is trans-
lated at a constant speed and its location at any time is
known once the external surface of the cornea 32 has
been passed by the measurement location (and the de-
tector 20 generated a corresponding signal peak).
[0081] The detector 20 employed in the instrument
may be one of a number of detectors, such as a CCD,
CMOS, or APD, although others are not excluded. The
desirable criteria for the detector 20 are that the detector
has a large dynamic range, to be able to distinguish the
intensity peaks from the background, and that the re-
sponse time is fast enough to capture the intensity read-
ing from each pointin space as the measurementlocation
is scanned through it. The detector 20 may comprise a
single element, alinear array, or atwo-dimensional array.
If a two-dimensional array is used, each pixel may be
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interrogated independently and axial misalignment of the
eye 30 can be accounted for. In such an embodiment,
the system may be configured without a physical pinhole
stop 12, since each pixel within a CCD detector, for ex-
ample, can be treated as the equivalent of a pinhole ap-
erture 14.

[0082] Whileitis preferable for the incident light beam
to be reflected so that the return light beam passes back
along the original path taken by the incident light beam
- that is, the return lens arrangement through which the
return light beam passes is preferably provided by the
objective lens arrangement 10 through which the incident
light beam passes, since this reduces the size and com-
plexity of the instrument the reflected light beam may be
arranged to be focused to the second reference location
13 along a different path. This may be achieved, for ex-
ample, by disposing the objective lens arrangement 10
to one side of the optical axis of the eye 30 and disposing
the return lens arrangement equally and oppositely on
the other side of the optical axis of the eye.

[0083] Inanycase,the objectivelensarrangementand
the return lens arrangement preferably each comprise a
compound lens.

[0084] Depending on the particular requirement of the
ocular property-measuring apparatus, the light source 40
may be arranged to generate light having one of a static,
jittered, swept or stepped wavelength. This may be
achieved in various ways, including the use of a variable
wavelength laser, a diffraction grating, a spectrometer,
an etalon, or a wavelength division multiplexer.

[0085] The measurementtechnique may be enhanced
by using interferometry, in which a reference light path
is used in the measurement apparatus and the two
beams are interfered coherently, thereby producing an
interference pattern which may be measured. The polar-
isation of the incident light beam may also be controlled,
so that more than one polarisation state is used to per-
form the measurement and two or more simultaneous
equations are obtained. In this way, again, more than
one parameter of the eye 30 may be measured. Another
possible means for obtaining two or more simultaneous
equations so that more than one property of the eye 30
may be measured is to provide an array of optical sys-
tems in parallel.

[0086] This may be achieved with a micro-lens array
100, in conjunction with a pinhole array 120, arranged to
provide an array of confocal test systems, as illustrated
in Figure 7. Light received through the array of pinhole
apertures 140 is detected by a detector array 200, such
as a CCD detector array.

[0087] In order to improve the axial resolution of the
measurements taken by the instrument, the incident light
beam may be modulated and the detector 20 provided
with phase sensitive detection means.

[0088] Alternatively, other techniques may be used to
define a position in space. Optical coherence tomogra-
phy (OCT) uses a low coherence source and Michelson
interferometer arrangement, in which the reference lens



23

is scanned through the required spatial distance to pro-
duce aninterference effect and a high intensity response,
when the optical path length in the reference arm match-
es that in the working arm and a reflection is obtained
from a surface of the eye 30.

[0089] The apparatus of the present invention is in-
tended for use in a number of settings, such as in a hos-
pital or alaboratory, by a doctor or an optician, or privately
by an individual patient. As such, the apparatus of the
present invention may be fitted onto an optical bench or
an examination table (as used by an optician for exam-
ple), or the apparatus may be more mobile, for use by a
patient, either while at home or while out. In particular,
the apparatus of the present invention may be contained
within a hand-held device and may be battery powered.
One particularly advantageous embodiment of the
present invention involves the use of micro-electrome-
chanical systems (MEMS), or micro-systems technology
(MST). The use of micro-optics, micro-motors and micro-
stages to achieve a small apparatus size offers particular
benefits when the apparatus of the present invention is
used as a hand-held device.

Claims

1. A method of measuring changes in an apparent
depth of the anterior chamber of an eye, the anterior
chamber being defined by a first interface between
the cornea (32) and the aqueous humor (34) of the
eye (30) and a second interface between the aque-
ous humor and the ocular lens (36) of the eye, the
method comprising the steps of:

a) focusing light to a measurement location (15)
proximate or within the eye;

b) scanning the measurement location through
the anterior chamber;

c) detecting reflected light from the measure-
ment location as the measurement location
passes through the first and the second inter-
faces and generating a signal representative of
the detected light;

d) deriving from the signal apparent positions of
the first and the second interfaces and, there-
from, the apparent depth (1) of the anterior
chamber;

e) comparing the derived apparent depth with a
previous reference measurement of the appar-
ent depth, so as to determine a change in the
refractive index of the aqueous humor; and

f) calculating a measure of change in concen-
tration of an analyte of interest in the aqueous
humor from the determined change of refractive
index.

2. Themethodofclaim 1, wherein the analyte of interest
is glucose.
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3. Themethodofclaim 1, whereinthe analyte of interest
is either a naturally occurring or an intentionally in-
troduced substance.

4. The method of claim 2, further comprising the step
of calculating a measure of change in a concentra-
tion of glucose within the bloodstream of a patient.

5. The method of any preceding claim, wherein the de-
tected lightis arranged to comprise substantially only
light which has been focused to the measurement
location (15) and reflected by an interface of the eye
(30).

6. The method of any preceding claim, wherein scan-
ning step (b) is achieved by one of translating a lens
(26); translating a lens and varying a numerical ap-
erture (NA) of the lens; translating a mirror of a mirror
assembly; varying a refractive index of a variable
refractive index element; or varying a focal length of
a variable focal length lens.

7. The method of any preceding claim, wherein the sig-
nal peaks for points where the measurement location
(15) is coincident with an interface of the eye (30).

8. Themethod of any preceding claim, wherein the light
has a single wavelength.

9. The method of any one of claims 1 to 7, wherein the
light comprises two or more wavelengths (L4, A,).

10. The method of any preceding claim, further compris-
ing the prior step of providing a reference image, or
object, to be focused by the eye (30) during scanning,
so as to enable the eye to be repeatably aligned.

11. The method of claim 1, wherein:

step (a) further comprises i) directing light from
a light source (40, 40a, 40b) to a first reference
location (11); ii) spatially filtering light not re-
ceived at the first reference location; and iii) re-
ceiving light from the first reference location and
focusing the light to the measurement location
(15);

step (c) further comprises iv) receiving reflected
light from the measurement location and focus-
ing the reflected light to a second reference lo-
cation (13); v) spatially filtering reflected light not
received at the second reference location; and
vi) measuring an intensity of the reflected light
received at the second reference location;
step (d) further comprises vii) relating an inten-
sity measurement to an apparent position of the
measurement location; viii) selecting intensity
measurements of interest, the intensity meas-
urements of interest representing measurement
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13.

14.

15.

16.

17.

18.

19.

20.

25

locations of interest; and ix) deriving a distance
between the measurement locations of interest,
the distance being the apparent depth (1) of the
anterior chamber.

The method of claim 11, wherein the first and second
reference locations (11, 13) are coincident.

The method of any one of claims 11 to 12, wherein
scanning step (d) is achieved by one of translating
alens (26); translating alens and varying anumerical
aperture (NA) of the lens; translating a mirror of a
mirror assembly; varying a refractive index of a var-
iable refractive index element; or varying a focal
length of a variable focal length lens.

The method of any one of claims 11 to 13, further
comprising controlling the light such thatthe light has
one of a static, jittered, swept or stepped wavelength.

The method of any one of claims 11 to 14, further
comprising the steps of modulating the light and de-
tecting the phase of the light received at the second
reference location (13).

The method of any one of claims 11 to 15, further
comprising the step of generating light having two or
more wavelengths (A4, A,), such that two or more
properties of the eye may be measured.

The method of any one of claims 11 to 16, further
comprising the step of producing light having two or
more polarization states, such that two or more prop-
erties of the eye may be measured.

The method of any one of claims 11 to 17, further
comprising the steps of:

i) producing a beam of coherent light;

ii) splitting the light beam into a probe beam and
a reference beam, such that the probe beam is
controlled according to the method of any one
of claims 11 to 17;

iii) interfering the probe beam and the reference
beam at a detector; and

iv) measuring a resulting interference pattern.

The method of any one of claims 11 to 18, further
comprising the step of effecting a reference accom-
modation of the eye (30) by placing a reference ob-
ject in a line of sight of the eye.

An apparatus for measuring changes in an apparent
depth of the anterior chamber of an eye (30), the
anterior chamber being defined by a first interface
between the cornea (32) and the aqueous humor
(34) of the eye and a second interface between the
aqueous humor and the ocular lens (36) of the eye,
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22,

23.

24,

25.

26.

26
the apparatus comprising:

a) an optical focusing assembly (10), adapted
tofocus incident light to a measurement location
(15) proximate or within the eye;

b) a scanning assembly, adapted to scan the
measurement location through the anterior
chamber;

¢) a detector (20, 20a, 20b), adapted to detect
reflected light from the measurement location
as the measurement location passes through
the first and the second interfaces and adapted
to generate a signal representative of the de-
tected light; and

d) a processor, adapted to:

i) derive from the signal apparent positions
of the first and the second interfaces and,
therefrom, the apparent depth (1) of the an-
terior chamber;

ii) compare the derived apparent depth with
a previous reference measurement of the
apparent depth, so as to determine a
change in the refractive index of the aque-
ous humor; and

iii) calculate a measure of change in con-
centration of an analyte of interest in the
aqueous humor from the determined
change of refractive index.

The apparatus of claim 20, the scanning assembly
comprising a scanning stage, adapted to translate
an element (26) of the optical focussing assembly
such that the measurement location (15) is corre-
spondingly scanned, wherein the processor is fur-
ther adapted to track the translation of the element
and thereby derive a position of the measurement
location.

The apparatus of any one of claims 20 to 21, wherein
the detector (20, 20a, 20b) is further arranged to de-
tect substantially only light which has been focused
to the measurement location (15) and reflected by
an interface of the eye (30).

The apparatus of any one of claims 20 to 22, wherein
the light has a single wavelength.

The apparatus of any one of claims 20 to 22, wherein
the light comprises two or more wavelengths (A4, 1,).

The apparatus of any one of claims 20 to 24, further
comprising means to display a reference image, or
object, for focusing by the eye (30) during scanning,
such that the eye may be repeatably aligned.

The apparatus of claim 20, further comprising a light
source (40, 40a, 40b), and wherein:
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the optical focusing assembly (10) comprises a
source optical element (44), adapted to direct
light from the light source to a first reference lo-
cation; an objective optical element (26), adapt-
ed to receive light from the first reference loca-
tion (11) and to focus the light to the measure-
mentlocation (15), the scanning assembly being
arranged so that the objective optical element
is adapted to scan the measurement location
along a measurement line within the eye (30)
and through the anterior chamber; and a return
optical element (48), adapted to receive reflect-
ed light from the measurement location and to
focus the reflected light to a second reference
location (13);

the detector (20, 20a, 20b) is further adapted to
measure an intensity of the reflected light re-
ceived at the second reference location; and
the processor is further adapted to relate inten-
sity measurements of interest to the apparent
positions of the measurement location, so as to
derive the apparent depth (l) of the anterior
chamber.

The apparatus of claim 26, wherein the source opti-
cal element (44) comprises one of a lens configura-
tion, an optical fibre, or another light guide structure.

The apparatus of any one of claims 26 to 27, wherein
the first reference location (11) is provided by one of
a pinhole aperture (14), a source-detector combina-
tion, an optical fibre, or another light guide structure.

The apparatus of any one of claims 26 to 28, wherein
the objective optical element (48, 26) and/or the re-
turn optical element comprises a compound lens.

The apparatus of any one of claims 26 to 29, wherein
the objective optical element and the return optical
element are constituted by the same optical element
(48, 26).

The apparatus of claim 30, wherein the first and sec-
ond reference locations (11, 13) are coincident.

The apparatus of claim 29, and either of claim 30 or
claim 31 when dependent upon claim 29, further
comprising a translation stage, adapted to translate
alens (26) of the compound lens and thereby to scan
the measurement location along the measurement
line.

The apparatus of any one of claims 26 to 32, wherein
the light source (40, 40a, 40b) comprises a white
light source and one of a spectrometer, an etalon,
or a multiplexer.

The apparatus of any one of claims 26 to 33, further
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comprising a reference object for viewing by the eye
(30), the reference object being positioned such that
an accommodation of the eye may be repeatably
achieved.

35. A micro-electromechanical system, comprising the

apparatus of any one of claims 20 to 34.

36. Ahand-held device, comprising the apparatus of any

one of claims 20 to 34 or the micro-electromechan-
ical system of claim 35.

Patentanspriiche

1.

Verfahren zum Messen von Veranderungen einer
scheinbaren Tiefe der vorderen Kammer eines Au-
ges, wobei die vordere Kammer durch eine erste
Grenzflache zwischen der Hornhaut (32) und dem
Kammerwasser (34) des Auges (30) und eine zweite
Grenzflache zwischen dem Kammerwasser und der
Okularlinse (36) des Auges definiert ist, wobei das
Verfahren die Schritte umfasst,

a) Licht auf eine Messstelle (15) nahe oder in
dem Auge zu fokussieren;

b) durch die vordere Kammer die Messstelle zu
scannen;

c) reflektiertes Licht von der Messstelle zu de-
tektieren, wenn die Messstelle die erste und die
zweite Grenzflache passiert, und ein das detek-
tierte Licht darstellendes Signal zu erzeugen;
d) scheinbare Positionen der ersten und der
zweiten Grenzflache aus dem Signal abzuleiten
und daraus die scheinbare Tiefe (1) der vorde-
ren Kammer abzuleiten;

e) die abgeleitete scheinbare Tiefe mit einer vor-
herigen Referenzmessung der scheinbaren Tie-
fe zu vergleichen, um eine Veranderung des
Brechnungsindex des Kammerwassers zu be-
stimmen; und

f) ein MaR fir eine Veranderung einer Konzen-
tration eines gewiinschten Analyts in dem Kam-
merwasser aus der bestimmten Veranderung
des Brechungsindex zu berechnen.

Verfahren nach Anspruch 1, wobei der gewtinschte
Analyt Glukose ist.

Verfahren nach Anspruch 1, wobei der gewtinschte
Analyt entweder eine naturlich auftretende oder eine
absichtlich eingeflihrte Substanz ist.

Verfahren nach Anspruch 2, ferner umfassend den
Schritt, ein MaR einer Veranderung einer Glukose-
Konzentration im Blutstrom eines Patienten zu be-
rechnen.
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Verfahren nach einem der vorhergehenden Anspri-
che, wobei das detektierte Licht dazu eingerichtet
ist, im Wesentlichen nur Licht zu umfassen, das auf
die Messstelle (15) fokussiert und von einer Grenz-
flache des Auges (30) reflektiert worden ist.

Verfahren nach einem der vorhergehenden Anspri-
che, wobei der Scan-Schritt (b) durch einen der fol-
genden Schritte erreicht wird:

Verlagern einer Linse (26); Verlagern einer Lin-
se und Verandern einer Numerischen Apertur
(NA) der Linse; Verlagern eines Spiegels einer
Spiegelanordnung; Verandern eines Bre-
chungsindex eines Elements mit variablem Bre-
chungsindex; oder Verandern einer Brennweite
einer Linse mit variabler Brennweite.

Verfahren nach einem der vorhergehenden Anspri-
che, wobei das Signal fir Punkte einen Maximalwert
erreicht, bei denen die Messstelle (15) mit einer
Grenzflache des Auges (30) zusammenfallt.

Verfahren nach einem der vorhergehenden Anspri-
che, wobei das Licht eine einzige Wellenlange auf-
weist.

Verfahren nach einem der Anspriiche 1 bis 7, wobei
das Licht zwei oder mehr Wellenlangen (A4, A,) um-
fasst.

Verfahren nach einem der vorhergehenden Ansprii-
che, ferner umfassend den vorherigen Schritt, ein
Referenzbild oder Objekt bereitzustellen, das wah-
rend des Scannens durch das Auge (30) in Fokus
zu bringen ist, um es dem Auge zu ermdglichen, wie-
derholt ausgerichtet zu werden.

Verfahren nach Anspruch 1, wobei
Schritt (a) ferner umfasst,

i) Licht von einer Lichtquelle (40, 40a, 40b) auf
eine erste Referenzstelle (11) zu richten;

ii) rdumlich Licht zu filtern, das nicht an der er-
sten Referenzstelle empfangen worden ist; und
iii) Licht von der ersten Referenzstelle zu emp-
fangen und das Licht auf die Messstelle (15) zu
fokussieren;

Schritt (¢) ferner umfasst,

iv) reflektiertes Licht von der Messstelle zu emp-
fangen und das reflektierte Licht auf eine zweite
Referenzstelle (13) zu fokussieren;

v) rdumlich reflektiertes Licht zu filtern, das nicht
an der zweiten Referenzstelle empfangen wur-
de; und

vi) eine Intensitat des reflektierten Lichtes zu
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messen, das an der zweiten Referenzstelle
empfangen worden ist;

Schritt (d) ferner umfasst,

vii) eine Intensitdtsmessung mit einer scheinba-
ren Position der Messstelle in Beziehung zu set-
zen;

viii) gewlinschte Intensitdtsmessungen auszu-
wahlen, wobei die gewlinschten Intensitatsmes-
sungen gewulnschte Messstellen darstellen;
und

ix) einen Abstand zwischen den gewilinschten
Messstellen abzuleiten, wobei der Abstand die
scheinbare Tiefe (1) der vorderen Kammer ist.

Verfahren nach Anspruch 11, wobei die erste und
die zweite Referenzposition (11, 13) zusammenfal-
len.

Verfahren nach einem der Anspriiche 11 bis 12, wo-
bei der Scan-Schritt (d) erreicht wird durch eines aus:

Verlagern einer Linse (26); Verlagern einer Lin-
se und Verandern einer Numerischen Apertur
(NA) der Linse; Verlagern eines Spiegels einer
Spiegelanordnung; Verandern eines Bre-
chungsindex eines Elements mit variablem Bre-
chungsindex; oder Verandern einer Brennweite
einer Linse mit variabler Brennweite.

Verfahren nach einem der Anspriiche 11 bis 13, fer-
ner umfassend, das Licht so zu regeln/steuern, dass
das Lichteines aus einer statischen, schwankenden,
variierten oder gestuften Wellenldnge aufweist.

Verfahren nach einem der Anspriiche 11 bis 14, fer-
ner umfassend die Schritte, das Licht zu modulieren
und die Phase des Lichtes zu detektieren, das an
der zweiten Referenzstelle (13) empfangen worden
ist.

Verfahren nach einem der Anspriiche 11 bis 15, fer-
ner umfassend den Schritt, Licht zu erzeugen, das
zwei oder mehr Wellenlangen (L4, A,) aufweist, so
dass zwei oder mehr Eigenschaften des Auges ge-
messen werden kdnnen.

Verfahren nach einem der Anspriiche 11 bis 16, fer-
ner umfassend den Schritt, Licht zu erzeugen, das
zwei oder mehr Polarisationszustéande aufweist, so
dass zwei oder mehr Eigenschaften des Auges ge-
messen werden kdnnen.

Verfahren nach einem der Anspriiche 11 bis 17, fer-
ner umfassend die Schritte,

i) einen Strahl koharenten Lichtes zu erzeugen;
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ii) den Lichtstrahl in einen Prifstrahl und einen
Referenzstrahl zu teilen, so dass der Prifstrahl
gemaf dem Verfahren nach einem der Anspru-
che 11 bis 17 geregelt/gesteuert wird;

iii) den Prifstrahl und den Referenzstrahl an ei-
nem Detektor in Interferenz zu bringen; und

iv) ein resultierendes Interferenzmuster zu mes-
sen.

Verfahren nach einem der Anspriiche 11 bis 18, fer-
ner umfassend den Schritt, eine Referenzakkommo-
dation des Auges (30) durch Platzieren eines Objek-
tes in einer Sichtlinie des Auges zu bewirken.

Vorrichtung zum Messen von Veranderungen einer
scheinbaren Tiefe der vorderen Kammer eines Au-
ges (30), wobei die vordere Kammer durch eine erste
Grenzflache zwischen der Hornhaut (32) und dem
Kammerwasser (34) des Auges und eine zweite
Grenzflache zwischen dem Kammerwasser und der
Okularlinse (36) des Auges definiert ist, wobei die
Vorrichtung umfasst:

a) eine optische Fokussieranordnung (10), die
dazu angepasst ist, einfallendes Licht auf eine
Messstelle (15) nahe oder in dem Auge zu fo-
kussieren;

b) eine Scan-Anordnung, die dazu angepasst
ist, die Messstelle durch die vordere Kammer
Zu scannen;

c) einen Detektor (20, 20a, 20b), der dazu an-
gepasst ist, reflektiertes Licht von der Messstel-
le zu detektieren, wenn die Messstelle die erste
und die zweite Grenzflache passiert, und dazu
angepasst ist, ein das detektierte Licht darstel-
lendes Signal zu erzeugen; und

d) einen Prozessor, der dazu angepasst ist,

i) aus dem Signal scheinbare Positionen der
ersten und der zweiten Grenzflache abzu-
leiten und daraus die scheinbare Tiefe (1)
der vorderen Kammer abzuleiten;

ii) die abgeleitete scheinbare Tiefe mit einer
vorherigen Referenzmessung der schein-
baren Tiefe zu vergleichen, um eine Veran-
derung des Brechnungsindex des Kammer-
wassers zu bestimmen; und

iii) ein MaR fiir eine Veranderung einer Kon-
zentration eines gewlinschten Analyts in
dem Kammerwasser aus der bestimmten
Veranderung des Brechungsindex zu be-
rechnen.

Vorrichtung nach Anspruch 20, wobei die Scan-An-
ordnung einen Scan-Tisch umfasst, der dazu ange-
passt ist, ein Element (26) der optischen Fokussier-
anordnung so zu verlagern, dass die Messstelle (15)
entsprechend gescannt wird, wobei der Prozessor
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ferner dazu angepasst ist, die Verlagerung des Ele-
ments zu verfolgen und dadurch eine Position der
Messstelle abzuleiten.

Vorrichtung nach einem der Anspriiche 20 bis 21,
wobei der Detektor (20, 20a, 20b) ferner dazu ein-
gerichtet ist, im Wesentlichen nur Licht zu detektie-
ren, das auf die Messstelle (15) fokussiert und von
einer Grenzflache des Auges (30) reflektiert worden
ist.

Vorrichtung nach einem der Anspriiche 20 bis 22,
wobei das Licht eine einzige Wellenlange aufweist.

Vorrichtung nach einem der Anspriiche 20 bis 22,
wobei das Licht zwei oder mehr Wellenlangen (A4,
Ay) umfasst.

Vorrichtung nach einem der Anspriiche 20 bis 24,
ferner umfassend Mittel zum Anzeigen eines Refe-
renzbildes oder Objektes zum Fokussieren durch
das Auge (30) wahrend des Scannens, so dass das
Auge wiederholt ausgerichtet werden kann.

Vorrichtung nach Anspruch 20, ferner umfassend ei-
ne Lichtquelle (40, 40a, 40b), und wobei die optische
Fokussieranordnung (10) umfasst: ein Quellenopti-
kelement (44), das dazu angepasst ist, Licht von der
Lichtquelle auf eine erste Referenzstelle zu richten;
ein Objektivoptikelement (26), das dazu angepasst
ist, Licht von der ersten Referenzstelle (11) zu emp-
fangen und das Licht auf die Messstelle (15) zu fo-
kussieren, wobei die Scan-Anordnung so eingerich-
tet ist, dass das Objektivoptikelement dazu ange-
passt ist, die Messstelle entlang einer Messlinie in-
nerhalb des Auges (30) und durch die vordere Kam-
mer zu scannen; und ein Ruckkehroptikelement
(48), das dazu angepasst ist, reflektiertes Licht von
der Messstelle zu empfangen und das reflektierte
Licht auf eine zweite Referenzstelle (13) zu fokus-
sieren;

der Detektor (20, 20a, 20b) ferner dazu angepasst
ist, eine Intensitat des an der zweiten Referenzstelle
empfangenen reflektierten Lichts zu messen; und
der Prozessor ferner dazu angepasst ist, gewlinsch-
te Intensitdtsmessungen mit den scheinbaren Posi-
tionen der Messstelle in Beziehung zu setzen, um
die scheinbare Tiefe (1) der vorderen Kammer ab-
zuleiten.

Vorrichtung nach Anspruch 26, wobei das Quellen-
optikelement (44) wenigstens eines der folgenden
umfasst: eine Linsenkonfiguration, eine optische Fa-
ser oder eine andere Lichtleiterstruktur.

Vorrichtung nach einem der Anspriiche 26 bis 27,
wobei die erste Referenzstelle (11) durch eines der
folgenden bereitgestelltist: eine Lochblende (14), ei-
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ne Quelle-Detektor-Kombination, eine optische Fa-
ser oder eine andere Lichtleiterstruktur.

Vorrichtung nach einem der Anspriiche 26 bis 28,
wobei das Objektivoptikelement (48, 26) oder/und
das Ruckkehroptikelement eine zusammengesetzte
Linse umfasst.

Vorrichtung nach einem der Anspriiche 26 bis 29,
wobei das Objektivoptikelement und das Ruckkehr-
optikelement durch dasselbe optische Element (48,
26) gebildet sind.

Vorrichtung nach Anspruch 30, wobei die erste und
die zweite Referenzstelle (11, 13) zusammenfallen.

Vorrichtung nach Anspruch 29 und einem der An-
spriiche 30 oder 31 bei Riickbezug auf Anspuch 29,
fernerumfassend einen Verlagerungstisch, der dazu
angepasstist, eine Linse (26) der zusammengesetz-
ten Linse zu verlagern und dadurch die Messstelle
entlang der Messlinie zu scannen.

Vorrichtung nach einem der Anspriiche 26 bis 32,
wobei die Lichtquelle (40, 40a, 40b) eine Quelle wei-
Ren Lichts und eines aus einem Spektrometer, ei-
nem Etalon oder einem Multiplexer umfasst.

Vorrichtung nach einem der Anspriiche 26 bis 33,
ferner umfassend ein Referenzobjekt, das mit dem
Auge (30) zu betrachten ist, wobei das Referenzob-
jektso positioniertist, dass eine Akkommodation des
Auges wiederholt erreicht werden kann.

Mikroelektromechanisches System, umfassend die
Vorrichtung nach einem der Anspriiche 20 bis 34.

Handgerat, umfassend die Vorrichtung nach einem
der Anspriiche 20 bis 34 oder das mikroelektrome-
chanische System nach Anspruch 35.

Revendications

Procédé destiné a mesurer des changements dans
une profondeur apparente de la chambre antérieure
d’un oeil, la chambre antérieure étant définie par une
premiére interface entre la cornée (32) et I'humeur
aqueuse (34) de l'oeil (30) et par une deuxiéme in-
terface entre 'humeur aqueuse et la lentille oculaire
(36) de I'oeil, le procédé comprenant les étapes qui
consistent :

a) a focaliser la lumiére vers un emplacement
de mesure (15) a proximité de ou dans l'oeil ;
b) a réaliser un balayage de I'emplacement de
mesure a travers la chambre antérieure ;

c) a détecter la lumiere réfléchie de 'emplace-
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ment de mesure a mesure que I'emplacement
de mesure traverse les premiere et deuxiéme
interfaces et a générer un signal représentatif
de la lumiere détectée ;

d) a dériver du signal des positions apparentes
des premiere et deuxieme interfaces et, d’aprés
celles-ci, la profondeur apparente (1) de la
chambre antérieure ;

e) a comparer la profondeur apparente dérivée
a une mesure de référence précédente de la
profondeur apparente, de maniére a déterminer
un changement de l'indice de réfraction de I'hu-
meur aqueuse ; et

f) a calculer une mesure de changement de la
concentration d’un analyte d’intérét dans I'hu-
meur aqueuse d’aprés le changement détermi-
né de l'indice de réfraction.

Procédé de la revendication 1, dans lequel I'analyte
d’intérét est du glucose.

Procédé de la revendication 1, dans lequel I'analyte
d’intérét est soit une substance d’origine naturelle
ou une substance introduite intentionnellement.

Procédé de la revendication 2, comprenant en outre
I'étape qui consiste a calculer une mesure du chan-
gement d’'une concentration de glucose dans le cou-
rant sanguin d’un patient.

Procédé de 'une des revendications précédentes,
dans lequel lalumiére détectée est agencée de sorte
a ne comprendre essentiellement que la lumiére qui
a éteé focalisée vers 'emplacement de mesure (15)
et réfléchie par une interface de I'oeil (30).

Procédé de 'une des revendications précédentes,
dans lequel I'étape de balayage (b) est réalisée par
l'une d’une translation d’'une lentille (26); d’'une
translation d’'une lentille et d’'une variation d’'une
ouverture numérique (NA) de la lentille ; d’'une trans-
lation d’'un miroir d’'un ensemble de miroirs ; d’'une
variation d’un indice de réfraction d’'un élément a in-
dice de réfraction variable ; ou d’une variation d’'une
profondeur focale d’une lentille a longueur focale va-
riable.

Procédé de 'une des revendications précédentes,
dans lequel le signal présente des pics pour des
points ou I'emplacement de mesure (15) coincide
avec une interface de l'oeil (30).

Procédé de 'une des revendications précédentes,
dans lequel la lumiére a une seule longueur d’onde.

Procédé de I'une quelconque des revendications 1
a7,danslequel lalumiere comprend deux longueurs
d’onde (A4, Ay) ou plus.
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Procédé de I'une des revendications précédentes,
comprenant en outre I'étape antérieure qui consiste
a fournir une image, ou objet, de référence, sur la-
quelle I'oeil (30) doit focaliser lors du balayage, de
maniére a permettre un alignement répété de l'oeil.

Procédé de la revendication 1, dans lequel :

I'étape (a) comprend en outre le fait i) de diriger
la lumiére d’'une source de lumiére (40, 40a,
40b) vers un premier emplacement de référence
(11) ; ii) de fileter de maniére spatiale la lumiéere
non regue au niveau du premier emplacement
de référence ; et iii) de recevoir de la lumiére a
partir du premier emplacement de référence et
de focaliser la lumiére vers I'emplacement de
mesure (15) ;

I'étape (c) comprend en outre le fait iv) de rece-
voir la lumiére réfléchie par 'emplacement de
mesure et de focaliser la lumiere réfléchie vers
un deuxiéme emplacement de référence (13) ;
v) de fileter de maniére spatiale la lumiére réflé-
chie non regue au niveau du deuxiéme empla-
cement de référence ; et vi) de mesurer une in-
tensité de la lumiére réfléchie regue au niveau
du deuxiéme emplacement de référence ;
I'étape (d) comprend en outre le fait vii) de rat-
tacher une mesure d’intensité a une position ap-
parente de 'emplacement de mesure ; viii) de
sélectionner des mesures d’intensité d’intérét,
les mesures d’intensité d’intérét représentant
des emplacements de mesure d'intérét ; et ix)
de dériver une distance entre les emplacements
de mesure d’intérét, la distance étant la profon-
deur apparente (1) de la chambre antérieure.

Procédé de la revendication 1, dans lequel les pre-
mier et deuxieme emplacements de référence (11,
13) coincident.

Procédé de I'une quelconque des revendications 11
a12,dans lequel I'étape de balayage (d) est réalisée
par 'une d’'une translation d’une lentille (26) ; d’'une
translation d’une lentille et d’'une variation d’'une
ouverture numérique (NA) de lalentille ; d’une trans-
lation d’un miroir d’'un ensemble de miroirs ; d’'une
variation d’'un indice de réfraction d’'un élément a in-
dice de réfraction variable ; ou d’'une variation d’'une
longueur focale d’une lentille a longueur focale va-
riable.

Procédé de I'une quelconque des revendications 11
a 13, comprenant en outre le fait de commander la
lumiéere de sorte que la lumiére ait I'une d’une lon-
gueur d’'onde statique, aléatoire, balayée ou étagée.

Procédé de I'une quelconque des revendications 11
a 14, comprenant en outre les étapes qui consistent
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17.

18.
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20.
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a moduler la lumiére et a détecter la phase de la
lumiére regue au niveau du deuxiéme emplacement
de référence (13).

Procédé de I'une quelconque des revendications 11
a 15, comprenant en outre I'étape qui consiste a gé-
nérer de la lumiére ayant deux ou plusieurs lon-
gueurs d’onde (A4, A,), de sorte & pouvoir mesurer
deux propriétés de I'oeil ou plus.

Procédé de I'une quelconque des revendications 11
a 16, comprenant en outre I'étape qui consiste a pro-
duire une lumiére ayant deux ou plusieurs états de
polarisation, de sorte que deux propriétés de I'oeil
ou plus puissent étre mesurées.

Procédé de I'une quelconque des revendications 11
a 17, comprenant en outre les étapes qui consistent :

i) a produire un faisceau de lumiere cohérente ;
ii) a diviser le faisceau de lumiére en un faisceau
sonde et un faisceau de référence, de sorte que
le faisceau sonde soit commandé selon le pro-
cédé de I'une quelconque des revendications
11a17;

iii) a produire une interférence entre le faisceau
sonde et le faisceau de référence au niveau d’un
détecteur ; et

iv) @ mesurer un motif d’interférence résultant.

Procédé de I'une quelconque des revendications 11
a 18, comprenant en outre I'étape qui consiste a ef-
fectuer une accommodation de référence de l'oeil
(30) en plagant un objet de référence dans un champ
de vision de l'ceil.

Appareil destiné a mesurer des changements dans
une profondeur apparente de la chambre antérieure
d’un oeil (30), la chambre antérieure étant définie
par une premiére interface entre la cornée (32) et
I’'humeur aqueuse (34) de 'oeil et une deuxieme in-
terface entre 'humeur aqueuse et la lentille oculaire
(36) de 'oeil, 'appareil comprenant :

a) un ensemble de focalisation optique (10),
adapté pour focaliser une lumiére incidente vers
un emplacement de mesure (15) a proximité de
ou dans l'oeil ;

b) un ensemble de balayage, adapté pour réa-
liser un balayage de 'emplacement de mesure
a travers la chambre antérieure ;

c¢) un détecteur (20, 20a, 20b), adapté pour dé-
tecter la lumiére réfléchie par 'emplacement de
mesure a mesure que 'emplacement de mesure
traverse les premiére et deuxiéme interfaces et
adapté pour générer un signal représentatif de
la lumiére détectée ; et

d) un processeur, adapté :
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i) pour dériver du signal des positions ap-
parentes des premiére et deuxiéme interfa-
ces et, d’'aprés celles-ci, la profondeur ap-
parente (1) de la chambre antérieure ;

ii) pour comparer la profondeur apparente
dérivée a une mesure de référence précé-
dente de la profondeur apparente, de ma-
niére a déterminer un changement de I'in-
dice de réfraction de I'humeur aqueuse ; et
ii) pour calculer une mesure de change-
ment de concentration d’un analyte d’intérét
dans 'hnumeur aqueuse d’aprés le change-
ment déterminé d’'indice de réfraction.

Appareil de la revendication 20, 'ensemble de ba-
layage comprenant une étape de balayage, adaptée
pour translater un élément (26) de 'ensemble de fo-
calisation optique de sorte que I'emplacement de
mesure (15) soit balayé de maniére correspondante,
ou le processeur est adapté en outre pour suivre la
translation de I'élément et ainsi dériver une position
de 'emplacement de mesure.

Appareil de 'une quelconque des revendications 20
a 21, dans lequel le détecteur (20, 20a, 20b) est en
outre agencé pour ne détecter essentiellement que
la lumiére qui a été focalisée vers 'emplacement de
mesure (15) et réfléchie par une interface de I'oeil
(30).

Appareil de 'une quelconque des revendications 20
a 22, dans lequel la lumiére a une seule longueur
d’onde.

Appareil de 'une quelconque des revendications 20
a 22, dans lequel la lumiére comporte deux lon-
gueurs d’onde (A4, A,) ou plus.

Appareil de 'une quelconque des revendications 20
a 24, comprenant en outre un moyen pour afficher
une image, ou objet, de référence, sur laquelle I'oeil
(30) doit focaliser lors du balayage, de maniére a
permettre un alignement répété de I'oeil.

Appareil de larevendication 20, comprenant en outre
une source de lumiére (40, 40a, 40b), etdanslequel :

'ensemble de focalisation optique (10) com-
prend un élément optique de source (44), adap-
té pour diriger la lumiére de la source de lumiére
vers un premier emplacement de référence ; un
élément optique objectif (26), adapté pour rece-
voir la lumiére du premier emplacement de ré-
férence (11) et pour focaliser la lumiére sur un
emplacement de mesure (15), 'ensemble de
balayage étant agencé de sorte que I'élément
optique objectif soit adapté pour balayer I'em-
placement de mesure le long d’'une ligne de me-
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27.

28.

29.

30.

31.

32.

33.

34.

38

sure dans l'oeil (30) et a travers la chambre
antérieure ; etun élément optique deretour (48),
adapté pour recevoir la lumiére réfléchie par
'emplacement de mesure et pour focaliser la
lumiére réfléchie vers un deuxiéme emplace-
ment de référence (13) ;

le détecteur (20, 20a, 20b) est en outre adapté
pour mesurer une intensité de la lumiere réflé-
chie regue au niveau du deuxiéme emplace-
ment de référence ; et

le processeur est en outre adapté pour rattacher
des mesures d’intensité d’intérét aux positions
apparentes de I'emplacement de mesure, de
maniere a dériver la profondeur apparente (1)
de la chambre antérieure.

Appareil de la revendication 26, dans lequel I'élé-
ment optique de source (44) comprend I'une d’'une
configuration de lentille, d’'une fibre optique, oud’une
autre structure de guidage de la lumiére.

Appareil de 'une quelconque des revendications 26
a 27, dans lequel le premier emplacement de réfé-
rence (11) est fourni par I'une d’une ouverture (14)
en trou d’aiguille, d’'une combinaison source-détec-
teur, d’une fibre optique, ou d’'une autre structure de
guidage de lumiére.

Appareil de 'une quelconque des revendications 26
a 28, dans lequel I'élément optique objectif (48, 26)
et/ou I'élément optique de retour comprend un ob-
jectif a plusieurs lentilles.

Appareil de I'une quelconque des revendications 26
a 29, dans lequel I'élément optique objectif et I'élé-
ment optique de retour sont constitués par le méme
élément optique (48, 26).

Appareil de la revendication 30, dans lequel les pre-
mier et deuxieme emplacements de référence (11,
13) coincident.

Appareil de la revendication 29, et soit de la reven-
dication 30 ou la revendication 31 lorsqu’elle dépen-
de de la revendication 29, comprenant en outre une
étape de translation, adaptée pour translater une
lentille (26) de I'objectif a plusieurs lentilles et pour
effectuer ainsi un balayage de 'emplacement de me-
sure le long de la ligne de mesure.

Appareil de 'une quelconque des revendications 26
a 32, dans lequel la source de lumiére (40, 40a, 40b)
comprend une source de lumiéere blanche etl'und’'un
spectromeétre, d’'un étalon, ou d’'un multiplexeur.

Appareil de 'une quelconque des revendications 26
a 33, comprenant en outre un objet de référence a
visualiser par l'oeil (30), I'objet de référence étant
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positionné de sorte qu’'une accommodation de I'oeil
puisse étre réalisée de maniére répétée.

microsystéme électromécanique, comprenant I'ap-
pareil de 'une quelconque des revendications 20 a
34.

Dispositif portatif, comprenant I'appareil de l'une
quelconque des revendications 20 a 34 ou le micro-
systéme électromécanique de la revendication 35.
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