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Description

[0001] The present invention relates to an extended
focal region measurement apparatus and method, for ap-
plication especially, but not exclusively, to the investiga-
tion of the structure and composition of regions of the
human body.
[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 last 15 years.
There has also been a doubling in the number of children
under the age of 5 suffering from diabetes in just 10 years.
[0003] The symptoms associated with diabetes can be
severe. If the 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
a result, 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
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
[0008] (e.g., US-A-5, 969, 815) ; or by reflectometry
(e.g., US-A-6,236,089).
[0009] 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.
[0010] 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.
[0011] 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 cornea/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
in the 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.
[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
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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] US 5,582,168 relates to fluorescence spectros-
copy of the lens of the eye and, in particular, to using the
amplitude of backscattered Rayleigh radiation to normal-
ise the fluorescent response from a series of points se-
lected by scanning along the visual axis of the lens.
[0014] Document WO97/30627 relates to a three di-
mensional imaging scanning apparatus for determining
the retinal thickness of an eye comprising an optical fo-
cusing assembly to focus a monochromatic incident
beam of light to measurement locations, a detector as-
sembly and a processor to derive the retinal thickness.
[0015] There is a need, therefore, for an apparatus 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. It
would also be desirable for such an apparatus and meth-
od to find application additionally in the investigation of
structures in other regions of the body.
[0016] The present invention aims to address the
above and other objectives by providing an improved
technique for the measurement of regions of a human or
animal body and in particular properties of an eye.
[0017] According to a first aspect of the present inven-
tion, there is provided a method of measuring an apparent
depth of a section of an animal body, the section being
defined by first and second interfaces as defined in claim
1.
[0018] When an extended focal region is generated
within a region of the body, in particular the eye, incident
light is reflected as a local peak when an interface be-
tween two media of different refractive indices is coinci-

dent with part of the extended focal region. By recording
the signal generated by a detector on receipt of this re-
flected light, a reflected light intensity profile may be ob-
tained. The signal is associated with the apparent posi-
tion of the measurement location, either in time or space,
so that the apparent 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 there-
fore 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 refractive index of the aqueous humor may be de-
rived from a comparison of optical path length measure-
ments, thereby providing a measure of the glucose con-
centration of the aqueous humor. In this case, the first
and second surfaces are the cornea-aqueous humor in-
terface and the aqueous humor-ocular lens interface re-
spectively. 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 or to other parts of human or animal bod-
ies.
[0019] The present invention provides many advan-
tages over previous techniques. For example, the
present invention is capable of providing very high axial
resolution (tens of nanometre). In addition, it is not nec-
essary to measure the absolute intensity of the reflected
light; the signal profile is instead used primarily to deter-
mine the apparent positions of the interfaces of the eye
or other parts of the body. As such, the method is rela-
tively less affected by atmospheric conditions and other
changes to the outside of the eye. Furthermore, corneal
changes, for example, may be de-convolved from the
measurement of the apparent depth of the section. Also,
a laser source is not essential for the present invention.
Finally, scanning of the measurement region is not re-
quired enabling the measurement to be performed more
quickly and the instrument to be more robust.
[0020] According to a second aspect of the present
invention, there is provided an apparatus for measuring
an apparent depth of a section of an animal body, the
section being defined by first and second interfaces, as
defined in claim 10.
[0021] A method of measuring a property of an eye or
other part of the body is also disclosed comprising the
steps of: a) generating an extended focal region within
or proximate to the measurement region of interest; b)
receiving reflected light from the measurement region;
c) spatially filtering the reflected light in order to define a
point location with the measurement region; d) scanning
the measurement point with that region; e) measuring
the intensity of reflected light received from each meas-
urement point; f) relating an intensity measurement to an
apparent position of the measurement location; g) se-
lecting intensity measurements of interest representing
measurement locations of interest; and h) determining a
distance between the measurement locations of interest.
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[0022] Preferably the measurement employs a spatial
filter in the detector section that is confocal with the meas-
urement point under investigation. Preferably the inten-
sity measurements of interest are peaks in the reflected
light intensity profile that is obtained, each peak repre-
senting a respective interface between different refrac-
tive regions of the eye or part of the body under investi-
gation.
[0023] An apparatus for measuring a property of an
eye or other part of the body is also disclosed, comprising:
a light source, a source optical element, adapted to direct
light from the light source to the measurement location,
an optical element adapted to give an extended focal
region at the measurement location; a return optical el-
ement adapted to receive reflected light from the meas-
urement location and to focus the reflected light to a re-
ceiver assembly, an optical detector, adapted to measure
an intensity of the light received from each measurement
position; and a processor, adapted to relate an intensity
measurement to an apparent position of the measure-
ment location, such that an apparent distance between
measurement locations of interest, represented by re-
spected intensity measurements of interest, may be de-
rived.
[0024] Preferably, the apparatus employs a confocal
scanning arrangement. Advantageously, a reference lo-
cation is provided by a pinhole aperture, which also acts
to stop stray light (i.e. light not reflected from the meas-
urement position) from impinging on the detector.
[0025] 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.
[0026] Other preferred features are set out in the de-
scription, and in the dependent claims which are append-
ed hereto.
[0027] 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 an optical arrange-
ment for producing an extended focal region, in ac-
cordance with a first example;
Figure 2 shows schematically an optical arrange-
ment for producing an extended focal region, in ac-
cordance with a second example;
Figure 3 shows schematically an optical arrange-
ment for producing an extended focal region, in ac-
cordance with an embodiment of the invention;
Figure 4 shows schematically an optical arrange-
ment employing the principles of that of Figure 3;
Figure 5 shows schematically an optical arrange-

ment employing the principles of the arrangements
of Figures 3 and 4, but using two different wave-
lengths of light;
Figures 6a and 6b illustrate highly schematically the
technique of producing an extended focal region;
Figure 7 shows schematically an optical arrange-
ment employing a concave mirror and linear detector
array, in accordance with a further embodiment; and
Figure 8 shows schematically a micro-lens array, a
pinhole array, and detector array assembly, in ac-
cordance with a still further embodiment.

[0028] Figure 1 shows an example, not forming part of
the claimed invention, but described for its use in under-
standing the invention and to enable the application of
its principles to the invention. In figure 1, an expanded,
or extended, focal region R is used to measure the ap-
parent locations of interfaces within an eye 30. Incident
light is focused to an axially extended region R by use of
a suitable light-spreading element 10, which focuses the
light to a plurality, or a continuum, of measurement loca-
tions V simultaneously. In Figure 1, the extended region
R is generally proximate with or within the eye 30. The
axial focal region R extends through at least part of the
eye 30 such as the anterior chamber of the eye. Along
the extended focal region R, each time the focused light
encounters an interface of the eye 30, light is reflected
from the interface. The reflected light is then detected to
generate a signal representative of that detected light
and the apparent location from which the light is reflected
is logged. The apparent location of the measurement vol-
ume or location V, as determined 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 meas-
urement location, may be generated and, from this, the
apparent locations of the interfaces determined. An op-
tical path length, or depth, between any two interfaces
of interest may then be calculated.
[0029] As the light from the light-spreading element 10
passes through an interface bounding two media of dif-
ferent refractive index n, the incident light is reflected
from the surface. The interface is any surface from which
light is reflected. In particular, the interface is a surface
of a transparent medium having a different refractive in-
dex from its surroundings, such that a Fresnel reflection
occurs when light is incident upon the surface. A light
intensity detector assembly 20 detects the reflected light
and generates a signal, which rises to a peak and then
falls away each time an interface of the eye 30 is encoun-
tered. The size of the intensity spike depends on the prop-
erties of the two media either side of the interface. A
reflection peak is therefore obtained, for example, for
each of the four, main surfaces of the anterior chamber
of the eye 30: the air-cornea boundary, the cornea-aque-
ous 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 proper-
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ties of the eye 30, such as corneal thickness, ocular lens
thickness, or optical path length, 1, through the aqueous
humor 34, may be derived.
[0030] 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 (of which an exemplary
one is shown schematically in Figure 3) is characteristic
for the reflected light intensity measured between the ex-
terior surface of the cornea 32 and the surface between
the ocular lens 36 and the vitreous humor. As such, the
two intensity measurements of interest are the middle
two of the four, main peaks generated and the distance
between these peaks will be referred to as the optical
path length 1.
[0031] 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: l = 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 36. As a gen-
eral rule, the cornea 32 increases in thickness by approx-
imately 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 extended focal region technique of the
present invention is that the corneal thickness may be
measured independently and thus deconvolved from the
measurement of the optical path length l of the aqueous
humor 34.
[0032] 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 l measurements. For example, the wearing of con-
tact lenses changes the thickness of the cornea 32. Using
the extended focal region technique of the present inven-
tion, both this effect and the fact that an additional optical
component is present along the measurement line may
be taken into account and factored out of the optical path
length l measurement. Similarly, by arranging for the
measurement line - provided by the extended focal region
R - to extend partially into the vitreous humor, the loca-
tions of both surfaces of the ocular lens 36 may be de-
termined. The thickness of the ocular lens 36 can then
be evaluated and taken into account in the optical path
length 1 measurement. Alternatively, a reference object
38 (not shown) may be used to achieve a reference ac-
commodation of the eye 30. By arranging the reference
object 38 so that it appears to be located at infinity and
so that it is visible by the eye 30 throughout a measure-
ment, 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 pro-

vides the advantage that the eye 30 is looking in a pre-
determined direction and not to one side (i.e., the eye is
properly aligned), which helps to ensure that reflected
light is properly received by the detector assembly 20.
[0033] If the 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 l 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-
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 l 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 l 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] In Figure 1, the extended, or expanded, focal
region R is obtained by use of an element 10 that spreads
the wavelengths from a broadband light source 40 axially
along the focal region. In this embodiment light from the
broadband source 40 is collimated and passes first
through a beamsplitter 46 then through a diffractive,
wavelength-spreading element 10 having a different fo-
cal length for each wavelength. One suitable element is
a Fresnel zone plate. As a result there is an extended
focal region R produced at the measurement region in
the eye 30. If there is a surface at a particular point in the
measurement region, it will reflect light back into the
measurement instrument. This reflected light will be re-
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collimated by the wavelength-spreading element 10 and
directed to a detector assembly 20 by the cube beam-
splitter 46.
[0036] In this embodiment, the detector assembly 20
comprises a lens 22, which focuses the reflected light
towards a linear detector array 260, a diffraction grating
24, which redirects the beam and spreads the constituent
wavelengths laterally; and the linear detector array 260.
The linear detector array 260 therefore receives a differ-
ent wavelength at each point along its length. By studying
the intensity on each pixel of the array, a measure is
gained of the intensity of light that is returned at each
wavelength. As each wavelength originates from a dif-
ferent axial location in the extended focal region R within
the eye 30, it is possible to gain a measure of the intensity
of the reflected light from each location in the eye and
thereby to determine where interfaces of interest lie.
[0037] The advantage of this wavelength-based ex-
tended focal length technique is that it is not necessary
to scan through the measurement region and so meas-
urements may be made more quickly.
[0038] The wavelength-spreading element 10 may
comprise either a Fresnel zone plate with a binary or grey
scale intensity profile, or an element providing a surface
relief diffractive effect. Again the surface relief profile may
be either binary or continuously varying.
[0039] The beamsplitter 46 may be provided by a BK7
broadband 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.
[0040] The term "beam splitter" is generally used to
refer to an optical element which divides an incident light
beam. The ratio of reflected light to transmitted light in
any chosen direction may be adjusted according 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 collimating lens ele-
ment 42 to the wavelength-spreading element 10, sub-
stantially undeviated. For light returning through the
wavelength-spreading element 10, the beam splitter 46
is arranged to redirect 50% of the return light by 90° to-
wards the detector assembly 20. In an alternative em-
bodiment, a polarising beam splitter, followed by a quar-
ter-wave plate is used, in order to reduce the amount of
light lost during combination and redirection.
[0041] When a component feature of the eye 30, such
as the air-cornea interface or the aqueous humor-ocular
lens interface, lies along the measurement line, within
the extended focal region R, 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 as-
sembly 20; the information required is provided by the
lateral position of the centre of each peak representing
a feature of interest.

[0042] In order to improve 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.
[0043] 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 l through
the aqueous humor 34. If the accommodation of the eye
30 is maintained throughout a measurement and is con-
sistent 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. 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 opti-
cal path length l and the blood glucose concentration.
[0044] Figure 2 shows another example, not forming
part of the claimed invention, but described for its use in
understanding the invention and to enable the application
of its principles to the invention. In Figure 2, the detector
assembly 20 comprises a Fabry-Perot etalon 25 and
point detector 261, instead of a grating 24 and linear de-
tector array 260. By scanning the distance between the
etalon plates, the transmitted wavelength can be select-
ed and its intensity detected by the receiver 261. The
transmitted wavelength is related to the axial position of
a reflecting surface and so the location of this surface
can be determined.
[0045] Figure 3 shows an embodiment of the present
invention in which an extended focal region R is used to
measure the apparent locations of interfaces within the
eye 30. Incident light is focused to an axially extended
region R generally proximate with or within the eye 30
by use of an optical element 12. In Figure 3, the optical
element 12 is an axicon. The axial focal region R extends
through at least part of the eye and each time the focused
light encounters an interface of the eye, light is reflected
from the interface. The reflected light is then detected to
generate a signal representative of that detected light.
[0046] The location from which the detected light is
reflected, the measurement volume V, is determined by
the use of a convergent lens 21 used in conjunction with
a pinhole aperture 29 that only allows light to pass if it
originated from a particular plane within the region under
investigation. That is, the apparatus is arranged such that
the measurement volume V is confocal with the pinhole
aperture 29. The pinhole aperture 29 is provided by a
pinhole stop 28, which is scanned so that reflected light
can be detected from the whole of the measurement re-
gion R. The apparent location of the measurement vol-
ume V, as determined 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 lo-
cation, may be generated and, from this, the apparent
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locations of the interfaces determined. An optical path
length, or depth, 1, between any two interfaces of interest
may then be calculated.
[0047] Figure 3 shows a scanning pinhole stop 28 the
location of which is confocal with the measurement loca-
tion V. The scanning pinhole stop 28 may be scanned
along its optical axis (not shown), so that the measure-
ment location V from which reflected light is detected is,
in turn, ’scanned’ from a location external of the eye 30
to a location 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
measurement taken by the measurement location pass-
es through the cornea 32, the aqueous humor 34 and
the ocular lens 36. Throughout a measurement, light is
focused by the axicon 12 to the entire extended focal
region R (shown as a shaded line in Figure 3) at all times.
It is, therefore, the location of the pinhole aperture 29
which determines the location within the extended focal
region R from which reflected light is actually detected.
By translating the pinhole aperture 29 along a line, the
entire extended focal region R may be analysed, if de-
sired.
[0048] Preferably, in this embodiment, a light source
40 (not shown) provides an incident beam of light, which
is collimated by an optical arrangement and passed
through the axicon 12. The axicon 12 generates an in-
tense, non-diverging region of light, having a peak inten-
sity, which extends for a predetermined distance before
dissipating rapidly. The axicon 12 comprises either a con-
ical lens or rotationally symmetric prism and the term is
used in this specification to encompass all such lens
structures. Generally, axicons are used either to convert
a collimated light beam into a ring; to create a non-dif-
fractive Bessel beam; or to focus a collimated light beam
over a long focal depth. It is the last feature of an axicon
which is used to advantage in the present embodiment.
[0049] The incident light beam simultaneously illumi-
nates the whole of the region of interest (i.e. the extended
focal region R) and is reflected at surface boundaries
where there is a refractive index difference. The reflected
light is first redirected by a beam splitter 14 and then
focused by a lens 21, towards the pinhole aperture 29.
The extended focal region R will contain series of points,
each of which is coincident respectively with a surface
within the eye 30. The pinhole aperture 29 is scanned,
such that the measurement volume V is effectively
scanned through the extended focal region R. When the
measurement volume V is coincident with an interface in
the eye 30 and confocal with the pinhole aperture 29, a
signal peak is detected by the detector assembly 20. The
location within the eye 30 that is confocal with the pinhole
aperture 29 is the measurement location V at any point
in time during the scan.
[0050] The measurement location V 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 pinhole aperture 29 and the intensity values of the
backward scattered light beam received at the detector
assembly 20 are logged. Since light passing through the
pinhole aperture 29 is received from the measurement
location V, any light received at the detector assembly
20 should have been reflected from the measurement
location and should, therefore, indicate the presence of
an interface. Of course, there will be a relatively low,
background level of light detected by the detector assem-
bly 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 oc-
ular lens 36 respectively are in focus gives the optical
path length 1 through the aqueous humor 34.
[0051] Figure 4 shows a further embodiment employ-
ing an axicon 12. Throughout this specification, identical
or similar items are referred to using the same reference
numeral. The apparatus comprises a monochromatic,
light-emitting diode (LED) light source 40, which is ar-
ranged to emit light in the red region of the visible wave-
length spectrum. Diodes which may be used include the
Hamamatsu L7140 10 650 nm optical link LED (manu-
factured 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 sourc-
es may be designed and used. This wavelength region
is chosen in order to minimise the possibility of causing
chronic damage to the eye 30. In addition, 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 al-
ternatively or additionally be used, especially for embod-
iments using two wavelengths of light (such as Figure 5,
below), since this offers a desirable separation between
the two wavelengths.
[0052] A source collimating lens element 42 is located
downstream of the light source 40 and is used to collimate
the light into an incident light beam having a defined beam
size. An axicon 12 is then used to generate the extended
focal region R that illuminates the eye 30.
[0053] The measurement location V lies on a meas-
urement line, which is coaxial with the optical axis of the
axicon 12. Preferably, the optical axis of the eye 30 is
also coaxial with the optical axis of the axicon 12, such
that the measurement 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 measurements of the thickness of the ocular lens
may be taken.
[0054] If a surface of, or in, the eye 30 is present in the
extended focal region R, provided by the axicon 12, in-
cident light is reflected. The reflected light is focused by
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a pinhole convergent lens 21 to a scanning region of the
pinhole stop 28. The point to which reflected light is fo-
cused will vary according to the location in the extended
focal region R from which the light is reflected. When the
pinhole aperture 29 is coincident with any particular point,
the aperture is confocal with its respective location in the
extended focal region R. If there is a reflecting surface
at this location, there is a peak in the intensity of light
received at the pinhole aperture 29. The detector assem-
bly 20 measures the intensity of the return light, which is
linked to the apparent measurement location by any suit-
able means, such as a processor 60.
[0055] The diameter of the pinhole aperture 29 is de-
termined 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.
[0056] The pinhole stop 28 is mounted on a scanning
stage 62 (not shown), so that it may be translated back-
wards and forwards. In this way, the measurement loca-
tion V may be effectively scanned along the measure-
ment line, through the eye 30 (although, in fact, there is
no such scanning within the eye itself; it is merely the
location from which reflected light is detected externally
of the eye which is varied) .
[0057] In order to obtain a reflected light intensity pro-
file of the eye 30, the pinhole stop 28 is scanned by the
scanning stage 62, so that the extended focal region R
is analysed, 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 62 translates the pinhole element 28,
the position of the scanning stage is measured by a sen-
sor 64 (not shown). This positional information is sent to
a processor 60 (not shown), which also receives intensity
signals from the detector assembly 20 and associates
the two readings, so that the measurement volume V
within the extended focal region R in relation to compo-
nent features of the eye 30 is known throughout the
measurement process.
[0058] In order to provide increased resolution to the
measurements and to make the ocular property-meas-
uring instrument more useful, two wavelengths, λ1 and
λ2, may be used to perform two optical path length meas-
urements simultaneously. One such embodiment is
shown in Figure 5. The apparatus is similar to that shown
in Figure 4, but differs in the following details:
[0059] The light source 40 and source collimating lens
element 42 have been replaced by a first light source 40a
and first source collimating lens element 42a, a second
light source 40b and second source collimating lens el-
ement 42b, and a beam combiner 43. These components
are disposed upstream of the axicon 12, 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, a
first light beam having a first wavelength, λ1, is received
at the beam combiner 43 and a second light beam, having
a second different wavelength, λ2, is received at the
beam combiner along an optical axis generally perpen-

dicular to that of the first. The two light beams are com-
bined and the combined light beam passes onwards in
the manner described above. On reflection from a sur-
face of the eye 30 and receipt by the beam splitter 14,
the combined return light beam is redirected by substan-
tially 90°, again as before. However, in this embodiment,
a first detector convergent lens element 22a and detector
262a, a second detector convergent lens element 22b
and detector 262b, and a detector beam splitter 23 are
disposed downstream of the pinhole collimating lens el-
ement 22. Return light from the pinhole aperture 29 is
received by the detector beam splitter 23, which sepa-
rates the return light into two (still combined) perpendic-
ular light beams, for focusing and detection. The first and
second detectors 262a, b may comprise any suitable filter
means (not shown) for permitting light of one wavelength
only (λ1 and λ2 respectively) to be detected. Alternatively,
the detector beam splitter 23 may separate the return
light beam by wavelength and produce two light beams
having the first and second wavelengths λ1, λ2 respec-
tively.
[0060] As for the single wavelength measurement, the
intensity profiles measured are matched to the measure-
ment location V 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 l1, l2 of the aqueous humor 34 are thus made,
and from these measurements, two simultaneous equa-
tions may be obtained and solved. Since the refractive
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
nλ1, nλ2 at each wavelength λ1, λ2 and the thickness d
of the aqueous humor 34. However, as the refractive in-
dices nλ1, nλ2 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 34 determined.
[0061] One approach for analysing the two equations
obtained when two wavelengths, λ1, λ2, are used is as
follows. The two equations obtained are: 

where d is the (constant) physical thickness of the aque-
ous humor 34 and l1 is the optical path length and nλ1 is
the refractive index for wavelength λ1, and l2 is the optical
path length and nλ2 is the refractive index for wavelength
λ2. Since the physical thickness d is the same in both
cases and l1 and l2 are both measured, the two variables
which are to be solved are nλ1 and nλ2. The two refractive
indices nλ1, nλ2 are related to each other by the dispersion
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curve for the particular concentration of glucose solution
in the aqueous humor 34, the relationship taking the form: 

[0062] Therefore, by using a look-up table, or equation
for the dispersion relation for different glucose concen-
trations, the ratio of the refractive indices nλ1, nλ2 at the
two wavelengths λ1, λ2 can be used to calculate the glu-
cose concentration of the aqueous humor 34.
[0063] 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 l equally and will therefore be
cancelled out upon division of the two measurements.
[0064] 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 measurement,
while the blood glucose level is varied. In this way, the
blood glucose level may be directly related to the meas-
ured optical path length, or refractive index ratio, without
the need to determine the intermediate values of the glu-
cose concentration of the aqueous humor itself.
[0065] In addition, by using more than two wavelengths
of incident 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 substantially discrete measurement wavelengths
should be used.
[0066] Principles behind the extended focal region
technique embodied by the apparatus of Figure 4 and
the apparatus of Figure 5 will now be described in some
detail with reference to Figures 6a and 6b.
[0067] Figure 6a illustrates the standard technique of
using an axicon, a conical lens or rotationally symmetric
prism, to generate a focal region with an extended, high-
intensity core R. The axicon 12 is illuminated with a col-
limated light beam and refracts the light such that it con-
verges towards the optical axis (not shown), but with a

constant numerical aperture across the beam-front. The
result, seen in cross section, is two plane beams that
interfere to generate a high-intensity core along the op-
tical axis. This is shown in Figure 6a as the dark shaded
region R.
[0068] In an alternative embodiment, shown in Figure
6b, an annular lens 50, annular mask 52 and collimating
lens 54 assembly is used. With the conical lens arrange-
ment, the intensity in the extended focal region R increas-
es with distance from the axicon 12 up to the point where
the region ends. By using an annular lens, annular mask,
and collimating lens assembly, the on-axis intensity pro-
file is constant. The annular lens 50 focuses the light into
and through the transparent region of the annular mask
52. The collimating lens 54 then redirects the light into
the same pattern as would a conical lens. In practice, as
both arrangements comprise an aperture formed by a
lens, the Fresnel diffraction effects cause the intensity
profile along the axis to be chirped, that is to oscillate
slightly in intensity. As the oscillation is by a known
amount this effect does not alter the measurement pro-
cedure.
[0069] A particular advantage of the use of a Bessel
beam, such as that generated by an axicon, for the meas-
urement process is that the central peak is continually
regenerated. As the continual overlapping of the gener-
ating light reconstitutes the central peak, any faults or
debris in the eye 50, such as floaters, do not affect the
focal region further into the eye.
[0070] Depending on the presence of, and exact loca-
tion of, a reflecting object within the extended focal region
R at a measurement volume V confocal with the pinhole
aperture 29, the intensity measured by the detector as-
sembly 20 will be either a negligibly small, minimum value
(for no object), a peak value (for an object coincident with
the measurement region), or a value between the mini-
mum and peak values (for an object close to the meas-
urement region). As the measurement region, within the
extended focal region R, from which reflected light is de-
tected is effectively moved towards the reflecting object,
the intensity value rises, in line with the object coming
increasingly into focus. Thus, by scanning the pinhole
aperture 29, an intensity curve may be generated. There-
fore, by knowing the location of the pinhole stop 28 during
translation, the exact position of the measurement region
V may also be known.
[0071] Thus by knowing the design of the optical ar-
rangement and the relative position of the pinhole aper-
ture 29, the apparent location of the reflecting object may
be established by determining the distance measure-
ment which corresponds with the peak intensity meas-
urement 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 arrangement.
[0072] In a further embodiment, the detector assembly
20 is altered so that no scanning is required. In this em-
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bodiment, shown in Figure 7, the light returning through
the beam splitter 14 is focused onto a linear detector
array 260, using an off-axis focusing mirror 27. The light
returning from each part of the extended focal region R
is linearly separated by the focusing mirror 27, so that
different locations in the measurement region are detect-
ed by different locations of the linear detector array 260.
By analysing the detector array 260, the intensity of light
returning from each axial location of the extended focal
region R is determined and the location of the interfaces
ascertained, according to the intensity profile thereby ob-
tained.
[0073] The extended focal region technique, various
embodiments of which have been described above, may
also be used to detect debris in the aqueous humor 34,
caused for example by corrective eye surgery, cataract
removal and the like. Currently, such debris is not spe-
cifically quantified and ophthalmologists have different
views as to what is to be considered a large or small
amount of material. With the above technique, the debris
is detected as small intensity reflections within the aque-
ous humor 34 and the number and size of these reflec-
tions may be used to quantify the amount of such debris
in the aqueous humor.
[0074] In order to obtain a strong return signal at the
detector assembly 20, it is important that the eye 30 is
oriented to be axially aligned with measurement appara-
tus. In one embodiment, this is achieved by simultane-
ously projecting an image 38 to the user whilst taking the
measurement, so that the user focuses on this image
and the correct alignment and accommodation of the eye
30 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 performing the measurement, thereby
ensuring correct alignment. In yet another embodiment,
a point source of light, coaxial with the measurement
beam, is directed to the eye 30. Only when the user lines
up the light (i.e. when the user can see the point source
of light) is the instrument correctly aligned.
[0075] Axial misalignment results in the return light
beam being slightly offset with respect to the optical el-
ement 10, 12 and thus reduces the level of return light
received by the detector assembly 20. If, however, a CCD
array is used, each pixel within the CCD array can be
treated as a pinhole aperture. Accordingly, if the focused
return light moves to one side, the pixel considered to be
the pinhole aperture may be replaced by a different pixel,
thereby tracking the focused return light by tracking the
intensity peak. There will be a generally larger back-
ground level of light in this case, but the intensity peak
may still be detected and tracked by analysing the de-
tected intensities measured by the neighbouring pixels
in the array.
[0076] 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 210, in combination with an array

of pinhole apertures 280 in the return path and a CCD
detector array 263, as shown in Figure 8. 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.
[0077] 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, if desired.
[0078] 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-
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, if desired. This filter may be located at
or near the source 40 or the detector assembly 20 of the
instrument.
[0079] There is no specific restriction to the wavelength
of light which may be used to perform the measurements,
although, in particular for monochromatic measure-
ments, 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, in any desired range.
[0080] The optical elements used in the instrument are
preferably refractive lenses, but in 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.
[0081] Although in some of the above embodiments
the measurement location V is confocal with a pinhole
aperture 29, the pinhole aperture may alternatively be
provided by one or more fibre optic or other light guide
elements. The use of an optical fibre affords the possi-
bility of providing the apparatus in the form of a test in-
strument body and remote 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
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guide structure permits greater flexibility in terms of the
location and direction of the light beams than with free-
space optics.
[0082] The detector 260-263 employed in the instru-
ment may be one of a number of detectors using silicon
or other technology, such as a CCD, CMOS, or APD,
although others are not excluded. The desirable criteria
for the detector 260-263 are that the detector has a large
dynamic range, to be able to distinguish the intensity
peaks from the background, and that the response time
is fast enough to capture the intensity reading from each
point in space as the measurement location V is
"scanned" through it. The detector assembly 20 may
comprise a single element, a linear array, or a two-di-
mensional array. If a two-dimensional array is used, each
pixel may be interrogated independently and axial mis-
alignment of the eye 30 can be accounted for. In such
an embodiment, the system may be configured without
a physical pinhole stop 28, since each pixel within a CCD
detector, for example, can be treated as the equivalent
of a pinhole aperture 29.
[0083] While it is preferable for the incident light beam
to be reflected so that the return light beam passes back
at least partially along the original path taken by the in-
cident light beam - that is, part of the return lens arrange-
ment through which the return light beam passes is pref-
erably provided by part of the objective lens arrangement
through which the incident light beam passes, since this
reduces the size and complexity of the instrument - the
reflected light beam may be arranged to be focused along
a different path. This may be achieved, for example, by
disposing the objective lens arrangement 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.
[0084] In any case, the lens arrangements preferably
comprise a compound lens.
[0085] 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.
[0086] The measurement technique may be enhanced
by using interferometry, in which a second incident 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.

[0087] This may be achieved with a micro-lens array
210, in conjunction with a pinhole array 280, arranged to
provide an array of confocal test systems, as illustrated
in Figure 8. Light received through the array of pinhole
apertures 280 is detected by a detector array 263, such
as a CCD detector array.
[0088] 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.
[0089] 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
is scanned through the required spatial distance to pro-
duce an interference 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.
[0090] The apparatus of the present invention is in-
tended for use in a number of settings, such as in a hos-
pital or a laboratory, 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 outside. In particular, the
apparatus of the present invention may be contained
within a hand-held device and may additionally be battery
powered. One particularly advantageous embodiment of
the present invention involves the use of micro-electro-
mechanical systems (MEMS), or micro-systems technol-
ogy (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 in-
vention is used as a hand-held device.
[0091] Alternative applications of the extended focal
region measurement technique of the present invention
include the use of infra-red light to illuminate and pass
through the skin of a human or other animal and thereby
investigate the structure, thickness and depth of items
below the skin’s surface. These could include but are not
limited to cancers, cysts, blood clots and other both nat-
urally occurring and purposely introduced items.
[0092] 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. Those
described above are by way of example only and many
alternatives are envisaged and intended to form part of
the present invention.

Claims

1. A method of measuring an apparent depth of a sec-
tion of an animal body, the section being defined by
first and second interfaces, comprising the steps:
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a) focusing a monochromatic incident beam of
light to a plurality or continuum of measurement
locations along a measurement line passing
through the section, the measurement line being
generated by an optical element (10,12,50-54)
adapted to provide an extended focal region (R)
for monochromatic light, such that incident light
is focused to all measurement locations along
the measurement line concurrently;
b) detecting light reflected from at least one of
the plurality of measurement locations when a
respective interface is coincident therewith;
c) generating at least a first and a second signal
representative of the detected light reflected
from the first and second interfaces respectively;
and
d) deriving from the first and second signals the
apparent positions of the first and second inter-
faces.

2. The method of claim 1, wherein the section is the
aqueous humor (34) of an eye (30) and the apparent
depth is an optical path length through the aqueous
humor.

3. The method of claim 2, wherein the first interface is
a surface between the cornea (32) and the aqueous
humor (34) of the eye (30) and the second interface
is a surface between the aqueous humor and the
ocular lens (36) of the eye.

4. The method of either of claim 2 or claim 3, further
comprising the step of comparing the derived appar-
ent depth with a previous reference measurement
of the apparent depth, so as to determine a change
in the refractive index of the aqueous humor (34).

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

6. The method of any preceding claim, wherein the de-
tected light is arranged to comprise substantially only
light which has been focused to a measurement lo-
cation and reflected by an interface coincident there-
with.

7. The method of any of claims 1 to 6, wherein the op-
tical element is an axicon lens (12).

8. The method of any of claims 1 to 7, wherein reflected
light is detected after being received at a pinhole
aperture (29), adapted to be translatable through a
range of positions confocal with respective ones of
the plurality of measurement locations, such that
light reflected from ones of the measurement loca-
tions having a respective interface coincident there-

with may be detected by scanning the pinhole aper-
ture through the range.

9. The method of any one of claims 1 to 8, further com-
prising the step of generating light having two or more
wavelengths (λ1, λ2), such that two or more proper-
ties of the eye may be measured.

10. An apparatus for measuring an apparent depth of a
section of an animal body, the section being defined
by first and second interfaces, comprising:

a) an optical focusing assembly;
b) a detector assembly (20); and
c) a processor (60) in communication with the
detector assembly,

wherein
the optical focusing assembly comprises an optical
element (10,12,50-54) adapted to provide an ex-
panded focal region (R) for monochromatic light and
to generate a measurement line passing through the
section, the optical focusing assembly being adapt-
ed to focus a monochromatic incident beam of light
to a plurality or continuum of measurement locations
along the measurement line passing through the
section, such that incident light is focused to all
measurement locations along the measurement line
concurrently;
the detector assembly is adapted to detect light re-
flected from at least one of the plurality of measure-
ment locations when a respective interface is coin-
cident therewith and to generate a signal represent-
ative of that detected light; and
the processor is adapted to receive from the detector
assembly first and second signals corresponding to
detected light reflected from the first and second in-
terfaces respectively and to derive therefrom appar-
ent positions of the first and second interfaces.

11. The apparatus of claim 10, wherein the processor
(60) is further adapted to compare the derived ap-
parent depth with a previous reference measure-
ment of the apparent depth, such that a change in
the refractive index of the section may be deter-
mined.

12. The apparatus of either of claims 10 or 11, wherein
the optical element is an axicon lens (12).

13. The apparatus of any of claims 10, 11 or 12, wherein
the detector assembly (20) comprises a pinhole ap-
erture (29) and a detector (260,263), the pinhole ap-
erture being adapted to be translatable through a
range of positions confocal with respective ones of
the plurality of measurement locations, such that
light reflected from one of the measurement loca-
tions having a respective interface coincident there-
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with may be detected by scanning the pinhole aper-
ture through the range.

14. The apparatus of any of claims 10 to 13, further com-
prising a light source (40), adapted to produce the
incident beam of light and being further adapted such
that the light has one of a substantially single wave-
length or a plurality of substantially discrete wave-
lengths (λ1, λ2).

15. A micro-electromechanical system, comprising the
apparatus of any one of claims 10 to 14.

16. A hand-held device, comprising the apparatus of any
one of claims 10 to 14 or the micro-electromechan-
ical system of claim 15.

Patentansprüche

1. Verfahren zum Messen einer scheinbaren Tiefe ei-
nes Bereichs eines Tierkörpers, wobei der Bereich
durch eine erste und eine zweite Grenzfläche be-
grenzt wird, umfassend die Schritte:

a) Fokussieren eines monochromatisch einfal-
lenden Lichtstrahls auf eine Mehrzahl oder ein
Kontinuum von Messorten entlang einer durch
den Bereich verlaufenden Messlinie, wobei die
Messlinie durch ein optisches Element
(10,12,50-54) erzeugt wird, welches dazu aus-
gebildet ist, einen erweiterten Fokusbereich (R)
für monochromatisches Licht vorzusehen, so
dass einfallendes Licht gleichzeitig auf alle Mes-
sorte entlang der Messlinie fokussiert wird;
b) Erfassen von Licht, welches von wenigstens
einem der Mehrzahl von Messorten reflektiert
wird, wenn eine entsprechende Grenzfläche da-
mit zusammenfällt;
c) Erzeugen von wenigstens einem ersten und
einem zweiten Signal, welche für das von der
ersten beziehungsweise zweiten Grenzfläche
reflektierte und erfasste Licht repräsentativ sind;
und
d) Ableiten der scheinbaren Positionen der er-
sten und zweiten Grenzfläche von dem ersten
und dem zweiten Signal.

2. Verfahren nach Anspruch 1, wobei der Bereich das
Kammerwasser (34) eines Auges (30) und die
scheinbare Tiefe eine optische Weglänge durch das
Kammerwasser ist.

3. Verfahren nach Anspruch 2, wobei die erste Grenz-
fläche eine Fläche zwischen der Hornhaut (32) und
dem Kammerwasser (34) des Auges (30) ist und die
zweite Grenzfläche eine Fläche zwischen dem Kam-
merwasser und der Augenlinse (36) ist.

4. Verfahren nach Anspruch 2 oder Anspruch 3, wel-
ches ferner den Schritt des Vergleichens der abge-
leiteten scheinbaren Tiefe mit einer vorhergehenden
Referenzmessung der scheinbaren Tiefe umfasst,
um eine Veränderung im Brechungsindex des Kam-
merwassers (34) zu bestimmen.

5. Verfahren nach Anspruch 4, welches ferner das Ver-
gleichen des Schritts des Berechnens eines Verän-
derungsmaßes für eine Glukosekonzentration in der
Blutbahn eines Patienten aus der Veränderung des
Brechungsindex umfasst.

6. Verfahren nach einem der vorangehenden Ansprü-
che, wobei das erfasste Licht dazu angeordnet ist,
im Wesentlichen nur Licht zu umfassen, welches auf
einen Messort fokussiert worden ist und von einer
damit zusammenfallenden Grenzfläche reflektiert
wurde.

7. Verfahren nach einem der Ansprüche 1 bis 6, wobei
das optische Element eine Axicon-Linse (12) ist.

8. Verfahren nach einem der Ansprüche 1 bis 7, wobei
das reflektierte Licht erfasst wird, nachdem es an
einer Lochblende (29) empfangen wurde, welche
dazu ausgebildet ist, über einen Bereich von Posi-
tionen verschiebbar zu sein, welche zu entsprechen-
den Orten der Mehrzahl von Messorten konfokal
sind, so dass von einem der Messorte mit entspre-
chend übereinstimmender Grenzfläche reflektiertes
Licht durch Scannen der Lochblende über den Be-
reich erfasst werden kann.

9. Verfahren nach einem der Ansprüche 1 bis 8, wel-
ches ferner den Schritt des Erzeugens von Licht mit
zwei oder mehr Wellenlängen (λ1, λ2) umfasst, so
dass zwei oder mehr Eigenschaften des Auges ge-
messen werden können.

10. Vorrichtung zum Messen einer scheinbaren Tiefe ei-
nes Bereichs eines Tierkörpers, wobei der Bereich
durch eine erste und eine zweite Grenzfläche be-
grenzt wird, umfassend:

a) eine optische Fokussiereinheit
b) eine Detektoreinheit (20); und
c) einen Prozessor (60) in Verbindung mit der
Detektoreinheit,

wobei
die optische Fokussiereinheit ein optisches Element
(10,12,50-54) umfasst, welches dazu ausgebildet
ist, einen erweiterten Fokusbereich (R) für mono-
chromatisches Licht vorzusehen und eine durch den
Bereich verlaufende Messlinie zu erzeugen, wobei
die optische Fokussiereinheit dazu ausgebildet ist,
einen monochromatischen einfallenden Lichtstrahl
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auf eine Mehrzahl oder ein Kontinuum von Messor-
ten entlang der durch den Bereich verlaufenden
Messlinie zu fokussieren, so dass einfallendes Licht
gleichzeitig auf alle Messorte entlang der Messlinie
fokussiert ist;
die Detektoreinheit dazu ausgebildet ist, Licht zu er-
fassen, welches von wenigstens einem der Mehr-
zahl von Messorten reflektiert wird, wenn eine ent-
sprechende Grenzfläche damit zusammenfällt, und
ein für dieses erfasste Licht repräsentatives Signal
zu erzeugen; und
der Prozessor dazu ausgebildet ist, von der Detek-
toreinheit ein erstes und ein zweites Signal zu emp-
fangen, welche erfasstem Licht entsprechen, das
von der ersten beziehungsweise zweiten Grenzflä-
che reflektiert wurde, und davon scheinbare Positio-
nen der ersten und zweiten Grenzfläche abzuleiten.

11. Vorrichtung nach Anspruch 10, wobei der Prozessor
(60) ferner dazu ausgebildet ist, die abgeleitete
scheinbare Tiefe mit einer vorhergehenden Refe-
renzmessung der scheinbaren Tiefe zu vergleichen,
so dass eine Veränderung des Brechungsindex des
Bereichs bestimmt werden kann.

12. Vorrichtung nach einem der Ansprüche 10 oder 11,
wobei das optische Element eine Axicon-Linse (12)
ist.

13. Vorrichtung nach einem der Ansprüche 10, 11 oder
12, wobei die DetektorEinheit (20) eine Lochblende
(29) und einen Detektor (260,263) umfasst, wobei
die Lochblende dazu ausgebildet ist, über einen Be-
reich von Positionen verschiebbar zu sein, welche
zu entsprechenden Orten der Mehrzahl von Messor-
ten konfokal sind, so dass von einem der Messorte
mit entsprechend übereinstimmender Grenzfläche
reflektiertes Licht durch Scannen der Lochblende
über den Bereich erfasst werden kann.

14. Vorrichtung nach einem der Ansprüche 10 bis 13,
welche ferner eine Lichtquelle (40) umfasst, die dazu
ausgebildet ist, den einfallenden Lichtstrahl zu er-
zeugen, und ferner so ausgebildet ist, dass das Licht
entweder eine im Wesentlichen einzelne Wellenlän-
ge oder eine Mehrzahl im Wesentlichen diskreter
Wellenlängen (λ1, λ2) umfasst.

15. Mikro-elektromechanisches System, umfassend die
Vorrichtung nach einem der Ansprüche 10 bis 14.

16. Handgerät, umfassend die Vorrichtung nach einem
der Ansprüche 10 bis 14 oder das mikro-elektrome-
chanische System nach Anspruch 15.

Revendications

1. Procédé de mesure d’une profondeur apparente
d’une section du corps d’un animal, la section étant
définie par des première et deuxième interfaces,
comprenant les étapes qui consistent :

a) à focaliser un faisceau de lumière incidente
monochromatique sur une pluralité ou un conti-
nuum d’emplacements de mesure le long d’une
ligne de mesure traversant la section, la ligne
de mesure étant générée par un élément opti-
que (10, 12, 50-54) adapté pour fournir une ré-
gion focale étendue (R) pour la lumière mono-
chromatique, de sorte que la lumière incidente
soit simultanément focalisée sur tous les empla-
cements de mesure le long de la ligne de
mesure ;
b) à détecter la lumière réfléchie à partir d’au
moins l’un de la pluralité d’emplacements de
mesure lorsqu’une interface respective coïncide
avec celui-ci ;
c) à générer au moins des premier et deuxième
signaux représentant la lumière détectée réflé-
chie par les première et deuxième interfaces
respectivement ; et
d) à dériver à partir des premier et deuxième
signaux les positions apparentes des première
et deuxième interfaces.

2. Procédé de la revendication 1, dans lequel la section
est l’humeur aqueuse (34) d’un oeil (30) et la pro-
fondeur apparente est une longueur de chemin op-
tique à travers l’humeur aqueuse.

3. Procédé de la revendication 2, dans lequel la pre-
mière interface est une surface entre la cornée (32)
et l’humeur aqueuse (34) de l’oeil (30) et la deuxième
interface est une surface entre l’humeur aqueuse et
la lentille oculaire (36) de l’oeil.

4. Procédé de la revendication 2 ou 3, comprenant en
outre l’étape qui consiste à comparer la profondeur
apparente dérivée à une mesure de référence pré-
cédente de la profondeur apparente, afin de déter-
miner un changement de l’indice de réfraction de
l’humeur aqueuse (34).

5. Procédé de la revendication 4, comprenant en outre
l’étape qui consiste à calculer une mesure de chan-
gement d’une concentration de glucose dans le cou-
rant sanguin d’un patient à partir du changement
d’indice de réfraction.

6. Procédé de l’une des revendications précédentes,
dans lequel la lumière détectée est agencée pour ne
comprendre essentiellement que la lumière qui a été
focalisée sur un emplacement de mesure et réfléchie
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par une interface coïncidant avec celui-ci.

7. Procédé de l’une des revendications 1 à 6, dans le-
quel l’élément optique est une lentille axicon (12).

8. Procédé de l’une des revendications 1 à 7, dans le-
quel la lumière réfléchie est détectée après sa ré-
ception au niveau d’une ouverture sténopéique (29),
adaptée pour être déplaçable à travers une plage de
positions confocales par rapport à des emplace-
ments respectifs de la pluralité d’emplacements de
mesure, de sorte que la lumière réfléchie à partir de
certains emplacements des emplacements de me-
sure présentant une interface respective coïncidant
avec ceux-ci puisse être détectée en balayant
l’ouverture sténopéique à travers la plage.

9. Procédé de l’une quelconque des revendications 1
à 8, comprenant en outre l’étape qui consiste à gé-
nérer une lumière ayant deux longueurs d’onde (λ1,
λ2) ou plus, de sorte que deux propriétés ou plus de
l’oeil puissent être mesurées.

10. Appareil permettant de mesurer une profondeur ap-
parente d’une section du corps d’un animal, la sec-
tion étant définie par des première et deuxième in-
terfaces, comprenant :

a) un ensemble de focalisation optique ;
b) un ensemble détecteur (20) ; et
c) un processeur (60) en communication avec
l’ensemble détecteur,

où
l’ensemble de focalisation optique comprend un élé-
ment optique (10, 12, 50-54) adapté pour fournir une
région focale étendue (R) pour la lumière monochro-
matique et à générer une ligne de mesure traversant
la section, l’ensemble de focalisation optique étant
adapté pour focaliser un faisceau de lumière inci-
dente monochromatique sur une pluralité ou un con-
tinuum d’emplacements de mesure le long de la ligne
de mesure traversant la section, de sorte que la lu-
mière incidente soit simultanément focalisée sur
tous les emplacements de mesure le long de la ligne
de mesure ;
l’ensemble détecteur est adapté pour détecter la lu-
mière réfléchie à partir d’au moins l’un de la pluralité
d’emplacements de mesure lorsqu’une interface
respective coïncide avec celui-ci et pour générer un
signal représentant cette lumière détectée ; et
le processeur est adapté pour recevoir de l’ensemble
détecteur des premier et deuxième signaux corres-
pondant à la lumière détectée réfléchie par les pre-
mière et deuxième interfaces respectivement et pour
en dériver les positions apparentes des première et
deuxième interfaces.

11. Appareil de la revendication 10, dans lequel le pro-
cesseur (60) est en outre adapté pour comparer la
profondeur apparente dérivée à une mesure de ré-
férence précédente de la profondeur apparente, de
sorte qu’un changement de l’indice de réfraction de
la section puisse être déterminé.

12. Appareil de la revendication 10 ou 11, dans lequel
l’élément optique est une lentille axicon (12).

13. Appareil de l’une des revendications 10, 11 ou 12,
dans lequel l’ensemble détecteur (20) comprend une
ouverture sténopéique (29) et un détecteur (260,
263), l’ouverture sténopéique étant adaptée pour
être déplaçable à travers une plage de positions con-
focales par rapport à des emplacements respectifs
de la pluralité d’emplacements de mesure, de sorte
que la lumière réfléchie à partir de l’un des empla-
cements de mesure présentant une interface res-
pective coïncidant avec celui-ci puisse être détectée
en balayant l’ouverture sténopéique à travers la pla-
ge.

14. Appareil de l’une des revendications 10 à 13, com-
prenant en outre une source de lumière (40), adap-
tée pour produire le faisceau de lumière incidente et
étant en outre adaptée de sorte que la lumière ait
l’une d’une longueur d’onde essentiellement unique
ou d’une pluralité de longueurs d’onde essentielle-
ment discrètes (λ1, λ2).

15. Système micro-électromécanique, comprenant l’ap-
pareil de l’une quelconque des revendications 10 à
14.

16. Dispositif portatif, comprenant l’appareil de l’une
quelconque des revendications 10 à 14 ou le systè-
me micro-électromécanique de la revendication 15.
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