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(57) ABSTRACT 

Methods, apparatus and systems for measuring pressure 
and/or for quantitative or qualitative measurement of ana 
lytes Within the eye or elseWhere in the body. Optical 
pressure sensors and/or optical analyte sensors are implanted 
in the body and light is cast from an eXtracorporeal light 
source, though the cornea, conjunctiva or dermis, and onto 
a re?ective element located Within each pressure sensor or 

analyte sensor. The position or con?guration of each sen 
sor’s re?ective element varies With pressure or analyte 
concentration. Thus, the re?ectance spectra of light re?ected 
by the sensors’ re?ective elements Will vary With changes in 
pressure or changes in analyte concentration. Aspectrometer 
or other suitable instrument is used to process and analyze 
the re?ectance spectra of the re?ected light, thereby obtain 
ing an indication of pressure or analyte concentration adja 
cent to the sensor(s). The Wavelength of the interrogating 
beam of light may vary to control out potential interference 
or inaccuracies in the system. 
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IMPLANTABLE DEVICES AND METHODS FOR 
MEASURING INTRAOCULAR, 

SUBCONJUNCTIVAL OR SUBDERMAL PRESSURE 
AND/ OR ANALYTE CONCENTRATION 

RELATED APPLICATIONS 

[0001] This application claims the bene?t of US. Provi 
sional Applications Ser. Nos. 60/439,307 ?led Jan. 9, 2003 
and 60/439,308 ?led Jan. 9, 2003. The entire disclosure of 
these provisional applications is expressly incorporated 
herein by reference. 

BACKGROUND OF THE INVENTION 

Measurement of Intraocular Pressure 

[0002] The term “glaucoma” encompasses a group of 
diseases, Which cause progressive damage to the optic nerve 
and resultant optical ?eld defects, vision loss and, in some 
cases, blindness. Typically, glaucoma is frequently, but not 
alWays, accompanied by abnormally high intraocular pres 
sure. 

[0003] There are three basic types of glaucoma—primary, 
secondary and congenital. The most common type of glau 
coma is primary glaucoma. Cases of primary glaucoma can 
be classi?ed as either open angle or closed angle. 

[0004] Secondary glaucoma occurs as a complication of a 
variety of other conditions, such as injury, in?ammation, 
vascular disease and diabetes. 

[0005] Congenital glaucoma is elevated eye pressure 
present at birth due to a developmental defect in the eye’s 
drainage mechanism. 

[0006] Glaucoma is the third most common cause of 
blindness in the United States. Whether it is an increase in 
the intraocular pressure that causes damage to the retina or 
an increased susceptibility to damage that may result in an 
increase in intraocular pressure, titrating the intraocular 
pressure With careful monitoring is the mainstay of treat 
ment and constitutes an important component in the overall 
clinical management of the disease. 

[0007] The etiology of vision loss in glaucoma patients 
may be due, at least in part, to compression of the vascu 
lature of the retina and optic nerve as a result of increased 
intraocular pressure. Indeed, it is generally accepted that 
controlling intraocular pressure through the use of drugs 
and/or surgery markedly reduces glaucomatous progression 
in normal-tension glaucoma and decreasing intraocular pres 
sure virtually halts it in primary open-angle glaucoma. 
Furthermore, it is generally acknowledged that loWering 
intraocular pressure in glaucoma patients can prevent or 
lessen the irreversible glaucoma-associated destruction of 
optic nerve ?bers and the resultant irreversible vision loss. 

[0008] Thus, irrespective of the particular type of glau 
coma a patient suffers from, it is typically desirable to obtain 
periodic measurements of intraocular pressure in order to 
assess the clinical progression of the disease and/or the 
ef?cacy of the treatments being administered. Also, because 
early diagnosis is important in effectively treating glaucoma, 
it is also desirable to periodically measure intraocular pres 
sure in patients Who do not presently suffer from glaucoma 
but Who may be at risk to contract one of the various types 
of glaucoma. 
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[0009] Today, intraocular pressure is commonly measured 
by indirect methods (e.g., pressing a strain gage against the 
cornea and measuring the depth of corneal depression) or by 
non-contact methods (e.g., expelling a puff of air against the 
outer surface of the cornea and measuring the depth of 
corneal depression). As convenient as these measurements 
may be, they are inherently inaccurate, mainly because of 
the error imparted by the varying mechanical properties of 
the cornea. It has been shoWn that such indirect intraocular 
pressure measurements are dependent upon, among other 
factors, corneal thickness, curvature and rigidity. These 
factors can vary greatly from individual to individual, and 
thus gross errors in intraocular pressure estimation are 
common. These errors can easily result in the misdiagnosis 
of a glaucomatous or non-glaucomatous state. Moreover, 
With the advent of corneal refractive surgery, 1.8 million of 
Which Were performed in the US. last year, measurement of 
intraocular pressure via indirect methods through the cornea 
is even more inaccurate secondary to the biomechanical 
alterations of the cornea caused by surgery. Thus there is a 
great national and international need to develop a more 
accurate direct intraocular pressure sensor. 

[0010] In the past, there have been numerous attempts to 
construct an accurate, small and safe intraocular pressure 
sensor. Among the devices proposed Were direct cannulation 
of the anterior chamber of the eye coupled to an extraocular 
direct pressure monitor, and telemetric units using pieZore 
sistive and acousto-optic elements. Such devices Would be 
implanted in the anterior chamber either as free-standing 
units, or incorporated as parts of plastic intraocular lenses. 
The telemetric machines Would transfer intraocular pressure 
readings to external monitoring devices non-invasively 
through the intact cornea. Although those previously pro 
posed telemetric devices offer potential advantages over 
their invasive counterparts and the current indirect corneal 
devices, they still suffer many draWbacks including bulk, 
need for electrical poWer and unacceptable signal-to-noise 
ratios. 

[0011] Recently, intracavity pressure sensors (e.g. brain 
and intravascular space) based upon the Fabry-Perot inter 
ferometer, in Which tWo parallel, minimally separated, par 
tially re?ecting surfaces form an optical re?ecting cavity, 
have been proposed. If one of the parallel surfaces is a 
pressure-sensitive diaphragm, changes in external pressure 
cause a change in the depth of the optical re?ecting cavity, 
Which in turn alters optical cavity re?ectance spectra. 
Because brain and intravascular elements are optically 
opaque, current use requires a single Wavelength light 
emitting diode physically coupled to an input and read-out 
?ber optic. Alternatively, for the purposes of this current 
invention, We recogniZe that the anterior chamber and cor 
nea are optically clear. Thus the input optical Wavelengths 
and re?ected output can be detected externally through 
intact and optically clear anterior chamber and cornea media 
after intraocular implantation of such a chip-based pressure 
sensor, either as an independent device or as part of an 
intraocular lens. In this case, because We are not restricted by 
the spectral bandpass of an optical ?ber, almost any light 
source, including various LEDs, lasers or White light emit 
ters (?ltered and un?ltered) may be used. Moreover, cur 
rently available sensors should prove small enough for 
practical intraocular implantation. The advantages of direct 
intraocular pressure sensing, no need for electrical poWer, 
non-invasive external monitoring, compact chip-based 
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device and optical sensing With high signal-to-noise ratio 
have been realized in this invention. 

Measurement of Intraocular, Subconjunctival or 
Subdermal Analyte Concentrations 

[0012] In clinical medicine, it is sometimes desirable to 
measure the concentration of glucose and/or other analytes 
Within the eye or at other locations Within the body, in order 
to diagnose and/or monitor various conditions including, but 
not limited to, metabolic or endocrine disorders such as such 
as diabetes mellitus. Various methods including direct ana 
lytical sampling and various forms of spectroscopy have 
been proposed in the past. Frequent direct invasive sam 
pling, especially from the intraocular and intravascular 
spaces, has obvious problems. Non-invasive spectroscopic 
monitoring through skin and intravascular elements has 
sensitivity and speci?city problems associated With both the 
optical opacity and turbidity of these media and the narroW 
(but often overlapping) spectroscopic chemical bands of 
each individual analyte. 

[0013] Recently biomembranes permeable to speci?c ana 
lytes (e.g. glucose) have been developed. Sensors for these 
selected compounds usually incorporate direct spectroscopic 
detection or transduced increased pressure associated With 
increasing concentrations of the chemical. Such methods 
either involve invasive sampling of the sample chamber or 
electrical-poWered pieZoresistive signal transduction and 
read-out, all serious draWbacks of the proposed methods. 

[0014] There remains a need in the art for the development 
of neW devices and methods for measurement of intraocular 
pressure and/or measurement of intraocular, subconjunctival 
or subdermal analyte concentration. 

SUMMARY OF THE INVENTION 

[0015] The present invention provides implantable 
devices, systems and methods for measuring intraocular 
pressure and/or intraocular, subconjunctival or subdermal 
anaylte concentration(s). 
[0016] In accordance With the invention, there is provided 
an intraocular pressure measuring system that comprises a) 
an inplantable optical pressure sensor siZed for implantation 
Within the eye, said optical pressure sensor comprising an 
optical re?ecting element Which varies relative to changes in 
intraocular pressure, b) a light source useable to pass light 
through the cornea of the eye such that the light Will strike 
and be re?ected by the optical re?ecting element and c) a 
receiver/processor Which receives light Which has re?ected 
from the optical re?ecting element and processes such 
re?ected light so as to obtain an indication of intraocular 
pressure. The optical pressure sensor may comprise a Fabry 
Perot interferometer. Such optical pressure sensor may be 
constructed for implantation as stand-alone device or it may 
be attached to or otherWise associated With a support (e.g., 
a support member, housing, substrate or other structure) that 
holds the optical pressure sensor in a substantially ?xed 
(e.g., substantially stationary) position Within the eye. Such 
support may hold the optical pressure sensor at a desired 
location Within the eye Where intraocular pressure may be 
sensed (e.g., Within the anterior chamber, posterior chamber 
or lens capsule). In some embodiments, the support may 
comprise an intraocular lens assembly having an optic 
portion and a haptic portion. The optical pressure sensor 

Dec. 16, 2004 

may be attached to (e.g., mounted on, embedded in or 
otherWise connected to) the optic portion and/or the haptic 
portion of such intraocular lens assembly. The optic portion 
may or may not be con?gured to perform a refractive vision 
correcting function. In other embodiments, the support may 
be in the form of a tubular shunt that is implantable in the 
eye to facilitate drainage of the drain aqueous humor in 
glaucoma patients and the optical pressure sensor may be 
attached to a portion of the shunt that protrudes into the 
anterior chamber of the eye. In other embodiments, the 
support may comprise an implantable prosthetic lens that is 
useable to replace a native ophthalmic lens that has been 
removed from the patient’s eye (e.g., a cataract that has been 
surgically removed) and the optical pressure sensor may be 
attached to such prosthetic lens. The support may be con 
?gured to perform other secondary functions or it may be 
con?gured to function solely as a support for the optical 
pressure sensor Without performing any secondary func 
tion(s). The light source may comprise an LED or other light 
emitting apparatus that emits light of a desired Wavelength 
(e.g., White light). The optical pressure sensor may be 
positioned at a location Within the eye Whereby light from 
the light source Will pass inWardly through the cornea of the 
patient’s eye, strike and be re?ected by the re?ective ele 
ment of the optical pressure sensor. The re?ected light Will 
then pass outWardly through the cornea and Will be received 
and processed by the receiver/processor. Because the optical 
pressure sensor moves in response to changes in intraocular 
pressure, the Wavelength of the re?ected light also changes 
in accordance With such changes in intraocular pressure. 
Thus, the receiver may be a lens, mirror or any other single 
or multiple light receiving or light channeling apparatus. The 
processor may be a spectrometer or any other apparatus that 
measures or detects changes in the Wavelength of the 
re?ected light received by the receiver. The receiver/proces 
sor may comprise an integrated, single assembly that incor 
porates both the receiver and processor. Alternatively, the 
receiver/processor may comprise a receiver that is separate 
from and not physically connected to the processor. 

[0017] Further in accordance With the invention, there is 
provided a system for for intraocular, subconjunctival or 
subdermal determination of one or more analytes (e.g., 
chemical substances). Such analyte determination system 
generally comprises a) an optical analyte sensor siZed for 
intraocular, subconjunctival or subdermal implantation, said 
optical sensor comprising an optical re?ecting element 
Which varies relative to changes in the amount or concen 
tration of the analyte, b) a light source useable to pass light 
through the cornea, conjunctiva or skin such that the light 
Will strike and be re?ected by the optical re?ecting element 
of the optical sensor and c) a receiver/processor Which 
receives light that has re?ected from the optical re?ecting 
element and processes such re?ected light to obtain a 
qualitative or quantitative determination of the analyte. The 
analyte may be a substance that occurs naturally Within the 
body (e.g., glucose, certain enZymes, hormones, etc.) or a 
substance that has accumulated in or entered the body (e.g., 
certain drugs or toXins of eXogenous origin). As used herein 
the terms “subconjunctival” and “subdermal” refer to loca 
tions beneath at least the upper surface of the conjunctiva or 
skin and, thus, are to be construed to include locations Within 
the conjunctiva or skin as Well as locations that are entirely 
beneath the conjunctiva or skin. The optical re?ective ele 
ment of the optical analyte sensor may move in response to 
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changes in the osmolar pressure, osmolarity and/or osmo 
lality (collectively “osmolar changes”) of a body ?uid that 
result from changes in the concentration of the analyte 
Within that body ?uid. In this regard, the optical analyte 
sensor may comprise a closed chamber that is at least 
partially closed by a permeable or, more typically, a semi 
permeable membrane. As osmolar changes occur in the body 
?uid adjacent to the semipermeable membrane, ?uid Will 
diffuse into or out of the chamber, through the semiperme 
able membrane. Such diffusion of ?uid into or out of the 
chamber Will result in upWard or doWnWard movement of 
the re?ective member in response to the osmolar changes in 
the adjacent body ?uid. This results in changes in the 
Wavelength of the light re?ected by the re?ective member. 
Such changes in Wavelength are detected by the receiver/ 
processor and the presence or concentration of the analyte in 
that body ?uid is determined on the basis of such changes in 
Wavelength of the re?ected light. Thus, as in the above 
described pressure sensor, the receiver may be a lens, mirror 
or any other single or multiple light-receiving or light 
channeling apparatus. The processor may be a spectrometer 
or any other apparatus that measures or detects changes in 
the Wavelength of the re?ected light received by the receiver. 
The receiver/processor may comprise an integrated, single 
assembly that incorporates both the receiver and processor. 
Alternatively, the receiver/processor may comprise a 
receiver that is separate from and not physically connected 
to the processor. The optical analyte sensor may be con 
structed for implantation as stand-alone device or it may be 
attached to or otherWise associated With a support (e.g., a 
support member, housing, substrate or other structure) that 
holds the optical analyte sensor in a substantially ?xed (e.g., 
substantially stationary) intraocular, subconjunctival or sub 
dermal location. Any of the support types described above 
With respect to the optical pressure sensor may also be used 
With this optical analyte sensor. Additionally, various other 
types of functional supports may be used in subconjunctival 
or subdermal applications of the device (e.g., the optical 
analyte sensor may be mounted on a drug delivery implant 
or other medical device that is implanted Within or beneath 

the skin). 

[0018] Still further in accordance With the invention, the 
optical pressure sensor and the optical analyte sensor may be 
used in combination. In this regard, the optical pressure 
sensor and the optical analyte sensor may be mounted on a 
common support, of the types described herein. In such 
embodiments Wherein the optical pressure sensor and the 
optical analyte sensor are used in combination, a single light 
source or separate light sources, may be used to cast light on 
the optical pressure sensor and the optical analyte sensor. In 
embodiments Where a single light source is used, such single 
light source may be adjustable to vary the direction, Wave 
length and/or other characteristics of the of the light beam 
that emanates from the light source, thereby facilitating its 
use for both applications. Also, a single receiver/processor 
or separate receiver processors. may be used to receive and 
process the light re?ected from the optical pressure sensor 
and optical analyte sensor. In embodiments Where a single 
receiver/processor is used, such single receiver/processor 
may be adjustable to vary the direction from Which the 
re?ected light is received and/or the particular characteris 
tic(s) of the re?ected light that are processed by the proces 
sor. 
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[0019] Still further in accordance With the invention, there 
are provided methods for measuring or determining 
intraocular pressure and/or intraocular, subdermal or sub 
conjunctival analyte concentration using the devices and 
systems summariZed above. 

[0020] Further aspects, elements, embodiments and details 
of the invention Will be apparent to those of skill in the art 
upon reading of the detailed description and examples 
provided herebeloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] FIG. 1 is a partial, cross-sectional vieW of a human 
eye having an implantable pressure sensor device of the 
present invention implanted Within the anterior chamber of 
the eye. 

[0022] FIG. 2 is a schematic diagram of a pressure sensing 
system of the present invention, including the implantable 
pressure sensor device of FIG. 1 in combination With an 
eXtracorporeallly positioned microscope/light source and an 
eXtracorporeallly positioned spectrophotometer. 
[0023] FIG. 3A is a cross sectional vieW of the implant 
able pressure sensor device of FIG. 1 With its diaphragm 
positioned in response to a loW intraocular pressure. 

[0024] FIG. 3B is a cross sectional vieW of the implant 
able pressure sensor device of FIG. 1 With its diaphragm 
positioned in response to a high intraocular pressure. 

[0025] FIGS. 4-7 are previously published graphs shoW 
ing the linearity and accuracy of Fabry-Perot interferometers 
of the type used in the present invention. 

[0026] FIG. 8 is a schematic diagram of a analyte sensing 
system of the present invention comprising an implantable 
analyte sensor implanted Within the anterior chamber of a 
human eye in combination With an eXtracorporeal micro 
scope/light source and an eXtracorporeal spectrometer. 

[0027] FIG. 9A is a cross sectional vieW of the implant 
able analyte sensor device of FIG. 8 With its diaphragm 
positioned in response to a high concentration of analyte in 
the aqueous humor of the eye. 

[0028] FIG. 9B is a cross sectional vieW of the implant 
able analyte sensor device of FIG. 8 With its diaphragm 
positioned in response to a loW concentration of analyte in 
the aqueous humor of the eye. 

DETAILED DESCRIPTION AND EXAMPLES 

[0029] Recently intracavity pressure sensors (e.g. brain 
and intravascular space) based upon the Fabry-Perot inter 
ferometer, in Which tWo parallel, minimally separated, par 
tially re?ecting surfaces form an optical re?ecting cavity, 
have been proposed. If one of the parallel surfaces is a 
pressure-sensitive diaphragm, changes in eXternal pressure 
cause a change in the depth of the optical re?ecting cavity, 
Which in turn alters optical cavity re?ectance spectra. 
Because brain and intravascular elements are optically 
opaque, current use requires that a single Wavelength light 
emitting diode be physically coupled to an input and read 
out ?ber optic. In contrast, for the purposes of the current 
invention, the cornea and conjunctiva are optically clear and 
that the dermis poses no optical obstruction to various 
de?ned Wavelengths of light (or the dermis may be treated 
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With one of more chemical agents to minimize the light 
scattering properties of the dermis). Thus the input optical 
Wavelengths and re?ected output from the optical pressure 
sensors and optical analyte sensors of the present invention 
can be detected externally through intact corneal, conjunc 
tival and dermal media and Will not be restricted by the 
spectral bandpass of an optical ?ber and because of the 
optical clarity of these structures. Also, in the systems of the 
present invention, almost any light source, including various 
LEDs, lasers or White light emitters (?ltered and un?ltered) 
may be used (in the case of skin, the dermis must be 
transparent to the Wavelengths). The advantages of direct 
pressure sensing and/or analyte determination systems of the 
present invention include; the lack of any need for electrical 
poWer to the implant, the capability of non-invasive external 
monitoring, and a comparatively high signal-to-noise ratio 
have been realiZed in this invention. 

[0030] As described in detail herebeloW, FIGS. 1-7 relate 
to one particular non-limiting example of an intraocular 
pressure sensing system of the present invention, FIGS. 
8-9b relate to one particular non-limiting example of an 
intraocular analyte determining system of the present inven 
tion and FIG. 10 relates to one particular non-limiting 
example of an intraocular pressure sensing and analyte 
determining system of the present invention. Several of 
these ?gures depict anatomical structures of the human eye. 
Such anatomical structures are labeled as folloWs: 

C Anterior Chamber 
Co rnea 

Iris 
Pupil 
Native Lens 

EXAMPLE 1 

Intraocular Pressure Sensing System 

[0031] An intraocular pressure sensing system of the 
present invention is shoWn in FIGS. 1-3b. As may be seen 
in FIG. 1, an optical pressure sensor 10 is mounted on a 
support 11. This support 11 comprises a haptic 14 and an 
optic 12, in the nature of a typical phakic intraocular lens 
adapted for implantation Within the anterior chamber AC of 
the eye. In the embodiment shoWn, the optical pressure 
sensor 10 is attached to one edge of the optic 12, but it is to 
be appreciated that the optical pressure sensor could also be 
attached to the optic 12 and/or haptic 14 at other locations 
or in other Ways. The optic may or may not provide some 
refractive vision correction in addition to performing the 
function of a support 11 for the optical pressure sensor 10. 
On example of a 2-piece phakic intraocular lens that may be 
used to form the support 11 is the Kelman Duet Implant 
manufactured by TEKIA, Inc., Irvine, Calif. 

[0032] The support 11 holds the optical pressure sensor 10 
at a substantially ?xed (e.g., substantially stationary) posi 
tion Within the anterior chamber AC such that the pressure 
sensor 10 Will sense changes in the aqueous humor that ?lls 
the anterior chamber. Such pressure of the aqueous humor 
typically becomes abnormally high in patients Who suffer 
from glaucoma and, thus, this embodiment of the invention 
is useable to monitor disease progression and/or treatment 
ef?cacy in glaucoma patients. 
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[0033] FIGS. 3a and 3b shoW details of the intraocular 
pressure sensor 10. As shoWn, this intraocular pressure 
sensor 10 comprises a translucent body 16 (or alternatively 
an opaque body having a translucent WindoW formed 
therein) With an optical re?ecting cavity 18 formed at one 
end thereof. A ?exible diaphragm 20 forms the bottom Wall 
of such cavity 18. A re?ective surface 22 is formed on the 
upper surface of the diaphragm 20. A separate re?ective 
surface may also be formed on the Wall of the cavity 18 that 
is opposed to the re?ective surface 22 of the diaphragm 20. 
The optical pressure sensor 10 is positioned in the anterior 
chamber AC such that the underside of the outer surface of 
the diaphragm 20 is in contact With the aqueous humor that 
?lls the anterior chamber AC. When the intraocular pressure 
is normal, the force exerted on the diaphragm 20 by the 
aqueous humor Will alloW the diaphragm 20 to substantially 
remain in a ?rst position, as shoWn in FIG. 3A. HoWever, as 
the intraocular pressure increases, the diaphragm 20 Will 
progressively move upWardly, as shoWn in FIG. 3B. 

[0034] The optical pressure sensor 10 may be a miniatur 
iZed Fabry-Perot interferometer in Which tWo parallel, mini 
mally separated, partially re?ecting surfaces form an optical 
re?ecting cavity Which is commercially available as Model 
20 and Model 60, from R] C Enterprises, Woodinville, Wash. 
The siZe of the optical pressure sensor is about 300 pm><300 
pm With about 200 pm depth. One of the parallel surfaces 22 
is a surface of the pressure-sensitive diaphragm 20 that 
changes position With changes in external pressure. This 
results in a change in the depth of the optical re?ecting 
cavity 18 and a resultant change in the re?ectance spectra. 
Thus, the changes in the re?ectance spectra correlate With 
changes in depth of the re?ecting cavity 18 and, thus, also 
correlates to changes in the pressure of the aqueous humor 
in the other side of the diaphragm 20. 

[0035] FIG. 2 illustrates the manner in Which intraocular 
pressure is read from the implanted optical pressure sensor 
10. A light source 30 is positioned in front of the patient’s 
eye. Abeam of light is cast from the light source 30, through 
the cornea C of the eye, though the translucent body (or 
WindoW) of the sensor 10 and upon the re?ective surface 22 
of the diaphragm 20. This light is then re?ected from the 
re?ective surface 22, outWardly through the cornea C and is 
received by a receiver 32 such as a mirror, lens, Waveguide 
or other light directing member. The re?ected light is 
directed by the receiver 32 to a processor 34, such as a 
spectrometer, Which then processes the re?ected light in a 
manner that determines a parameter of the re?ected light that 
is dependent upon the depth of the re?ecting cavity 18 and, 
thus, can be used to calculate the pressure of the ?uid exerted 
against the pressure sensitive diaphragm 20. 

[0036] The processor 34 may be a re?ectance spectrum 
analyZer that measures the difference in re?ected light 
emanating from the optical sensor 10 at different Wave 
lengths. The re?ectance of the optical sensor 10 is not only 
dependent on the depth of the re?ecting cavity 18 cavity and 
thus on the pressure, but is also dependent on the Wavelength 
of the light that is transmitted against the re?ecting surface 
22 of the diaphragm 20 from the light source 30. In this 
regard, FIG. 4 (excerpted from Wolthius et al.) shoWs the 
relationship betWeen the depth of the re?ecting cavity 18 
and re?ectance determined by the processor 34 When the 
light source 30 emits light at Wavelengths of 820, 850 and 
880 nm. By determining the ratio of the re?ectance of 
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different Wavelengths, the signal to noise ratio can be 
improved and the linearity range can be extended, as dem 
onstrated in FIG. 5 and the following equation: 

[0037] A=T|:(}\,c—}\,cv)/2LU Where no is the spectral Width 
of the light source, AC, AC. are the Wavelengths of the 
tWo probing light sources 

[0038] K=(1—R‘)2/2R‘ Where R‘ is the mean re?ec 
tance of the surfaces 

[0040] FIG. 5 shoWs the total sensor re?ectance (mea 
sured photocurrent) and the output from dichroic ratio signal 
analysis(dichroic ratio) plotted With respect to optical cavity 
depth (absolute pressure), as measure over part of a re?ec 
tance cycle. (Excerpt from Wolthuis et. al). 

[0041] Thus, by using this ratiometric technique the 
intraocular pressure measuring system of the present inven 
tion is insensitive to source intensity and coupling ef?ciency. 
In this regard, this type of optical pressure sensor 10 has 
been coupled to a ?ber optic/LED/dicrotic mirror/photo 
diode system manufactured by Integra Neurosciences, San 
Diego, Calif. to measure pressure. FIGS. 6 and 7 (excerpted 
from Wolthius et al.) demonstrate the linearity and repro 
ducibility of the measurements obtainable from this type of 
sensor 10. 

[0042] Although FIGS. 1 and 2 shoW the optical sensor 
10 positioned in the anterior chamber AC of the eye, it Will 
be appreciated that this optical sensor 10 may be positioned 
anyWhere in the eye Where intraocular pressure may be 
measured. For example, the sensor 10 may be positioned in 
the posterior chamber of the eye. Such positioning of the 
sensor 10 Within the posterior chamber of the eye may be 
accomplished by removing all or a portion of the vireous 
humor using knoWn vitrectomy techniques and then placing 
the sensor 10 (With or Without an appropriately con?gured 
support 11) Within the posterior chamber at a location Where 
light may pass through the cornea, through the pupil and be 
re?ected from the re?ective surface 22 of the diaphragm 20. 
In another example, in a patient Who’s native lens has been 
removed due to cataracts or some other pathology, a pros 
thetic lens may be implanted in place of the previously 
removed native lens and the sensor 10 may be attached that 
prosthetic lens implant. Also, it is to be appreciated that 
various other types of supports 11 may be used. In some 
instances, the support 11 may be a structure Which functions 
only to support the sensor 10. In other instances, the support 
may perform some secondary function is addition to holding 
of the sensor 10. For example, in embodiments Where the 
support 11 is a phakic intraocular lens, the phakic intraocular 
lens may be constructed to provide some refractive vision 
correction in addition to holding of the sensor 10. In other 
instances, in patients Who suffer from glaucoma, a shunt may 
be surgically implanted to facilitate drainage of aqueous 
humor and resultant loWering of intraocular pressure. Such 
shunts are typically tubular and one end of the shunt 
typically protrudes into the anterior chamber AC of the eye. 
Thus, the optical sensor 10 may be attached to such a shunt 
(e.g., to the portion of the shunt that resides in the anterior 
chamber of the eye) such that the shunt Will perform the dual 
function of draining aqueous humor and holding the sensor 
10 at a desired location Within the eye. 
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EXAMPLE 2 

Intraocular Analyte Determining System 

[0043] FIGS. 8, 9A and 9B shoW a system for quantitative 
or qualitative determination of an analyte Within the eye of 
a human or veterinary patient. This system comprises an 
optical analyte sensor 40 that is implanted Within the eye. 
This optical analyte sensor 40 may be con?gured for implan 
tation as a stand alone device or may be attached to a support 

11A. In the particular embodiment shoWn, the support 11A 
comprises an intraocular lens system that comprises an optic 
12a and a haptic 14a, of the same type as described 
hereabove in reference to FIG. 2. 

[0044] The optical analyte sensor 40 is shoWn in detail in 
FIGS. 9A and 9B. As shoWn, the optical analyte sensor 40 
comprises a translucent body 46 (or an opaque body having 
a translucent WindoW) having a holloW cavity 48 formed at 
one end thereof. One or more Walls of the cavity 48, or at 
least a portion of one Wall of the cavity 48, is/are formed of 
a semipermeable membrane 50 through Which a particular 
analyte (e.g., glucose or some other endogenous substance, 
a drug, a metabolite, a toxin, etc) Will pass. In the embodi 
ment shoWn, a ?exible diaphragm 42 having a re?ective 
surface 44 is mounted transversely Within the cavity 48. As 
the concentration of the analyte increases in the body ?uid 
adjacent to the outer surface of the semipermeable mem 
brane 50, the analyte Will diffuse through the semipermeable 
membrane 50 and into the cavity 48. Some quantity of Water 
may also diffuse into the cavity 48 along With the analyte. 
This results in an increase in pressure on the diaphragm 42 
and Will cause the diaphragm to move as shoWn in FIG. 9A. 
When the concentration of the analyte in the body ?uid 
decreases, analyte (and possibly Water) Will diffuse out of 
the cavity 48, thereby decreasing the pressure on the dia 
phragm and causing the diaphragm 42 to move in the 
opposite direction, as shoWn in FIG. 9B. It Will be appre 
ciated that as an alternative to positioning of the diaphragm 
42 Within the cavity 48, the semipermeable membrane may 
either abut the pressure-sensitive interferometric cavity, or 
the membrane may itself serve as the pressure-sensitive 
diaphragm of the interferometer. The ability to measure 
concentrations of analytes by these optical analyte sensors 
40 may be quite sensitive. 

[0045] In some embodiments of this invention, chemicals 
that either react or interact With speci?c analytes may be 
placed in the cavity 48. Changes such as altered optical 
spectroscopic (direct sensing) or volumetric properties 
(pressure transduction) may then be detected. In this case the 
semipermeable membrane could be fairly non-selective. The 
membrane 50 may be any suitable type of membrane that 
Will alloW measurement of the analyte(s) of interest. 
Biomembranes permeable to speci?c analytes (e.g. glucose) 
have been developed (e.g., UPE Membrane, Millipore, Bed 
ford, Mass.). Selectively permeable membranes may be used 
for different analytes, including glucose. 

[0046] The concentration of the analyte is read using a 
light source 30, receiver 32 and processor (e.g., a spectrom 
eter) 34 in the same manner as described hereabove With 
respect to the optical pressure sensor 10. 
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EXAMPLE 3 

Combined System for Measuring Intraocular 
Pressure and Analyte Concentration 

[0047] FIG. 10 shoWs another embodiment of the present 
invention Wherein both the optical pressure sensor 10 and 
optical analyte sensor 40 are attached to a common support 
11B that comprises an intraocular lens assembly implanted 
in the anterior chamber Ac of a patient’s eye. The support 
includes an optic 12b and haptic 14c Which may be the same 
as those described above With respect to FIG. 2. 

[0048] In this embodiment Wherein the optical pressure 
sensor 10 and the optical analyte sensor 40 are used in 
combination, a single light source 30 or separate light 
sources 30, may be used to cast light on the re?ective 
surfaces 22 and 44 of the optical pressure sensor diaphragm 
20 and the optical analyte sensor diaphragm 40, respectively. 
In embodiments Where a single light source is used, such 
single light source may be adjustable to vary the direction, 
Wavelength and/or other characteristics of the of the light 
beam that emanates from the light source, thereby facilitat 
ing its use for both applications. Also, a single receiver/ 
processor 34 or separate receiver processors 34. May be 
used to receive and process the light re?ected from the 
re?ective surfaces 22 and 22. In embodiments Where a single 
receiver/processor is used, such single receiver/processor 
may be adjustable to vary the direction from Which the 
re?ected light is received and/or the particular characteris 
tic(s) of the re?ected light that are processed by the proces 
sor. 

[0049] Although the invention has been described above 
With respect to certain embodiments and eXamples, it is to be 
appreciated that such embodiments and eXamples are non 
limiting and are not purported to de?ne all embodiments and 
eXamples of the invention. Indeed, those of skill in the art 
Will recogniZe that various modi?cations may be made to the 
above-described embodiments and eXamples Without 
departing from the intended spirit and scope of the invention 
and it is intended that all such modi?cations be included 
Within the scope of the folloWing claims. 

What is claimed is: 
1. An intraocular pressure sensing system comprising: 

an implantable optical pressure sensor siZed for implan 
tation Within the eye, said optical pressure sensor 
comprising an optical re?ecting element Which varies 
relative to changes in intraocular pressure and a Win 
doW through Which light Will pass; 

a light source useable to pass light through the cornea of 
the eye and through the WindoW of the pressure sensor 
such that the light Will strike the optical re?ecting 
element; 

a receiver/processor Which receives light Which has 
re?ected from the optical re?ecting element and pro 
cesses such re?ected light so as to obtain an indication 
of intraocular pressure. 

2. Asystem according to claim 1 Wherein the implantable 
pressure sensor is attached to a support that holds the 
implantable pressure sensor in a substantially ?Xed position 
Within the eye. 

3. A system according to claim 2 Wherein the support 
comprises a haptic. 
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4. A system according to claim 2 Wherein the support 
comprises a hapic and optic. 

5. A system according to claim 4 Wherein the sensor is 
mounted on the haptic. 

6. A system according to claim 4 Wherein the sensor is 
mounted on the optic. 

7. A system according to claim 2 Wherein the support is 
con?gured to hold the implantable pressure sensor substan 
tially Within the anterior chamber of the eye. 

8. A system according to claim 2 Wherein the support is 
con?gured to hold the implantable pressure sensor substan 
tially Within the posterior chamber of the eye. 

9. A system according to claim 2 Wherein the support 
comprises a shunt apparatus that may be implanted in the 
eye to decrease the intraocular pressure of that eye. 

10. A system according to claim 2 Wherein the support 
comprises a prosthetic lens that has been implanted in place 
of the patient’s native ophthalmic lens. 

11. Asystem according to claim 1 Wherein the implantable 
pressure sensor is attached to a phakic intraocular lens. 

12. A system according to claim 11 Wherein the phakic 
intraocular lens is constructed to perform a vision correcting 
function as Well as the function of holding the implantable 
pressure sensor in a substantially ?Xed position. 

13. A system according to claim 2 Wherein the support 
holds the implantable pressure sensor Within the eye such 
that light may pass from the light source, through the cornea 
of the eye and onto the optical re?ecting element. 

14. A system according to claim 1 Wherein the implant 
able optic pressure sensor comprises a Fabry-Perot interfer 
ometer pressure sensor. 

15. Asystem according to claim 1 Wherein the light source 
is a visible light source. 

16. Asystem according to claim 1 Wherein the light source 
is an LED light source. 

17. A system according to claim 1 Wherein the receiver/ 
processor unit comprises a spectrometer. 

18. A method of determining intraocular pressure in a 
human or veterinary patient, said method comprising the 
steps of: 

(A) implanting Within the eye an optical pressure sensor 
that has an optical re?ecting element that moves rela 
tive to changes in the intraocular pressure of the eye; 

(B) using a light source to cast light into the eye such that 
the light strikes and is re?ected by the optical re?ecting 
element; and, 

(C) using a receiver/processor to receive light Which has 
re?ected from the optical re?ecting element and to 
process such re?ected light so as to obtain an indication 
of intraocular pressure. 

19. A method according to claim 18 Wherein Step (A) 
comprises implanting the optical pressure sensor such that it 
is positioned substantially Within the anterior chamber of the 
eye. 

20. A method according to claim 18 Wherein Step (A) 
comprises implanting the optical pressure sensor such that it 
is positioned substantially Within the posterior chamber of 
the eye. 

21. A method according to claim 18 Wherein the native 
ophthalmic lens has been removed from the eye leaving at 
least a portion of the lens capsule in tact and Wherein Step 
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(A) comprises implanting the optical pressure sensor such 
that it is positioned substantially Within at least a remaining 
portion of the lens capsule. 

22. A method according to claim 18 Wherein the optical 
pressure sensor is attached to a support that is con?gured to 
hold the optical pressure sensor at a substantially ?xed 
position Within the eye, and Wherein Step (A) comprises 
implanting the optical pressure sensor and the support such 
that the optical pressure sensor is thereby held in a substan 
tially ?xed position Within the eye. 

23. A method according to claim 22 Wherein Step (A) 
comprises implanting the optical pressure sensor and the 
support such that the optical pressure sensor is held in a 
substantially ?Xed position Within the anterior chamber of 
the eye. 

24. A method according to claim 22 Wherein Step (A) 
comprises implanting the optical pressure sensor and the 
support such that the optical pressure sensor is held in a 
substantially ?Xed position Within the posterior chamber of 
the eye. 

25. A method according to claim 22 Wherein the support 
comprises a lens that is adapted to perform a vision correct 
ing function When implanted in the eye and Wherein Step (A) 
comprises implanting the optical pressure sensor and the 
support in the eye such that i) the optical pressure sensor 
senses intraocular pressure and ii) the lens at least partially 
corrects the patient’s vision. 

26. A method according to claim 22 Wherein the support 
comprises a shunt that is designed to drain aqueous humor 
in a manner that loWers intraocular pressure of the eye and 
Wherein Step (A) comprises implanting the optical pressure 
sensor and the support in the eye such that i) that the optical 
pressure sensor senses intraocular pressure and ii) the shunt 
drains aqueous humor in a manner that loWers intraocular 
pressure. 

27. A method according to claim 21 Wherein the optical 
pressure sensor is embedded in or attached to a prosthetic 
lens, said prosthetic lens being implantable Within at least a 
remaining portion of the lens capsule in place of the previ 
ously removed native lens. 

28. A method according to claim 18 Wherein Step (A) 
comprises positioning the optical pressure sensor in the eye 
such that, When light is passed from the light source in Step 
(B), the light Will pass through the cornea of the eye and Will 
strike and be re?ected by the optical re?ecting element. 

29. A method according to claim 18 further comprising 
the steps of: 

(D) implanting in the eye a optical analyte sensor having 
an optical re?ecting element that varies in relation to 
the concentration or presence of at least one analyte; 

(E) using a light source to cast light into the eye such that 
the light Will strike and be re?ected by the optical 
re?ecting element of the analyte sensor; and, 

(F) using a receiver/processor to receive light Which has 
re?ected from the optical re?ecting element of the 
analyte sensor and to process such re?ected light so as 
to obtain a qualitative or quantitative determination of 
at least one analyte. 

30. A method according to claim 29 Wherein the optical 
pressure sensor and the analyte sensor are attached to a 
common support that holds both the optical pressure sensor 
and the analyte sensor at substantially ?Xed positions Within 
the eye and Wherein Steps (A) and (D) are performed 
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concurrently by implanting the optical pressure sensor, 
analyte sensor and accompanying support Within the eye. 

31. A method according to claim 29 Wherein different 
light sources are used in Steps (B) and 

32. A method according to claim 29 Wherein the same 
light source is used in Steps (B) and 

33. A method according to claim 32 Wherein the Wave 
length of light emitted from the light source is variable and 
Wherein a ?rst Wavelength is used in Step (B) and a second 
Wavelength is used in Step 

34. A method according to claim 29 Wherein different 
receiver/processors are used in Steps (C) and 

35. A method according to claim 29 Wherein the same 
receiver/processor is used in Steps (C) and 

36. A method according to claim 35 Wherein at least one 
setting on the receiver/processor is variable and Wherein at 
least one ?rst setting of the receiver/processor is used in Step 
(D) and at least one second setting of the receiver/processor 
is used in Step 

37. A method according to claim 29 Wherein the analyte 
sensor is adapted to measure or to detect glucose and 
Wherein Step comprises obtaining a qualitative or quan 
titative determination of glucose. 

38. A system for intraocular, subconjunctival or subder 
mal analyte determination, said system comprising: 

an optical sensor siZed for intraocular, subconjunctival or 
subdermal implantation, said sensor comprising an 
optical re?ecting element Which varies relative to 
changes in the amount or concentration of the analyte 
and a WindoW through Which light Will pass; 

a light source useable to pass light through the cornea, 
conjunctiva or skin such that the light Will strike and be 
re?ected by the optical re?ecting element; 

a receiver/processor Which receives light that has re?ected 
from the optical re?ecting element and processes such 
re?ected light to obtain a qualitative or quantitative 
determination of the analyte. 

39. A system according to claim 38 Wherein the optical 
sensor further comprises a membrane through Which the 
analyte Will pass and Wherein the optical re?ecting element 
varies in response to the amount or concentration of the 
analyte that has passed through the membrane. 

40. Asystem according to claim 38 Wherein the analyte is 
glucose. 

41. A system according to claim 38 Wherein the osmotic 
pressure, osmolality and/or osmolarity of a biological ?uid 
varies With the concentration of the analyte in that ?uid and 
Wherein the optical re?ecting element varies in response to 
changes in the osmotic pressure, osmolality and/or osmo 
larity of a biological ?uid indicative of changes in the 
analyte concentration in that ?uid. 

42. A system according to claim 38 Wherein the light 
source is a visible light source. 

43. A system according to claim 38 Wherein the light 
source is an LED light source. 

44. A system according to claim 38 Wherein the receiver/ 
processor comprises a spectrometer. 

45. A method of qualitative or quantitative determination 
of an analyte Within the body of a human or veterinary 
patient, said method comprising the steps of: 

(A) implanting an optical analyte sensor at an intraocular, 
subconjunctival or subdermal location Within the 
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patient’s body, said analyte sensor having an optical 
re?ective element that varies in response to the pres 
ence of or changes in the concentration of the analyte; 

(B) using a light source to cast light through the cornea, 
conjunctiva or skin of the patient such that the light Will 
strike and be re?ected by the optical re?ecting element; 
and, 

(C) using the receiver/processor to receive light Which has 
re?ected from the optical re?ecting element and to 
process such re?ected light so as to obtain a qualitative 
or quantitative determination of the analyte. 

46. A method according to claim 45 Wherein Step (A) 
comprises implanting the optical analyte sensor such that it 
is positioned substantially Within the anterior chamber of the 
eye. 

47. A method according to claim 45 Wherein Step (A) 
comprises implanting the optical analyte sensor such that it 
is positioned substantially Within the posterior chamber of 
the eye. 

48. A method according to claim 45 Wherein the native 
ophthalmic lens has been removed from the eye leaving at 
least a portion of the lens capsule in tact and Wherein Step 
(A) comprises implanting the optical analyte sensor such 
that it is positioned substantially Within at least a remaining 
portion of the lens capsule. 

49. A method according to claim 45 Wherein Step (A) 
comprises implanting the optical analyte sensor such that it 
is positioned substantially Within or beneath the skin. 

50. A method according to claim 45 Wherein Step (A) 
comprises implanting the optical analyte sensor such that it 
is positioned substantially Within or beneath the cornea of an 
eye. 

51. A method according to claim 45 Wherein Step (A) 
comprises implanting the optical analyte sensor such that it 
is positioned substantially Within or beneath the conjunctive 
of an eye. 

52. A method according to claim 45 Wherein the optical 
pressure sensor is attached to a support that is con?gured to 
hold the optical analyte sensor at a substantially ?xed 
position Within the body and Wherein Step (A) comprises 
implanting the optical analyte sensor and the support such 
that the optical pressure sensor is thereby held in a substan 
tially ?xed position Within the body. 

53. A method according to claim 52 Wherein Step (A) 
comprises implanting the optical analyte sensor and the 
support such that the optical analyte sensor is held in a 
substantially ?Xed position Within the anterior chamber of 
the eye. 

54. A method according to claim 52 Wherein Step (A) 
comprises implanting the optical analyte sensor and the 
support such that the optical analyte sensor is held in a 
substantially ?Xed position Within the posterior chamber of 
the eye. 

55. A method according to claim 52 Wherein the support 
comprises a lens that is adapted to perform a vision correct 
ing function When implanted in the eye and Wherein Step (A) 
comprises implanting the optical analyte sensor and the 
support in the eye such that i) the optical analyte sensor 
senses at least one analyte and ii) the lens at least partially 
corrects the patient’s vision. 

56. A method according to claim 52 Wherein the support 
comprises a shunt that is designed to drain aqueous humor 
in a manner that loWers intraocular pressure of the eye and 
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Wherein Step (A) comprises implanting the optical analyte 
sensor and the support in the eye such that i) that the optical 
analyte sensor senses at least one analyte and ii) the shunt 
drains aqueous humor in a manner that loWers intraocular 
pressure. 

57. A method according to claim 48 Wherein the optical 
analyte sensor is embedded in or attached to a prosthetic 
lens, said prosthetic lens being implantable Within at least a 
remaining portion of the lens capsule in place of the previ 
ously removed native lens. 

58. A method according to claim 45 Wherein Step A 
comprises positioning the optical analyte sensor in the eye 
such that, When light is passed from the light source in Step 
(B), the light Will pass through the cornea of the eye and Will 
strike and be re?ected by the optical re?ecting element. 

59. A method according to claim 45 Wherein Step A 
comprises positioning the optical analyte sensor in the eye 
such that, When light is passed from the light source in Step 
(B), the light Will pass through the conjunctiva of the eye and 
Will strike and be re?ected by the optical re?ecting element. 

60. A method according to claim 45 further comprising 
the steps of: 

(C) implanting in the eye a optical pressure sensor having 
an optical re?ecting element that varies in relation to 
changes in intraocular pressure; 

(D) using a light source to cast light into the eye such that 
the light Will strike and be re?ected by the optical 
re?ecting element of the pressure sensor; and, 

(E) using a receiver/processor to receive light Which has 
re?ected from the optical re?ecting element of the 
pressure sensor and to process such re?ected light so as 
to obtain a measurement of intraocular pressure. 

61. A method according to claim 60 Wherein the analyte 
sensor and the pressure sensor are attached to a common 

support that holds both the analyte sensor and the pressure 
sensor at substantially ?Xed positions Within the body and 
Wherein Steps (A) and (C) are performed concurrently by 
implanting the analyte sensor, pressure sensor and accom 
panying support Within the body. 

62. A method according to claim 60 Wherein different 
light sources are used in Steps (B) and 

63. A method according to claim 60 Wherein the same 
light source is used in Steps (B) and 

64. A method according to claim 63 Wherein the Wave 
length of light emitted from the light source is variable and 
Wherein a ?rst Wavelength is used in Step (B) and a second 
Wavelength is used in Step 

65. A method according to claim 60 Wherein different 
receiver/processors are used in Steps (D) and 

66. A method according to claim 60 Wherein the same 
receiver/processor is used in Steps (D) and 

67. A method according to claim 66 Wherein at least one 
setting on the receiver/processor is variable and Wherein at 
least one ?rst setting of the receiver/processor is used in Step 
(D) and at least one second setting of the receiver/processor 
is used in Step 

68. A method according to claim 45 Wherein the analyte 
sensor is adapted to measure or to detect the presence of a 
concentration of glucose and Wherein Step comprises 
obtaining a qualitative or quantitative determination of glu 
cose. 


