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A tonometer system for measuring intraocular pressure by
accurately providing a predetermined amount of applanation
to the cornea and detecting the amount of force required to
achieve the predetermined amount of applanation. The sys-
tem is also capable of measuring intraocular pressure by
indenting the cornea using a predetermined force applied
using an indenting element and detecting the distance the
indenting element moves into the cornea when the prede-
termined force is applied, the distance being inversely
proportional to intraocular pressure. Also provided is a
method of using the tonometer system to measure hydro-
dynamic characteristics of the eye, especially outflow facil-
ity. The tonometer system includes a contact device for
placement in contact with the cornea and an actuation
apparatus for actuating the contact device so that a portion
thereof projects inwardly against the cornea to provide a
predetermined amount of applanation. The system further
includes a detecting arrangement for detecting when the
predetermined amount of applanation has been achieved and
a calculation unit responsive to the detecting arrangement
for determining intraocular pressure based on the amount of
force the contact device must apply against the cornea in
order to achieve the predetermined amount of applanation.
An indentation distance detection arrangement is also pro-
vided for use when intraocular pressure is to be detected by
indentation. In carrying out the method, the system is used
to detect intraocular pressure between successive steps of
forcing intraocular fluid out from the eye.

38 Claims, 16 Drawing Sheets
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1
TONOMETER SYSTEM FOR MEASURING
INTRAOCULAR PRESSURE BY
APPLANATION AND/OR INDENTATION

BACKGROUND OF THE INVENTION

The present invention relates to a tonometer system for
measuring intraocular pressure by accurately providing a
predetermined amount of applanation to the cornea and
detecting the amount of force required to achieve the pre-
determined amount of applanation. The system is also
capable of measuring intraocular pressure by indenting the
cornea using a predetermined force applied using an indent-
ing element and detecting the distance the indenting element
moves into the cornea when the predetermined force is
applied, the distance being inversely proportional to
intraocular pressure. The present invention also relates to a
method of using the tonometer system to measure hydro-
dynamic characteristics of the eye, especially outflow facil-
ity.

The tonometer system of the present invention may also
be used to measure hemodynamics of the eye, especially
ocular blood flow and pressure in the eye’s blood vessels.
Additionally, the tonometer system of the present invention
may be used to increase and measure the eye pressure and
evaluate, at the same time, the ocular effects of the increased
pressure.

Glaucoma is a leading cause of blindness worldwide and,
although it is more common in adults over age 35, it can
occur at any age. Glaucoma primarily arises when intraocu-
lar pressure increases to values which the eye cannot with-
stand.

The fluid responsible for pressure in the eye is the aqueous
humor. It is a transparent fluid produced by the eye in the
ciliary body and collected and drained by a series of chan-
nels (trabecular meshwork, Schlemm’s canal and venous
system). The basic disorder in most glaucoma patients is
caused by an obstruction or interference that restricts the
flow of aqueous humor out of the eye. Such an obstruction
or interference prevents the aqueous humor from leaving the
eye at a normal rate. This pathologic condition occurs long
before there is a consequent rise in intraocular pressure. This
increased resistance to outflow of aqueous humor is the
major cause of increased intraocular pressure in glaucoma-
stricken patients.

Increased pressure within the eye causes progressive
damage to the optic nerve. As optic nerve damage occurs,
characteristic defects in the visual field develop, which can
lead to blindness if the disease remains undetected and
untreated. Because of the insidious nature of glaucoma and
the gradual and painless loss of vision associated therewith,
glaucoma does not produce symptoms that would motivate
an individual to seek help until relatively late in its course
when irreversible damage has already occurred. As a result,
millions of glaucoma victims are unaware that they have the
disease and face eventual blindness. Glaucoma can be
detected and evaluated by measuring the eye’s fluid pressure
using a tonometer and/or by measuring the eye fluid outflow
facility. Currently, the most frequently used way of measur-
ing facility of outflow is by doing indentation tonography.
According to this technique, the capacity for flow is deter-
mined by placing a tonometer upon the eye. The weight of
the instrument forces aqueous humor through the filtration
system, and the rate at which the pressure in the eye declines
with time is related to the ease with which the fluid leaves
the eye.

Individuals at risk for glaucoma and individuals who will
develop glaucoma generally have a decreased outflow facil-
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ity. Thus, the measurement of the outflow facility provides
information which can help to identify individuals who may
develop glaucoma, and consequently will allow early evalu-
ation and institution of therapy before any significant dam-
age occurs.

The measurement of outflow facility is helpful in making
therapeutic decisions and in evaluating changes that may
occur with time, aging, surgery, or the use of medications to
alter intraocular pressure. The determination of outflow
facility is also an important research tool for the investiga-
tion of matters such as drug effects, the mechanism of action
of various treatment modalities, assessment of the adequacy
of antiglaucoma therapy, detection of wide diurnal swings in
pressure and to study the pathophysiology of glaucoma.

There are several methods and devices available for
measuring intraocular pressure, outflow facility, and/or vari-
ous other glaucoma-related characteristics of the eye. The
following patents disclose various examples of such con-
ventional devices and methods:

PATENT NO. PATENTEE

U.S. Pat. No. 5,375,595 Sinha et al.

U.S. Pat. No. 5,295,495 Maddess

U.S. Pat. No. 5,251,627 Morris

U.S. Pat. No. 5,217,015 Kaye et al.

U.S. Pat. No. 5,183,044 Nishio et al.

U.S. Pat. No. 5,179,953 Kursar

U.S. Pat. No. 5,148,807 Hsu

U.S. Pat. No. 5,109,852 Kaye et al.

U.S. Pat. No. 5,165,409 Coan

U.S. Pat. No. 5,076,274 Matsumoto

U.S. Pat. No. 5,005,577 Frenkel

U.S. Pat. No. 4,951,671 Coan

U.S. Pat. No. 4,947,849 Takahashi et al.

U.S. Pat. No. 4,944,303 Katsuragi

U.S. Pat. No. 4,922,913 Waters, Jr. et al.

U.S. Pat. No. 4,860,755 Erath

U.S. Pat. No. 4,771,792 Seale

U.S. Pat. No. 4,628,938 Lee

U.S. Pat. No. 4,305,399 Beale

U.S. Pat. No. 3,724,263 Rose et al.

U.S. Pat. No. 3,585,849 Grolman

U.S. Pat. No. 3,545,260 Lichtenstein et al.

Still other examples of conventional devices and/or meth-
ods are disclosed in Morey, Contact Lens Tonometer, RCA
Technical Notes, No. 602, December 1964; Russell &
Bergmanson, Multiple Applications of the NCT: An Assess-
ment of the Instrument’s Effect on IOP, Ophthal. Physiol.
Opt., Vol. 9, April 1989, pp. 212-214; Moses & Grodzki,
The Pneumatonograph: A Laboratory Study, Arch.
Ophthalmol., Vol. 97, March 1979, pp. 547-552; and C. C.
Collins, Miniature Passive Pressure Transensor for Implant-
ing in the Eye, IEEE Transactions on Bio-medical
Engineering, April 1967, pp. 74-83.

In general, eye pressure is measured by depressing or
flattening the surface of the eye, and then estimating the
amount of force necessary to produce the given flattening or
depression. Conventional tonometry techniques using the
principle of applanation may provide accurate measure-
ments of intraocular pressure, but are subject to many errors
in the way they are currently being performed. In addition,
the present devices either require professional assistance for
their use or are too complicated, expensive or inaccurate for
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individuals to use at home. As a result, individuals must visit
an eye care professional in order to check their eye pressure.
The frequent self-checking of intraocular pressure is useful
not only for monitoring therapy and self-checking for
patients with glaucoma, but also for the early detection of
rises in pressure in individuals without glaucoma and for
whom the elevated pressure was not detected during their
office visit.

Pathogens that cause severe eye infection and visual
impairment such as herpes and adenovirus as well as the
virus that causes AIDS can be found on the surface of the eye
and in the tear film. These microorganisms can be transmit-
ted from one patient to another through the tonometer tip or
probe. Probe covers have been designed in order to prevent
transmission of diseases but are not widely used because
they are not practical and provide less accurate measure-
ments. Tonometers which prevent the transmission of
diseases, such as the “air-puff” type of tonometer also have
been designed, but they are expensive and provide less
accurate measurements. Any conventional direct contact
tonometers can potentially transmit a variety of systemic and
ocular diseases.

The two main techniques for the measurement of
intraocular pressure require a force that flattens or a force
that indents the eye, called “applanation” and “indentation”
tonometry respectively.

Applanation tonometry is based on the Imbert-Fick prin-
ciple. This principle states that for an ideal dry, thin-walled
sphere, the pressure inside the sphere equals the force
necessary to flatten its surface divided by the area of
flattening. P=F/A (where P=pressure, F=force, A=area). In
applanation tonometry, the cornea is flattened, and by mea-
suring the applanating force and knowing the area flattened,
the intraocular pressure is determined.

By contrast, according to indentation tonometry
(Schiotz), a known weight (or force) is applied against the
cornea and the intraocular pressure is estimated by measur-
ing the linear displacement which results during deformation
or indentation of the cornea. The linear displacement caused
by the force is indicative of intraocular pressure. In
particular, for standard forces and standard dimensions of
the indenting device, there are known tables which correlate
the linear displacement and intraocular pressure.

Conventional measurement techniques using applanation
and indentation are subject to many errors. The most fre-
quently used technique in the clinical setting is contact
applanation using Goldman tonometers. The main sources
of errors associated with this method include the addition of
extraneous pressure on the cornea by the examiner, squeez-
ing of the eyelids or excessive widening of the lid fissure by
the patient due to the discomfort caused by the tonometer
probe resting upon the eye, and inadequate or excessive
amount of dye (fluorescein). In addition, the conventional
techniques depend upon operator skill and require that the
operator subjectively determine alignment, angle and
amount of depression. Thus, variability and inconsistency
associated with less valid measurements are problems
encountered using the conventional methods and devices.

Another conventional technique involves air-puff tonom-
eters wherein a puff of compressed air of a known volume
and pressure is applied against the surface of the eye, while
sensors detect the time necessary to achieve a predetermined
amount of deformation in the eye’s surface caused by
application of the air puff. Such a device is described, for
example, in U.S. Pat. No. 3,545,260 to Lichtenstein et al.
Although the non-contact (air-puff) tonometer does not use
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dye and does not present problems such as extraneous
pressure on the eye by the examiner or the transmission of
diseases, there are other problems associated therewith.
Such devices, for example, are expensive, require a supply
of compressed gas, are considered cumbersome to operate,
are difficult to maintain in proper alignment and depend on
the skill and technique of the operator. In addition, the
individual tested generally complains of pain associated
with the air discharged toward the eye, and due to that
discomfort many individuals are hesitant to undergo further
measurement with this type of device. The primary advan-
tage of the non-contact tonometer is its ability to measure
pressure without transmitting diseases, but they are not
accepted in general as providing accurate measurements and
are primarily useful for large-scale glaucoma screening
programs.

Tonometers which use gases, such as the
pneumotonometer, have several disadvantages and limita-
tions. Such device are also subject to the operator errors as
with Goldman’s tonometry. In addition, this device uses
freon gas, which is not considered environmentally safe.
Another problem with this device is that the gas is flam-
mable and as with any other aerosol-type can, the can may
explode if it gets too hot. The gas may also leak and is
susceptible to changes in cold weather, thereby producing
less accurate measurements. Transmission of diseases is also
a problem with this type of device if probe covers are not
utilized.

In conventional indentation tonometry (Schiotz), the main
source of errors are related to the application of a relatively
heavy tonometer (total weight at least 16.5 g) to the eye and
the differences in the distensibility of the coats of the eye.
Experience has shown that a heavy weight causes discom-
fort and raises the intraocular pressure. Moreover the test
depends upon a cumbersome technique in which the exam-
iner needs to gently place the tonometer onto the cornea
without pressing the tonometer against the globe. The accu-
racy of conventional indentation may also be reduced by
inadequate cleaning of the instrument as will be described
later. The danger of transmitting infectious diseases, as with
any contact tonometer, is also present with conventional
indentation.

A variety of methods using a contact lens have been
devised, however, such systems suffer from a number of
restrictions and virtually none of these devices is being
widely utilized or is accepted in the clinical setting due to
their limitations and inaccurate readings. Moreover, such
devices typically include instrumented contact lenses and/or
cumbersome and complex contact lenses.

Several instruments in the prior art employ a contact lens
placed in contact with the sclera (the white part of the eye).
Such systems suffer from many disadvantages and draw-
backs. The possibility of infection and inflammation is
increased due to the presence of a foreign body in direct
contact with a vascularized part of the eye. As a
consequence, an inflammatory reaction around the device
may occur, possibly impacting the accuracy of any mea-
surement. In addition, the level of discomfort is high due to
a long period of contact with a highly sensitive area of the
eye. Furthermore, the device could slide and therefore lose
proper alignment, and again, preventing accurate measure-
ments to be taken. Moreover, the sclera is a thick and almost
non-distensible coat of the eye which may further impair the
ability to acquire accurate readings. Most of these devices
utilize expensive sensors and complicated electric circuitry
imbedded in the lens which are expensive, difficult to
manufacture and sometimes cumbersome.
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Other methods for sensing pressure using a contact lens
on the cornea have been described. Some of the methods in
this prior art also employ expensive and complicated elec-
tronic circuitry and/or transducers imbedded in the contact
lens. In addition, some devices use piezoelectric material in
the lens and the metalization of components of the lens
overlying the optical axis decreases the visual acuity of
patients using that type of device. Moreover, accuracy is
decreased since the piezoelectric material is affected by
small changes in temperature and the velocity with which
the force is applied. There are also contact lens tonometers
which utilize fluid in a chamber to cause the deformation of
the cornea; however, such devices lack means for alignment
and are less accurate, since the flexible elastic material is
unstable and may bulge forward. In addition, the fluid
therein has a tendency to accumulate in the lower portion of
the chamber, thus failing to produce a stable flat surface
which is necessary for an accurate measurement.

Another embodiment uses a coil wound about the inner
surface of the contact lens and a magnet subjected to an
externally created magnetic field. A membrane with a con-
ductive coating is compressed against a contact completing
a short circuit. The magnetic field forces the magnet against
the eye and the force necessary to separate the magnet from
the contact is considered proportional to the pressure. This
device suffers from many limitations and drawbacks. For
example, there is a lack of accuracy since the magnet will
indent the cornea and when the magnet is pushed against the
eye, the sclera and the coats of the eye distort easily to
accommodate the displaced intraocular contents. This
occurs because this method does not account for the ocular
rigidity, which is related to the fact that the sclera of one
person’s eye is more easily stretched than the sclera of
another. An eye with a low ocular rigidity will be measured
and read as having a lower intraocular pressure than the
actual eye’s pressure. Conversely, an eye with a high ocular
rigidity distends less easily than the average eye, resulting in
a reading which is higher than the actual intraocular pres-
sure. In addition, this design utilizes current in the lens
which, in turn, is in direct contact with the body. Such
contact is undesirable. Unnecessary cost and complexity of
the design with circuits imbedded in the lens and a lack of
an alignment system are also major drawbacks with this
design.

Another disclosed contact lens arrangement utilizes a
resonant circuit formed from a single coil and a single
capacitor and a magnet which is movable relative to the
resonant circuit. A further design from the same disclosure
involves a transducer comprised of a pressure sensitive
transistor and complex circuits in the lens which constitute
the operating circuit for the transistor. All three of the
disclosed embodiments are considered impractical and even
unsafe for placement on a person’s eye. Moreover, these
contact lens tonometers are unnecessarily expensive,
complex, cumbersome to use and may potentially damage
the eye. In addition none of these devices permits measure-
ment of the applanated area, and thus are generally not very
practical.

The prior art also fails to provide a sufficiently accurate
technique or apparatus for measuring outflow facility. Con-
ventional techniques and devices for measuring outflow
facility are limited in practice and are more likely to produce
erroneous results because both are subject to operator,
patient and instrument errors.

With regard to operator errors, the conventional test for
outflow facility requires a long period of time during which
there can be no tilting of the tonometer. The operator
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6

therefore must position and keep the weight on the cornea
without moving the weight and without pressing the globe.

With regard to patient errors, if during the test the patient
blinks, squeezes, moves, holds his breath, or does not
maintain fixation, the test results will not be accurate. Since
conventional tonography takes about four minutes to com-
plete and generally requires placement of a relatively heavy
tonometer against the eye, the chances of patients becoming
anxious and therefore reacting to the mechanical weight
placed on their eyes is increased.

With regard to instrument errors, after each use, the
tonometer plunger and foot plate should be rinsed with water
followed by alcohol and then wiped dry with lint-free
material. If any foreign material drys within the foot plate,
it can detrimentally affect movement of the plunger and can
produce an incorrect reading.

The conventional techniques therefore are very difficult to
perform and demand trained and specialized personnel. The
pneumotonograph, besides having the problems associated
with the pneumotonometer itself, was considered “totally
unsuited to tonography.” (Report by the Committee on
Standardization of Tonometers of the American Academy of
Ophthalmology; Archives Ophthalmol., 97:547-552, 1979).
Another type of tonometer (Non Contact “Air Puff”
Tonometer—U.S. Pat. No. 3,545,260) was also considered
unsuitable for tonography. (Ophthalmic & Physiological
Optics, 9(2):212-214, 1989). Presently there are no truly
acceptable means for self-measurement of intraocular pres-
sure and outflow facility.

SUMMARY OF THE INVENTION

In contrast to the various prior art devices, the apparatus
of the present invention offers an entirely new approach for
the measurement of intraocular pressure and eye hydrody-
namics. The apparatus offers a simple, accurate, low-cost
and safe means of detecting and measuring the earliest of
abnormal changes taking place in glaucoma, and provides a
method for the diagnosis of early forms of glaucoma before
any irreversible damage occurs. The apparatus of this inven-
tion provides a fast, safe, virtually automatic, direct-reading,
comfortable and accurate measurement utilizing an easy-to-
use, gentle, dependable and low-cost device, which is suit-
able for home use.

Besides providing a novel method for a single measure-
ment and self-measurement of intraocular pressure, the
apparatus of the invention can also be used to measure
outflow facility and ocular rigidity. In order to determine
ocular rigidity it is necessary to measure intraocular pressure
under two different conditions, either with different weights
on the tonometer or with the indentation tonometer and an
applanation tonometer. Moreover, the device can perform
applanation tonography which is unaffected by ocular rigid-
ity because the amount of deformation of the cornea is so
very small that very little is displaced with very little change
in pressure. Large variations in ocular rigidity, therefore,
have little effect on applanation measurements.

According to the present invention, a system is provided
for measuring intraocular pressure by applanation. The
system includes a contact device for placement in contact
with the cornea and an actuation apparatus for actuating the
contact device so that a portion thereof projects inwardly
against the cornea to provide a predetermined amount of
applanation. The contact device is easily sterilized for mul-
tiple use, or alternatively, can be made inexpensively so as
to render the contact device disposable. The present
invention., therefore, avoids the danger present in many
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conventional devices of transmitting a variety of systemic
and ocular diseases.

The system further includes a detecting arrangement for
detecting when the predetermined amount of applanation of
the cornea has been achieved and a calculation unit respon-
sive to the detecting arrangement for determining intraocular
pressure based on the amount of force the contact device
must apply against the cornea in order to achieve the
predetermined amount of applanation.

The contact device preferably includes a substantially
rigid annular member, a flexible membrane and a movable
central piece. The substantially rigid annular member
includes an inner concave surface shaped to match an outer
surface of the cornea and having a hole defined therein. The
substantially rigid annular member preferably has a maxi-
mum thickness at the hole and a progressively decreasing
thickness toward a periphery of the substantially rigid annu-
lar member.

The flexible membrane is preferably secured to the inner
concave surface of the substantially rigid annular member.
The flexible membrane is coextensive with at least the hole
in the annular member and includes at least one transparent
area. Preferably, the transparent area spans the entire flexible
membrane, and the flexible membrane is coextensive with
the entire inner concave surface of the rigid annular member.

The movable central piece is slidably disposed within the
hole and includes a substantially flat inner side secured to the
flexible membrane. A substantially cylindrical wall is
defined circumferentially around the hole by virtue of the
increased thickness of the rigid annular member at the
periphery of the hole. The movable central piece is prefer-
ably slidably disposed against this wall in a piston-like
manner and has a thickness which matches the height of the
cylindrical wall. In use, the substantially flat inner side
flattens a portion of the cornea upon actuation of the
movable central piece by the actuation apparatus.

Preferably, the actuation apparatus actuates the movable
central piece to cause sliding of the movable central piece in
the piston-like manner toward the cornea. In doing so, the
movable central piece and a central portion of the flexible
membrane are caused to project inwardly against the cornea.
A portion of the cornea is thereby flattened. Actuation
continues until a predetermined amount of applanation is
achieved.

Preferably, the movable central piece includes a magneti-
cally responsive element arranged so as to slide along with
the movable central piece in response to a magnetic field,
and the actuation apparatus includes a mechanism for apply-
ing a magnetic field thereto. The mechanism for applying the
magnetic field preferably includes a coil and circuitry for
producing an electrical current through the coil in a pro-
gressively increasing manner. By progressively increasing
the current, the magnetic field is progressively increased.
The magnetic repulsion between the actuation apparatus and
the movable central piece therefore increases progressively,
and this, in turn, causes a progressively greater force to be
applied against the cornea until the predetermined amount of
applanation is achieved.

Using known principles of physics, it is understood that
the electrical current passing through the coil will be pro-
portional to the amount of force applied by the movable
central piece against the cornea via the flexible membrane.
Since the amount of force required to achieve the predeter-
mined amount of applanation is proportional to intraocular
pressure, the amount of current required to achieve the
predetermined amount of applanation will also be propor-
tional to the intraocular pressure.
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The calculation unit therefore preferably includes a
memory for storing a current value indicative of the amount
of current passing through the coil when the predetermined
amount of applanation is achieved and also includes a
conversion unit for converting the current value into an
indication of intraocular pressure.

The magnetically responsive element is circumferentially
surrounded by a transparent peripheral portion. The trans-
parent peripheral portion is aligned with the transparent area
and permits light to pass through the contact device to the
cornea and also permits light to reflect from the cornea back
out of the contact device through the transparent peripheral
portion.

The magnetically responsive element preferably com-
prises an annular magnet having a central sight hole through
which a patient is able to see while the contact device is
located on the patient’s cornea. The central sight hole is
aligned with the transparent area of the flexible membrane.

A display is preferably provided for numerically display-
ing the intraocular pressure detected by the system.
Alternatively, the display can be arranged so as to give
indications of whether the intraocular pressure is within
certain ranges.

Preferably, since different patients may have different
sensitivities or reactions to the same intraocular pressure, the
ranges are calibrated for each patient by an attending phy-
sician. This way, patients who are more susceptible to
consequences from increased intraocular pressure may be
alerted to seek medical attention at a pressure less than the
pressure at which other less-susceptible patients are alerted
to take the same action.

The detecting arrangement preferably comprises an opti-
cal applanation detection system. In addition, a sighting
arrangement is preferably provided for indicating when the
actuation apparatus and the detecting arrangement are prop-
erly aligned with the contact device. Preferably, the sighting
arrangement includes the central sight hole in the movable
central piece through which a patient is able to see while the
device is located on the patient’s cornea. The central sight
hole is aligned with the transparent area, and the patient
preferably achieves a generally proper alignment by direct-
ing his vision through the central sight hole toward a target
mark in the actuation apparatus.

The system also preferably includes an optical distance
measuring mechanism for indicating whether the contact
device is spaced at a proper axial distance from the actuation
apparatus and the detecting arrangement. The optical dis-
tance measurement mechanism is preferably used in con-
junction with the sighting arrangement and preferably pro-
vides a visual indication of what corrective action should be
taken whenever an improper distance is detected.

The system also preferably includes an optical alignment
mechanism for indicating whether the contact device is
properly aligned with the actuation apparatus and the detect-
ing arrangement. The optical alignment mechanism prefer-
ably provides a visual indication of what corrective action
should be taken whenever a misalignment is detected, and is
preferably used in conjunction with the sighting
arrangement, so that the optical alignment mechanism
merely provides indications of minor alignment corrections
while the sighting arrangement provides an indication of
major alignment corrections.

In order to compensate for deviations in corneal
thickness, the system of the present invention may also
include a an arrangement for multiplying the detected
intraocular pressure by a coefficient (or gain) which is equal
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to one for corneas of normal thickness, less than one for
unusually thick corneas, and a gain greater than one for
unusually thin corneas.

Similar compensations can be made for corneal curvature,
eye size, ocular rigidity, and the like. For levels of corneal
curvature which are higher than normal, the coefficient
would be less than one. The same coefficient would be
greater than one for levels of corneal curvature which are
flatter than normal.

In the case of eye size compensation, larger than normal
eyes would require a coefficient which is less than one, while
smaller than normal eyes require a coefficient which is
greater than one.

For patients with “stiffer” than normal ocular rigidities,
the coefficient is less than one, but for patients with softer
ocular rigidities, the coefficient is greater than one.

The coefficient (or gain) may be manually selected for
each patient, or alternatively, the gain may be selected
automatically by connecting the apparatus of the present
invention to a known pachymetry apparatus when compen-
sating for corneal thickness, a known keratometer when
compensating for corneal curvature, and/or a known biom-
eter when compensating for eye size.

The contact device and associated system of the present
invention may also be used to detect intraocular pressure by
indentation. When indentation techniques are used in mea-
suring intraocular pressure, a predetermined force is applied
against the cornea using an indentation device. Because of
the force, the indentation device travels in toward the
cornea, indenting the cornea as it travels. The distance
travelled by the indentation device into the cornea in
response to the predetermined force is known to be inversely
proportional to intraocular pressure. Accordingly, there are
various known tables which, for certain standard sizes of
indentation devices and standard forces, correlate the dis-
tance travelled and intraocular pressure.

Preferably, the movable central piece of the contact device
also functions as the indentation device. In addition, the
current producing circuit is switched to operate in an inden-
tation mode. When switched to the indentation mode, the
current producing circuit supplies a predetermined amount
of current through the coil. The predetermined amount of
current corresponds to the amount of current needed to
produce one of the aforementioned standard forces.

In particular, the predetermined amount of current creates
a magnetic field in the actuation apparatus. This magnetic
field, in turn, causes the movable central piece to push
inwardly against the cornea via the flexible membrane. Once
the predetermined amount of current has been applied and a
standard force presses against the cornea, it is necessary to
determine how far the movable central piece moved into the
cornea.

Accordingly, when measurement of intraocular pressure
by indentation is desired, the system of the present invention
further includes a distance detection arrangement for detect-
ing a distance travelled by the movable central piece, and a
computation portion in the calculation unit for determining
intraocular pressure based on the distance travelled by the
movable central piece in applying the predetermined amount
of force.

Preferably, the computation portion is responsive to the
current producing circuitry so that, once the predetermined
amount of force is applied, an output voltage from the
distance detection arrangement is received by the computa-
tion portion. The computation portion then, based on the
displacement associated with the particular output voltage,
determines intraocular pressure.
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In addition, the present invention includes alternative
embodiments, as will be described hereinafter, for perform-
ing indentation-related measurements of the eye. Clearly,
therefore, the present invention is not limited to the afore-
mentioned exemplary indentation device.

The aforementioned indentation device of the present
invention may also be utilized to non-invasively measure
hydrodynamics of an eye including outflow facility. The
method of the present invention preferably comprises sev-
eral steps including the following:

According to a first step, an indentation device is placed
in contact with the cornea. Preferably, the indentation device
comprises the contact device of the present invention.

Next, at least one movable portion of the indentation
device is moved in toward the cornea using a first prede-
termined amount of force to achieve indentation of the
cornea. An intraocular pressure is then determined based on
a first distance travelled toward the cornea by the movable
portion of the indentation device during application of the
first predetermined amount of force. Preferably, the
intraocular pressure is determined using the aforementioned
system for determining intraocular pressure by indentation.

Next, the movable portion of the indentation device is
rapidly reciprocated in toward the cornea and away from the
cornea at a first predetermined frequency and using a second
predetermined amount of force during movement toward the
cornea to thereby force intraocular fluid out from the eye.
The second predetermined amount of force is preferably
equal to or more than the first predetermined amount of
force. It is understood, however, that the second predeter-
mined amount of force may be less than the first predeter-
mined amount of force.

The movable portion is then moved in toward the cornea
using a third predetermined amount of force to again achieve
indentation of the cornea. A second intraocular pressure is
then determined based on a second distance travelled toward
the cornea by the movable portion of the indentation device
during application of the third predetermined amount of
force. Since intraocular pressure decreases as a result of
forcing intraocular fluid out of the eye during the rapid
reciprocation of the movable portion, it is generally under-
stood that, unless the eye is so defective that no fluid flows
out therefrom, the second intraocular pressure will be less
than the first intraocular pressure. This reduction in intraocu-
lar pressure is indicative of outflow facility.

Next, the movable portion of the indentation device is
again rapidly reciprocated in toward the cornea and away
from the cornea, but at a second predetermined frequency
and using a fourth predetermined amount of force during
movement toward the cornea. The fourth predetermined
amount of force is preferably equal to or greater than the
second predetermined amount of force; however, it is under-
stood that the fourth predetermined amount of force may be
less than the second predetermined amount of force. Addi-
tional intraocular fluid is thereby forced out from the eye.

The movable portion is subsequently moved in toward the
cornea using a fifth predetermined amount of force to again
achieve indentation of the cornea. Thereafter, a third
intraocular pressure is determined based on a third distance
travelled toward the cornea by the movable portion of the
indentation device during application of the fifth predeter-
mined amount of force.

The differences are then preferably calculated between the
first, second, and third distances, which differences are
indicative of the volume of intraocular fluid which left the
eye and therefore are also indicative of the outflow facility.
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It is understood that the difference between the first and last
distances may be used, and in this regard, it is not necessary
to use the differences between all three distances. In fact, the
difference between any two of the distances will suffice.

Although the relationship between the outflow facility and
the detected differences varies when the various parameters
of the method and the dimensions of the indentation device
change, the relationship for given parameters and dimen-
sions can be easily determined by known experimental
techniques and/or using known Friedenwald Tables.

Preferably, the method further comprises the steps of
plotting the differences between the first, second, and third
distances to a create a graph of the differences and compar-
ing the resulting graph of differences to that of a normal eye
to determine if any irregularities in outflow facility are
present.

The above and other objects and advantages will become
more readily apparent when reference is made to the fol-
lowing description taken in conjunction with the accompa-
nying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic block diagram illustrating a system
for measuring intraocular pressure in accordance with a
preferred embodiment of the present invention.

FIGS. 2A-2D schematically illustrate a preferred embodi-
ment of a contact device according the present invention.

FIG. 3 schematically illustrates a view seen by a patient
when utilizing the system illustrated in FIG. 1.

FIGS. 4 and 5 schematically depict multi-filter optical
elements in accordance with a preferred embodiment of the
present invention.

FIGS. 5A-5F illustrate a preferred embodiment of an
applicator for gently applying the contact device to the
cornea in accordance with the present invention.

FIG. 6 illustrates an exemplary circuit for carrying out
several aspects of the embodiment illustrated in FIG. 1.

FIGS. 7A and 7B are block diagrams illustrating an
arrangement capable compensating for deviations in corneal
thickness according to the present invention.

FIGS. 8A and 8B schematically illustrate a contact device
utilizing barcode technology in accordance with a preferred
embodiment of the present invention.

FIGS. 9A and 9B schematically illustrate a contact device
utilizing color detection technology in accordance with a
preferred embodiment of the present invention.

FIG. 10 illustrates an alternative contact device in accor-
dance with yet another preferred embodiment of the present
invention.

FIGS. 11A and 11B schematically illustrate an indentation
distance detection arrangement in accordance with a pre-
ferred embodiment of the present invention.

FIG. 12 is a cross-sectional view of an alternative contact
device in accordance with another preferred embodiment of
the present invention.

FIGS. 13A-15 are cross-sectional views of alternative
contact devices in accordance with other embodiments of
the present invention.

FIG. 16 schematically illustrates an alternative embodi-
ment of the system for measuring intraocular pressure by
applanation, according to the present invention.

FIG. 16A is a graph depicting force (F) as a function of
the distance (x) separating a movable central piece from the
pole of a magnetic actuation apparatus in accordance with
the present invention.
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FIG. 17 schematically illustrates an alternative optical
alignment system in accordance with the present invention.

FIGS. 18 and 19 schematically illustrate arrangements for
guiding the patient during alignment of his/her eye in the
apparatus of the present invention.

FIGS. 20A and 20B schematically illustrate an alternative
embodiment for measuring intraocular pressure by indenta-
tion.

FIGS. 21 and 22 schematically illustrate embodiments of
the present invention which facilitate placement of the
contact device on the sclera of the eye.

FIG. 23 is a plan view of an alternative contact device
which may be used to measure episcleral venous pressure in
accordance with the present invention.

FIG. 24 is a cross-sectional view of the alternative contact
device which may be used to measure episcleral venous
pressure in accordance with the present invention.

FIG. 25 schematically illustrates an alternative embodi-
ment of the present invention, which includes a contact
device with a pressure transducer mounted therein.

FIG. 25A is a cross-sectional view of the alternative
embodiment illustrated in FIG. 25.

FIG. 26 is a cross-sectional view illustrating the pressure
transducer of FIG. 25.

FIG. 27 schematically illustrates the alternative embodi-
ment of FIG. 25 when located in a patient’s eye.

FIG. 28 illustrates an alternative embodiment wherein
two pressure transducers are utilized.

FIG. 29 illustrates an alternative embodiment utilizing a
centrally disposed pressure transducer.

FIG. 30 illustrates a preferred mounting of the alternative
embodiment to eye glass frames.

FIG. 31 is a block diagram of a preferred circuit defined
by the alternative embodiment illustrated in FIG. 25.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Applanation

Avpreferred embodiment of the present invention will now
be described with reference to the drawings. According to
the preferred embodiment illustrated in FIG. 1, a system is
provided for measuring intraocular pressure by applanation.
The system includes a contact device 2 for placement in
contact with the cornea 4, and an actuation apparatus 6 for
actuating the contact device 2 so that a portion thereof
projects inwardly against the cornea 4 to provide a prede-
termined amount of applanation. The system further
includes a detecting arrangement 8 for detecting when the
predetermined amount of applanation of the cornea 4 has
been achieved and a calculation unit 10 responsive to the
detecting arrangement 8 for determining intraocular pres-
sure based on the amount of force the contact device 2 must
apply against the cornea 4 in order to achieve the predeter-
mined amount of applanation.

The contact device 2 illustrated in FIG. 1 has an exag-
gerated thickness to more clearly distinguish it from the
cornea 4. FIGS. 2A-2D more accurately illustrate a pre-
ferred embodiment of the contact device 2 which includes a
substantially rigid annular member 12, a flexible membrane
14 and a movable central piece 16. The substantially rigid
annular member 12 includes an inner concave surface 18
shaped to match an outer surface of the cornea 4 and having
a hole 20 defined therein. The substantially rigid annular
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member 12 has a maximum thickness (preferably approxi-
mately 1 millimeter) at the hole 20 and a progressively
decreasing thickness toward a periphery 21 of the substan-
tially rigid annular member 12. The diameter of the rigid
annular member is approximately 11 millimeters and the
diameter of the hole 20 is approximately 5.1 millimeters
according to a preferred embodiment. Preferably, the sub-
stantially rigid annular member 12 is made of transparent
polymethylmethacrylate; however, it is understood that
many other materials, such as glass and appropriately rigid
plastics and polymers, may be used to make the annular
member 12. Preferably, the materials are chosen so as not to
interfere with light directed at the cornea or reflected back
therefrom.

The flexible membrane 14 is preferably secured to the
inner concave surface 18 of the substantially rigid annular
member 12 to provide comfort for the wearer by preventing
scratches or abrasions to the corneal epithelial layer. The
flexible membrane 14 is coextensive with at least the hole 20
in the annular member 12 and includes at least one trans-
parent area 22. Preferably, the transparent area 22 spans the
entire flexible membrane 14, and the flexible membrane 14
is coextensive with the entire inner concave surface 18 of the
rigid annular member 12. According to a preferred
arrangement, only the periphery of the flexible membrane 14
and the periphery of the rigid annular member 12 are secured
to one another. This tends to minimize any resistance the
flexible membrane might exert against displacement of the
movable central piece 16 toward the cornea 4.

According to an alternative arrangement, the flexible
membrane 14 is coextensive with the rigid annular member
and is heat-sealed thereto over its entire extent except for a
circular region within approximately one millimeter of the
hole 20.

Although the flexible membrane 14 preferably consists of
a soft and thin polymer, such as transparent silicone elastic,
transparent silicon rubber (used in conventional contact
lens), transparent flexible acrylic (used in conventional
intraocular lenses), transparent hydrogel, or the like, it is
well understood that other materials may be used in manu-
facturing the flexible membrane 14.

The movable central piece 16 is slidably disposed within
the hole 20 and includes a substantially flat inner side 24
secured to the flexible membrane 14. The engagement of the
inner side 24 to the flexible membrane 14 is preferably
provided by glue or thermo-contact techniques. It is
understood, however, that various other techniques may be
used in order to securely engage the inner side 24 to the
flexible membrane 14. Preferably, the movable central piece
16 has a diameter of approximately 5.0 millimeters and a
thickness of approximately 1 millimeter.

A substantially cylindrical wall 42 is defined circumfer-
entially around the hole 20 by virtue of the increased
thickness of the rigid annular member 12 at the periphery of
the hole 20. The movable central piece 16 is slidably
disposed against this wall 42 in a piston-like manner and
preferably has a thickness which matches the height of the
cylindrical wall 42. In use, the substantially flat inner side 24
flattens a portion of the cornea 4 upon actuation of the
movable central piece 16 by the actuation apparatus 6.

The overall dimensions of the substantially rigid annular
member 12, the flexible membrane 14 and the movable
central piece 16 are determined by balancing several factors,
including the desired range of forces applied to the cornea 4
during applanation, the discomfort tolerances of the patients,
the minimum desired area of applanation, and the requisite
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stability of the contact device 2 on the cornea 4. In addition,
the dimensions of the movable central piece 16 are prefer-
ably selected so that relative rotation between the movable
central piece 16 and the substantially rigid annular member
12 is precluded, without hampering the aforementioned
piston-like sliding.

The materials used to manufacture the contact device 2
are preferably selected so as to minimize any interference
with light incident upon the cornea 4 or reflected thereby.

Preferably, the actuation apparatus 6 illustrated in FIG. 1
actuates the movable central piece 16 to cause sliding of the
movable central piece 16 in the piston-like manner toward
the cornea 4. In doing so, the movable central piece 16 and
a central portion of the flexible membrane 14 are caused to
project inwardly against the cornea 4. This is shown in
FIGS. 2C and 2D. A portion of the cornea 4 is thereby
flattened. Actuation continues until a predetermined amount
of applanation is achieved.

Preferably, the movable central piece 16 includes a mag-
netically responsive element 26 arranged so as to slide along
with the movable central piece 16 in response to a magnetic
field, and the actuation apparatus 6 includes a mechanism 28
for applying a magnetic field thereto. Although it is under-
stood that the mechanism 28 for applying the magnetic field
may include a selectively positioned bar magnet, according
to a preferred embodiment, the mechanism 28 for applying
the magnetic field includes a coil 30 of long wire wound in
a closely packed helix and circuitry 32 for producing an
electrical current through the coil 30 in a progressively
increasing manner. By progressively increasing the current,
the magnetic field is progressively increased. The magnetic
repulsion between the actuation apparatus 6 and the movable
central piece 16 therefore increases progressively, and this,
in turn, causes a progressively greater force to be applied
against the cornea 4 until the predetermined amount of
applanation is achieved.

Using known principles of physics, it is understood that
the electrical current passing through the coil 30 will be
proportional to the amount of force applied by the movable
central piece 16 against the cornea 4 via the flexible mem-
brane 14. Since the amount of force required to achieve the
predetermined amount of applanation is proportional to
intraocular pressure, the amount of current required to
achieve the predetermined amount of applanation will also
be proportional to the intraocular pressure. Thus, a conver-
sion factor for converting a value of current to a value of
intraocular pressure can easily be determined experimen-
tally upon establishing the dimensions of the system, the
magnetic responsiveness of the magnetically responsive
element 26, number of coil windings, and the like.

Besides using experimentation techniques, the conversion
factor may also be determined using known techniques for
calibrating a tonometer. Such known techniques are based
on a known relationship which exists between the inward
displacement of an indentation device and the volume
changes and pressure in the indented eye. Examples of such
techniques are set forth in Shiotz, Communications:
Tonometry, The Brit. J. of Ophthalmology, June 1920, p.
249-266; Friedenwald, Tonometer Calibration, Trans. Amer.
Acad. of O. & O., January—February 1957, pp. 108—126; and
Moses, Theory and Calibration of the Schiotz Tonometer
VII: Experimental Results of Tonometric Measurements:
Scale Reading Versus Indentation Volume, Investigative
Ophthalmology, September 1971, Vol. 10, No. 9, pp.
716-723.

In light of the relationship between current and intraocular
pressure, the calculation unit 10 includes a memory 33 for
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storing a current value indicative of the amount of current
passing through the coil 30 when the predetermined amount
of applanation is achieved. The calculation unit 10 also
includes a conversion unit 34 for converting the current
value into an indication of intraocular pressure.

Preferably, the calculation unit 10 is responsive to the
detecting arrangement 8 so that when the predetermined
amount of applanation is achieved, the current value
(corresponding to the amount of current flowing through the
coil 30) is immediately stored in the memory 33. At the same
time, the calculation unit 10 produces an output signal
directing the current producing circuitry 32 to terminate the
flow of current. This, in turn, terminates the force against the
cornea 4. In an alternative embodiment, the current produc-
ing circuitry 32 could be made directly responsive to the
detecting arrangement 8 (i.e., not through the calculation
unit 10) so as to automatically terminate the flow of current
through the coil 30 upon achieving the predetermined
amount of applanation.

The current producing circuitry 32 may constitute any
appropriately arranged circuit for achieving the progres-
sively increasing current. However, a preferred current pro-
ducing circuit 32 includes a switch and a DC power supply,
the combination of which is capable of producing a step
function. The preferred current producing circuitry 32 fur-
ther comprises an integrating amplifier which integrates the
step function to produce the progressively increasing cur-
rent.

The magnetically responsive element 26 is circumferen-
tially surrounded by a transparent peripheral portion 36. The
transparent peripheral portion 36 is aligned with the trans-
parent area 22 and permits light to pass through the contact
device 2 to the cornea 4 and also permits light to reflect from
the cornea 4 back out of the contact device 2 through the
transparent peripheral portion 36. Although the transparent
peripheral portion 36 may consist entirely of an air gap, for
reasons of accuracy and to provide smoother sliding of the
movable central piece 16 through the rigid annular member
12, it is preferred that a transparent solid material constitute
the transparent peripheral portion 36. Exemplary transparent
solid materials include polymethyl methacrylate, glass, hard
acrylic, plastic polymers, and the like.

The magnetically responsive element 26 preferably com-
prises an annular magnet having a central sight hole 38
through which a patient is able to see while the contact
device 2 is located on the patient’s cornea 4. The central
sight hole 38 is aligned with the transparent area 22 of the
flexible membrane 14 and is preferably at least 1-2 milli-
meters in diameter.

Although the preferred embodiment includes an annular
magnet as the magnetically responsive element 26, it is
understood that various other magnetically responsive ele-
ments 26 may be used, including various ferromagnetic
materials and/or suspensions of magnetically responsive
particles in liquid. The magnetically responsive element 26
may also consist of a plurality of small bar magnets arranged
in a circle, to thereby define an opening equivalent to the
illustrated central sight hole 38. A transparent magnet may
also be used.

A display 40 is preferably provided for numerically
displaying the intraocular pressure detected by the system.
The display 40 preferably comprises a liquid crystal display
(LCD) or light emitting diode (LED) display connected and
responsive to the conversion unit 34 of the calculation unit
10.

Alternatively, the display 40 can be arranged so as to give
indications of whether the intraocular pressure is within
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certain ranges. In this regard, the display 40 may include a
green LED 40A, a yellow LED 40B, and a red LED 40C.
When the pressure is within a predetermined high range, the
red LED 40C is illuminated to indicate that medical atten-
tion is needed. When the intraocular pressure is within a
normal range, the green LED 40A is illuminated. The yellow
LED 40B is illuminated when the pressure is between the
normal range and the high range to indicate that the pressure
is somewhat elevated and that, although medical attention is
not currently needed, careful and frequent monitoring is
recommended.

Preferably, since different patients may have different
sensitivities or reactions to the same intraocular pressure, the
ranges corresponding to each LED 40A,40B,40C are cali-
brated for each patient by an attending physician. This way,
patients who are more susceptible to consequences from
increased intraocular pressure may be alerted to seek medi-
cal attention at a pressure less than the pressure at which
other less-susceptible patients are alerted to take the same
action. The range calibrations may be made using any
known calibration device 40D including variable gain
amplifiers or voltage divider networks with variable resis-
tances.

The detecting arrangement 8 preferably comprises an
optical detection system including two primary beam emit-
ters 44,46; two light sensors 48,50; and two converging
lenses 52,54. Any of a plurality of commercially available
beam emitters may be used as emitters 44,46, including
low-power laser beam emitting devices and infra-red (IR)
beam emitting devices. Preferably, the device 2 and the
primary beam emitters 44,46 are arranged with respect to
one another so that each of the primary beam emitters 44,46
emits a primary beam of light toward the cornea through the
transparent area 22 of the device and so that the primary
beam of light is reflected back through the device 2 by the
cornea 4 to thereby produce reflected beams 60,62 of light
with a direction of propagation dependent upon the amount
of applanation of the cornea. The two light sensors 48,50 and
two converging lenses 52,54 are preferably arranged so as to
be aligned with the reflected beams 60,62 of light only when
the predetermined amount of applanation of the cornea 4 has
been achieved. Preferably, the primary beams 56,58 pass
through the substantially transparent peripheral portion 36.

Although FIG. 1 shows the reflected beams 60,62 of light
diverging away from one another and well away from the
two converging lenses 52,54 and light sensors 48,50, it is
understood that as the cornea 4 becomes applanated the
reflected beams 60,62 will approach the two light sensors
48,50 and the two converging lenses 52,54. When the
predetermined amount of applanation is achieved, the
reflected beams 60,62 will be directly aligned with the
converging lenses 52,54 and the sensors 48,50. The sensors
48,50 are therefore able to detect when the predetermined
amount of applanation is achieved by merely detecting the
presence of the reflected beams 60,62. Preferably, the pre-
determined amount of applanation is deemed to exist when
all of the sensors 48,50 receive a respective one of the
reflected beams 60,62.

Although the illustrated arrangement is generally effec-
tive using two primary beam emitters 44,46 and two light
sensors 48,50, better accuracy can be achieved in patients
with astigmatisms by providing four beam emitters and four
light sensors arranged orthogonally with respect to one
another about the longitudinal axis of the actuation appara-
tus 6. As in the case with two beam emitters 44,46 and light
sensors 48,50, the predetermined amount of applanation is
preferably deemed to exist when all of the sensors receive a
respective one of the reflected beams.
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A sighting arrangement is preferably provided for indi-
cating when the actuation apparatus 6 and the detecting
arrangement 8 are properly aligned with the device 2.
Preferably, the sighting arrangement includes the central
sight hole 38 in the movable central piece 16 through which
a patient is able to see while the device 2 is located on the
patient’s cornea 4. The central sight hole 38 is aligned with
the transparent area 22. In addition, the actuation apparatus
6 includes a tubular housing 64 having a first end 66 for
placement over an eye equipped with the device 2 and a
second opposite end 68 having at least one mark 70 arranged
such that, when the patient looks through the central sight
hole 38 at the mark 70, the device 2 is properly aligned with
the actuation apparatus 6 and detecting arrangement 8.

Preferably, the second end 68 includes an internal mirror
surface 72 and the mark 70 generally comprises a set of
crosshairs. FIG. 3 illustrates the view seen by a patient
through the central sight hole 38 when the device 2 is
properly aligned with the actuation apparatus 6 and detect-
ing arrangement 8. When proper alignment is achieved, the
reflected image 74 of the central sight hole 38 appears in the
mirror surface 72 at the intersection of the two cross-hairs
which constitute the mark 70. (The size of the image 74 is
exaggerated in FIG. 3 to more clearly distinguish it from
other elements in the drawing).

Preferably, at least one light 75 is provided inside the
tubular housing 64 to illuminate the inside of the housing 64
and facilitate visualization of the cross-hairs and the
reflected image 74. Preferably, the internal mirror surface 72
acts as a mirror only when the light 75 is on, and becomes
mostly transparent upon deactivation of the light 75 due to
darkness inside the tubular housing 64. To that end, the
second end 68 of the tubular housing 68 may be manufac-
tured using “one-way glass” which is often found in security
and surveillance equipment.

Alternatively, if the device is to be used primarily by
physicians, optometrists, or the like, the second end 68 may
be merely transparent. If, on the other hand, the device is to
be used by patients for self-monitoring, it is understood that
the second end 68 may merely include a mirror.

The system also preferably includes an optical distance
measuring mechanism for indicating whether the device 2 is
spaced at a proper axial distance from the actuation appa-
ratus 6 and the detecting arrangement 8. The optical distance
measurement mechanism is preferably used in conjunction
with the sighting arrangement.

Preferably, the optical distance measuring mechanism
includes a distance measurement beam emitter 76 for emit-
ting an optical distance measurement beam 78 toward the
device 2. The device 2 is capable of reflecting the distance
measurement beam 78 to produce a first reflected distance
measurement beam 80. Arranged in the path of the first
reflected distance measurement beam 80 is a preferably
convex mirror 82. The convex mirror 82 reflects the first
reflected distance measurement beam 80 to create a second
reflected distance measurement beam 84 and serves to
amplify any variations in the first reflected beam’s direction
of propagation. The second reflected distance measurement
beam 84 is directed generally toward a distance measure-
ment beam detector 86. The distance measurement beam
detector 86 is arranged so that the second reflected distance
measurement beam 84 strikes a predetermined portion of the
distance measurement beam detector 86 only when the
device 2 is located at the proper axial distance from the
actuation apparatus 6 and the detecting arrangement 8.
When the proper axial distance is lacking, the second
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reflected distance measurement beam strikes another portion
of the beam detector 86.

An indicator 88, such as an LCD or LED display, is
preferably connected and responsive to the beam detector 86
for indicating that the proper axial distance has been
achieved only when the reflected distance measurement
beam strikes the predetermined portion of the distance
measurement beam detector.

Preferably, as illustrated in FIG. 1, the distance measure-
ment beam detector 86 includes a multi-filter optical element
90 arranged so as to receive the second reflected distance
measurement beam 84. The multi-filter optical element 90
contains a plurality of optical filters 92. Each of the optical
filters 92 filters out a different percentage of light, with the
predetermined portion of the detector 86 being defined by a
particular one of the optical filters 92 and a filtering per-
centage associated therewith.

The distance measurement beam detector 86 further
includes a beam intensity detection sensor 94 for detecting
the intensity of the second reflected distance measurement
beam 84 after the beam 84 passes through the multi-filter
optical element 90. Since the multi-filter optical element
causes this intensity to vary with axial distance, the intensity
is indicative of whether the device 2 is at the proper distance
from the actuation apparatus 6 and the detecting arrange-
ment 8.

A converging lens 96 is preferably located between the
multi-filter optical element 90 and the beam intensity detec-
tion sensor 94, for focussing the second reflected distance
measurement beam 84 on the beam intensity detection
sensor 94 after the beam 84 passes through the multi-filter
optical element 90.

Preferably, the indicator 88 is responsive to the beam
intensity detection sensor 94 so as to indicate what correc-
tive action should be taken, when the device 2 is not at the
proper axial distance from the actuation apparatus 6 and the
detecting arrangement 8, in order to achieve the proper
distance. The indication given by the indicator 88 is based on
the intensity and which of the plurality of optical filters 92
achieves the particular intensity by virtue of a filtering
percentage associated therewith.

For example, when the device 2 is excessively far from
the actuation apparatus 6, the second reflected distance
measurement beam 84 passes through a dark one of the
filters 92. There is consequently a reduction in beam inten-
sity which causes the beam intensity detection sensor 94 to
drive the indicator 88 with a signal indicative of the need to
bring the device 2 closer to the actuation apparatus. The
indicator 88 responds to this signal by communicating the
need to a user of the system.

Alternatively, the signal indicative of the need to bring the
device 2 closer to the actuation apparatus can be applied to
a computer which performs corrections automatically.

In like manner, when the device 2 is excessively close to
the actuation apparatus 6, the second reflected distance
measurement beam 84 passes through a lighter one of the
filters 92. There is consequently an increase in beam inten-
sity which causes the beam intensity detection sensor 94 to
drive the indicator 88 with a signal indicative of the need to
move the device 2 farther from the actuation apparatus. The
indicator 88 responds to this signal by communicating the
need to a user of the system.

In addition, computer-controlled movement of the actua-
tion apparatus farther away from the device 2 may be
achieved automatically by providing an appropriate
computer-controlled moving mechanism responsive to the
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signal indicative of the need to move the device 2 farther
from the actuation apparatus.

With reference to FIG. 3, the indicator 88 preferably
comprises three LEDs arranged in a horizontal line across
the second end 68 of the housing 64. When illuminated, the
left LED 88a, which is preferably yellow, indicates that the
contact device 2 is too far from the actuation apparatus 6 and
the detecting arrangement 8. Similarly, when illuminated,
the right LED 885, which is preferably red, indicates that the
contact device 2 is too close to the actuation apparatus 6 and
the detecting arrangement 8. When the proper distance is
achieved, the central LED 88c is illuminated. Preferably, the
central LED 88c is green. The LEDs 88a—88c are selectively
illuminated by the beam intensity detection sensor 94 in
response to the beam’s intensity.

Although FIG. 1 illustrates an arrangement of filters 92
wherein a reduction in intensity signifies a need to move the
device closer, it is understood that the present invention is
not limited to such an arrangement. The multi-filter optical
element 90, for example, may be reversed so that the darkest
of the filters 92 is positioned adjacent the end 68 of the
tubular housing 64. When such an arrangement is used, an
increase in beam intensity would signify a need to move the
device 2 farther away from the actuation apparatus 6.

Preferably, the actuation apparatus 6 (or at least the coil
30 thereof) is slidably mounted within the housing 64 and a
knob and gearing (e.g., rack and pinion) mechanism are
provided for selectively moving the actuation apparatus 6
(or coil 30 thereof) axially through the housing 64 in a
perfectly linear manner until the appropriate axial distance
from the contact device 2 is achieved. When such an
arrangement is provided, the first end 66 of the housing 64
serves as a positioning mechanism for the contact device 2
against which the patient presses the facial area surrounding
eye to be examined. Once the facial area rests against the
first end 66, the knob and gearing mechanism are manipu-
lated to place the actuation apparatus 6 (or coil 30 thereof)
at the proper axial distance from the contact device 2.

Although facial contact with the first end 66 enhances
stability, it is understood that facial contact is not an essen-
tial step in utilizing the present invention.

The system also preferably includes an optical alignment
mechanism for indicating whether the device 2 is properly
aligned with the actuation apparatus 6 and the detecting
arrangement 8. The optical alignment mechanism includes
two alignment beam detectors 48',50' for respectively detect-
ing the reflected beams 60,62 of light prior to any applana-
tion. The alignment beam detectors 48',50' are arranged so
that the reflected beams 60,62 of light respectively strike a
predetermined portion of the alignment beam detectors
48'.50' prior to applanation only when the device 2 is
properly aligned with respect to the actuation apparatus 6
and the detecting arrangement 8. When the device 2 is not
properly aligned, the reflected beams 60,62 strike another
portion of the alignment beam detectors 48',50', as will be
described hereinafter.

The optical alignment mechanism further includes an
indicator arrangement responsive to the alignment beam
detectors 48'.50'. The indicator arrangement preferably
includes a set of LEDs 98,100,102,104 which indicate that
the proper alignment has been achieved only when the
reflected beams 60,62 of light respectively strike the prede-
termined portion of the alignment beam detectors 48',50'
prior to applanation.

Preferably, each of the alignment beam detectors 48',50'
includes a respective multi-filter optical element 106,108.
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The multi-filter optical elements 106,108 are arranged so as
to receive the reflected beams 60,62 of light. Each multi-
filter optical element 106,108 contains a plurality of optical
filters 110, —110,, (FIGS. 4 and 5), each of which filters out
a different percentage of light. In FIGS. 4 and 5, the different
percentages are labelled between 10 and 90 percent in
increments of ten percent. It is understood, however, that
many other arrangements and increments will suffice.

For the illustrated arrangement, it is preferred that the
centrally located filters 1105, which filter out 50% of the
light represent the predetermined portion of each alignment
beam detector 48',50". Proper alignment is therefore deemed
to exist when the reflected beams 60,62 of light pass through
the filters 1105, and the intensity of the beams 60,62 is
reduced by 50%.

Each of the alignment beam detectors 48',50' also pref-
erably includes a beam intensity detector 112,114 for respec-
tively detecting the intensity of the reflected beams 60,62 of
light after the reflected beams 60,62 of light pass through the
multi-filter optical elements 106,108. The intensity of each
beam is indicative of whether the device 2 is properly
aligned with respect to the actuation apparatus 6 and the
detecting arrangement 8.

A converging lens 116,118 is preferably located between
each multi-filter optical element 106,108 and its respective
beam intensity detector 112,114. The converging lens 116,
118 focusses the reflected beams 60,62 of light onto the
beam intensity detectors 112,114 after the reflected beams
60,62 pass through the multi-filter optical elements 106,108.

Each of the beam intensity detectors 112,114 has its
output connected to an alignment beam detection circuit
which, based on the respective outputs from the beam
intensity detectors 112,114, determines whether there is
proper alignment, and if not, drives the appropriate one or
ones of the LEDs 98,100,102,104 to indicate the corrective
action which should be taken.

As illustrated in FIG. 3, the LEDs 98,100,102,104 arc
respectively arranged above, to the right of, below, and to
the left of the intersection of the cross-hairs 70. No LEDs
98,100,102,104 are illuminated unless there is a misalign-
ment. Therefore, a lack of illumination indicates that the
device 2 is properly aligned with the actuation apparatus 6
and the detecting arrangement 8.

When the device 2 on the cornea 4 is too high, the beams
56,58 of light strike a lower portion of the cornea 4 and
because of the cornea’s curvature, are reflected in a more
downwardly direction. The reflected beams 60,62 therefore
impinge on the lower half of the multi-filter elements
106,108, and the intensity of each reflected beam 60,62 is
reduced by no more than 30%. The respective intensity
reductions are then communicated to the alignment detec-
tion circuit 120 by the beam intensity detectors 112,114. The
alignment detection circuit 120 interprets this reduction of
intensity to result from a misalignment wherein the device 2
is too high. The alignment detection circuit 120 therefore
causes the upper LED 98 to illuminate. Such illumination
indicates to the user that the device 2 is too high and must
be lowered with respect to the actuation apparatus 6 and the
detecting arrangement 8.

Similarly, when the device 2 on the cornea 4 is too low,
the beams 56,58 of light strike an upper portion of the cornea
4 and because of the cornea’s curvature, are reflected in a
more upwardly direction. The reflected beams 60,62 there-
fore impinge on the upper half of the multi-filter elements
106,108, and the intensity of each reflected beam 60,62 is
reduced by at least 70%. The respective intensity reductions
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are then communicated to the alignment detection circuit
120 by the beam intensity detectors 112,114. The alignment
detection circuit 120 interprets this particular reduction of
intensity to result from a misalignment wherein the device 2
is too low. The alignment detection circuit 120 therefore
causes the lower LED 102 to illuminate. Such illumination
indicates to the user that the device 2 is too low and must be
raised with respect to the actuation apparatus 6 and the
detecting arrangement 8.

With reference to FIG. 1, when the device 2 is too far to
the right, the beams 56,58 strike a more leftward side of the
cornea 4 and because of the cornea’s curvature, are reflected
in a more leftward direction. The reflected beams 60,62
therefore impinge on the left halves of the multi-filter
elements 106,108. Since the filtering percentages decrease
from left to right in multi-filter element 106 and increase
from left to right in multi-filter element 108, there will be a
difference in the intensities detected by the beam intensity
detectors 112,114. In particular, the beam intensity detector
112 will detect less intensity than the beam intensity detector
114. The different intensities are then communicated to the
alignment detection circuit 120 by the beam intensity detec-
tors 112,114. The alignment detection circuit 120 interprets
the intensity difference wherein the intensity at the beam
intensity detector 114 is higher than that at the beam
intensity detector 112, to result from a misalignment
wherein the device 2 is too far to the right in FIG. 1 (too far
to the left in FIG. 3). The alignment detection circuit 120
therefore causes the left LEI) 104 to illuminate. Such
illumination indicates to the user that the device 2 is too far
to the left (in FIG. 3) and must be moved to the right (left
in FIG. 1) with respect to the actuation apparatus 6 and the
detecting arrangement 8.

Similarly, when the device 2 in FIG. 1 is too far to the left,
the beams 56,58 strike a more rightward side of the cornea
4 and because of the cornea’s curvature, are reflected in a
more rightwardly direction. The reflected beams 60,62
therefore impinge on the right halves of the multi-filter
elements 106,108. Since the filtering percentages decrease
from left to right in multi-filter element 106 and increase
from left to right in multi-filter element 108, there will be a
difference in the intensities detected by the beam intensity
detectors 112,114. In particular, the beam intensity detector
112 will detect more intensity than the beam intensity
detector 114. The different intensities are then communi-
cated to the alignment detection circuit 120 by the beam
intensity detectors 112,114. The alignment detection circuit
120 interprets the intensity difference wherein the intensity
at the beam intensity detector 114 is lower than that at the
beam intensity detector 112, to result from a misalignment
wherein the device 2 is too far to the left in FIG. 1 (too far
to the right in FIG. 3). The alignment detection circuit 120
therefore causes the right LED 100 to illuminate. Such
illumination indicates to the user that the device 2 is too far
to the right (in FIG. 3) and must be moved to the left (right
in FIG. 1) with respect to the actuation apparatus 6 and the
detecting arrangement 8.

The combination of LEDs 98,100,102,104 and the align-
ment detection circuit 120 therefore constitutes a display
arrangement which is responsive to the beam intensity
detectors 112,114 and which indicates what corrective action
should be taken, when the device 2 is not properly aligned,
in order to achieve proper alignment. Preferably, the sub-
stantially transparent peripheral portion 36 of the movable
central piece 16 is wide enough to permit passage of the
beams 56,58 to the cornea 4 even during misalignment.

It is understood that automatic alignment correction may
be provided via computer-controlled movement of the actua-
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tion apparatus upwardly, downwardly, to the right, and/or to
the left, which computer-controlled movement may be gen-
erated by an appropriate computer-controlled moving
mechanism responsive to the optical alignment mechanism.

The optical alignment mechanism is preferably used in
conjunction with the sighting arrangement, so that the opti-
cal alignment mechanism merely provides indications of
minor alignment corrections while the sighting arrangement
provides an indication of major alignment corrections. It is
understood, however, that the optical alignment mechanism
can be used in lieu of the sighting mechanism if the
substantially transparent peripheral portion 36 is made wide
enough.

Although the foregoing alignment mechanism uses the
same reflected beams 60,62 used by the detecting arrange-
ment 8, it is understood that separate alignment beam
emitters may be used in order to provide separate and
distinct alignment beams. The foregoing arrangement is
preferred because it saves the need to provide additional
emitters and thus is less expensive to manufacture.

Nevertheless, optional alignment beam emitters 122,124
are illustrated in FIG. 1. The alignment mechanism using
these optional alignment beam emitters 122,124 would
operate in essentially the same manner as its counterpart
which uses the reflected beams 60,62.

In particular, each of the alignment beam emitters 122,124
emits an optical alignment beam toward the device 2. The
alignment beam is reflected by the cornea 4 to produce a
reflected alignment beam. The alignment beam detectors
48'.50' are arranged so as to receive, not the reflected beams
60,62 of light, but rather the reflected alignment beams when
the alignment beam emitters 122,124 are present. More
specifically, the reflected alignment beams strike a prede-
termined portion of each alignment beam detector 48',50'
prior to applanation only when the device 2 is properly
aligned with respect to the actuation apparatus 6 and the
detecting arrangement 8. The rest of the system preferably
includes the same components and operates in the same
manner as the system which does not use the optional
alignment beam emitters 122,124.

The system may further include an applicator for gently
placing the contact device 2 on the cornea 4. As illustrated
in FIGS. 5A-5F, a preferred embodiment of the applicator
127 includes an annular piece 127A at the tip of the
applicator 127. The annular piece 127 A matches the shape of
the movable central piece 16. Preferably, the applicator 127
also includes a conduit 127CN having an open end which
opens toward the annular piece 127A. An opposite end of the
conduit 127CN is connected to a squeeze bulb 127SB. The
squeeze bulb 127SB includes a one-way valve 127V which
permits the flow of air into the squeeze bulb 127SB, but
prevents the flow of air out of the squeeze bulb 127SB
through the valve 127V. When the squeeze bulb 127SB is
squeezed and then released, a suction effect is created at the
open end of the conduit 127CN as the squeeze bulb 127SB
tries to expand to its pre-squeeze shape. This suction effect
may be used to retain the contact device 2 at the tip of the
applicator 127.

In addition, a pivoted lever system 127B is arranged to
detach the movable central piece 16 from the annular piece
127A when a knob 127C at the base of the applicator 127 is
pressed, thereby nudging the contact device 2 away from the
annular piece 127A.

Alternatively, the tip of the applicator 127 may be selec-
tively magnetized and demagnetized using electric current
flowing through the annular piece 127A. This arrangement
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replaces the pivoted lever system 127B with a magnetization
mechanism capable of providing a magnetic field which
repels the movable central piece 16, thereby applying the
contact device 2 to the cornea 4.

A preferred circuit arrangement for implementing the
above combination of elements is illustrated schematically
in FIG. 6. According to the preferred circuit arrangement,
the beam intensity detectors 112,114 comprise a pair of
photosensors which provide a voltage output proportional to
the detected beam intensity. The output from each beam
intensity detector 112,114 is respectively connected to the
non-inverting input terminal of a filtering amplifier 126,128.
The inverting terminals of the filtering amplifiers 126,128
are connected to ground. The amplifiers 126,128 therefore
provide a filtering and amplification effect.

In order to determine whether proper vertical alignment
exists, the output from the filtering amplifier 128 is applied
to an inverting input terminal of a vertical alignment com-
parator 130. The vertical alignment comparator 130 has its
non-inverting input terminal connected to a reference volt-
age Vref,. The reference voltage Vref, is selected so that it
approximates the output from the filtering amplifier 128
whenever the light beam 62 strikes the central row of filters
110, ¢, of the multi-filter optical element 108 (i.e., when
the proper vertical alignment is achieved).

Consequently, the output from the comparator 130 is
approximately zero when proper vertical alignment is
achieved, is significantly negative when the contact device
2 is too high, and is significantly positive when the contact
device 2 is too low. This output from the comparator 130 is
then applied to a vertical alignment switch 132. The vertical
alignment switch 132 is logically arranged to provide a
positive voltage to an AND-gate 134 only when the output
from the comparator 130 is approximately zero, to provide
a positive voltage to the LED 98 only when the output from
the comparator 130 is negative, and to provide a positive
voltage to the LED 102 only when the output from the
comparator 130 is positive. The LEDs 98,102 are thereby
illuminated only when there is a vertical misalignment and
each illumination clearly indicates what corrective action
should to be taken.

In order to determine whether proper horizontal alignment
exists, the output from the filtering amplifier 126 is applied
to a non-inverting input terminal of a horizontal alignment
comparator 136, while the inverting input terminal of the
horizontal alignment comparator 136 is connected to the
output from the filtering amplifier 128. The comparator 136
therefore produces an output which is proportional to the
difference between the intensities detected by the beam
intensity detectors 112,114. This difference is zero whenever
the light beams 60,62 strike the central column of filters
110,,,110,,,110,, of the multi-filter optical elements 106,
108 (i.e., when the proper horizontal alignment is achieved).

The output from the comparator 136 is therefore zero
when the proper horizontal alignment is achieved, is nega-
tive when the contact device 2 is too far to the right (in FIG.
1), and is positive when the contact device 2 is too far to the
left (in FIG. 1). This output from the comparator 130 is then
applied to a horizontal alignment switch 138. The horizontal
alignment switch 138 is logically arranged to provide a
positive voltage to the AND-gate 134 only when the output
from the comparator 136 is zero, to provide a positive
voltage to the LED 104 only when the output from the
comparator 136 is negative, and to provide a positive voltage
to the LED 100 only when the output from the comparator
136 is positive. The LEDs 100,104 are thereby illuminated
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only when there is a horizontal misalignment and each
illumination clearly indicates what corrective action should
be taken.

In accordance with the preferred circuit arrangement
illustrated in FIG. 6, the beam intensity detection sensor 94
of the distance measurement beam detector 86 includes a
photosensor 140 which produces a voltage output propor-
tional to the detected beam intensity. This voltage output is
applied to the non-inverting input terminal of a filtering
amplifier 142. The inverting terminal of the filtering ampli-
fier 142 is connected to ground. Accordingly, the filtering
amplifier 142 filters and amplifies the voltage output from
the photosensor 140. The output from the filtering amplifier
142 is applied to the non-inverting input terminal of a
distance measurement comparator 144. The comparator 144
has its inverting terminal connected to a reference voltage
Vref,. Preferably, the reference voltage Vref, is selected so
as to equal the output of the filtering amplifier 142 only
when the proper axial distance separates the contact device
2 from the actuation apparatus 6 and detecting arrangement
8.

Consequently, the output from the comparator 144 is zero
whenever the proper axial distance is achieved, is negative
whenever the second reflected beam 84 passes through a
dark portion of the multi-filter optical element 90 (i.e.,
whenever the axial distance is too great), and is positive
whenever the second reflected beam 84 passes through a
light portion of the multi-filter optical element 90 (i.e.,
whenever the axial distance is too short).

The output from the comparator 144 is then applied to a
distance measurement switch 146. The distance measure-
ment switch 146 drives the LED 88c¢ with positive voltage
whenever the output from the comparator 144 is zero, drives
the LED 88b only when the output from the comparator 144
is positive, and drives the LED 88a only when the output
from the comparator 144 is negative. The LEDs 8842,88b are
thereby illuminated only when the axial distance separating
the contact device 2 from the actuation apparatus 6 and the
detecting arrangement 8 is improper. Each illumination
clearly indicates what corrective action should be taken. Of
course, when the LED 88c is illuminated, no corrective
action is necessary.

With regard to the detecting arrangement 8, the preferred
circuit arrangement illustrated in FIG. 6 includes the two
light sensors 48,50. The outputs from the light sensors 48,50
are applied to and added by an adder 147. The output from
the adder 147 is then applied to the non-inverting input
terminal of a filtering amplifier 148. The inverting input
terminal of the same amplifier 148 is connected to ground.
As a result, the filtering amplifier 148 filters and amplifies
the sum of the output voltages from the light sensor 48,50.
The output from the filtering amplifier 148 is then applied to
the non-inverting input terminal of an applanation compara-
tor 150. The inverting input terminal of the applanation
comparator 150 is connected to a reference voltage Vref;.
Preferably, the reference voltage Vref; is selected so as to
equal the output from the filtering amplifier 148 only when
the predetermined amount of applanation is achieved (i.e.,
when the reflected beams 60,62 strike the light sensors
48,50). The output from the applanation comparator 150
therefore remains negative until the predetermined amount
of applanation is achieved.

The output from the applanation comparator 150 is con-
nected to an applanation switch 152. The applanation switch
152 provides a positive output voltage when the output from
the applanation comparator 150 is negative and terminates
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its positive output voltage whenever the output from the
applanation comparator 150 becomes positive.

Preferably, the output from the applanation switch 152 is
connected to an applanation speaker 154 which audibly
indicates when the predetermined amount of applanation has
been achieved. In particular, the speaker 154 is activated
whenever the positive output voltage from the applanation
switch 152 initially disappears.

In the preferred circuit of FIG. 6, the coil 30 is electrically
connected to the current producing circuitry 32 which, in
turn, includes a signal generator capable of producing the
progressively increasing current in the coil 30. The current
producing circuitry 32 is controlled by a start/stop switch
156 which is selectively activated and deactivated by an
AND-gate 158.

The AND-gate 158 has two inputs, both of which must
exhibit positive voltages in order to activate the start/stop
switch 156 and current producing circuitry 32. A first input
160 of the two inputs is the output from the applanation
switch 152. Since the applanation switch 152 normally has
a positive output voltage, the first input 160 remains positive
and the AND-gate is enabled at least with respect to the first
input 160. However, whenever the predetermined amount of
applanation is achieved (i.e. whenever the positive output
voltage is no longer present at the output from the appla-
nation switch 152), the AND-gate 158 deactivates the cur-
rent producing circuitry 32 via the start/stop switch 156.

The second input to the AND-gate 158 is the output from
another AND-gate 162. The other AND-gate 162 provides a
positive output voltage only when a push-action switch 164
is pressed and only when the contact device 2 is located at
the proper axial distance from, and is properly aligned both
vertically and horizontally with, the actuation apparatus 6
and the detecting arrangement 8. The current producing
circuitry 32 therefore cannot be activated unless there is
proper alignment and the proper axial distance has been
achieved. In order to achieve such operation, the output from
the AND-gate 134 is connected to a first input of the
AND-gate 162 and the push-action switch 164 is connected
to the second input of the AND-gate 162.

A delay element 163 is located electrically between the
AND-gate 134 and the AND-gate 162. The delay element
163 maintains a positive voltage at the first input terminal to
the AND-gate 162 for a predetermined period of time after
a positive voltage first appears at the output terminal of the
AND-gate 134. The primary purpose of the delay element
163 is to prevent deactivation of the current producing
circuitry 32 which would otherwise occur in response to
changes in the propagation direction of the reflected beams
60,62 during the initial stages of applanation. The predeter-
mined period of time is preferably selected pursuant to the
maximum amount of time that it could take to achieve the
predetermined amount of applanation.

According to the preferred circuitry illustrated in FIG. 6,
misalignment and improper axial separation of the contact
device 2 with respect to the actuation apparatus 6 and
detecting arrangement 8 is audibly announced by a speaker
166 and causes deactivation of a display 167. The display
167 and speaker 166 are connected and responsive to an
AND-gate 168. The AND-gate 168 has an inverting input
connected to the push-action switch 164 and another input
connected to a three-input OR-gate 170.

Therefore, when the push-action switch 164 is activated,
the inverting input terminal of the AND-gate 168 prevents a
positive voltage from appearing at the output from the
AND-gate 168. Activation of the speaker 166 is thereby
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precluded. However, when the push-action switch is not
activated, any positive voltage at any of the three inputs to
the OR-gate 170 will activate the speaker 166. The three
inputs to the OR-gate 170 are respectively connected to
outputs from three other OR-gates 172,174,176. The
OR-gates 172,174,176, in turn, have their inputs respec-
tively connected to the LEDs 100,104, LEDs 98,102, and
LEDs 884,88b. Therefore, whenever any one of these LEDs
884,880,98,100,102,104 is activated, the OR-gate 170 pro-
duces a positive output voltage. The speaker 166, as a result,
will be activated whenever any one of the LEDs 88a,88b,
98,100,102,104 is activated while the push-action switch
164 remains deactivated.

Turning now to the current producing circuitry 32, the
output from the current producing circuitry 32 is connected
to the coil 30. The coil 30, in turn, is connected to a
current-to-voltage transducer 178. The output voltage from
the current-to-voltage transducer 178 is proportional to the
current flowing through the coil 30 and is applied to the
calculation unit 10.

The calculation unit 10 receives the output voltage from
the transducer 178 and converts this output voltage indica-
tive of current to an output voltage indicative of intraocular
pressure. Initially, an output voltage from the filtering ampli-
fier 142 indicative of the axial distance separating the
contact device 2 from the actuation apparatus 6 and the
detecting arrangement 8, is multiplied by a reference voltage
Vref, using a multiplier 180. The reference voltage Vref,
represents a distance calibration constant. The output from
the multiplier 180 is then squared by a multiplier 182 to
create an output voltage indicative of distance squared (d?).

The output from the multiplier 182 is then supplied to an
input terminal of a divider 184. The other input terminal of
the divider 184 receives the output voltage indicative of
current from the current-to-voltage transducer 178. The
divider 184 therefore produces an output voltage indicative
of the current in the coil 30 divided by the distance squared
/d?).

The output voltage from the divider 184 is then applied to
a multiplier 186. The multiplier 186 multiplies the output
voltage from the divider 184 by a reference voltage Vref..
The reference voltage Vrefs corresponds to a conversion
factor for converting the value of (I/d®) to a value indicative
of force in Newtons being applied by the movable central
piece 16 against the cornea 4. The output voltage from the
multiplier 186 is therefore indicative of the force in Newtons
being applied by the movable central piece 16 against the
cornea.

Next, the output voltage from the multiplier 186 is applied
to an input terminal of a divider 188. The other input
terminal of the divider 188 receives a reference voltage
Vref,. The reference voltage Vref, corresponds to a calibra-
tion constant for converting force (in Newtons) to pressure
(in Pascals) depending on the surface area of the movable
central piece’s substantially flat inner side 24. The output
voltage from the divider 188 is therefore indicative of the
pressure (in Pascals) being exerted by the cornea 4 against
the inner side of the movable central piece 16 in response to
displacement of the movable central piece 16.

Since the pressure exerted by the cornea 4 depends upon
the surface area of the substantially flat inner side 24, the
output voltage from the divider 188 is indicative of intraocu-
lar pressure only when the cornea 4 is being applanated by
the entire surface area of the inner side 24. This, in turn,
corresponds to the predetermined amount of applanation.

Preferably, the output voltage indicative of intraocular
pressure is applied to an input terminal of a multiplier 190.
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The multiplier 190 has another input terminal connected to
a reference voltage Vref,. The reference voltage Vref,
corresponds to a conversion factor for converting pressure in
Pascals to pressure in millimeters of mercury (mmHg). The
voltage output from the multiplier 190 therefore is indicative
of intraocular pressure in millimeters of mercury (mmHg)
whenever the predetermined amount of applanation is
achieved.

The output voltage from the multiplier 190 is then applied
to the display 167 which provides a visual display of
intraocular pressure based on this output voltage. Preferably,
the display 167 or calculation unit 10 includes a memory
device 33 which stores a pressure value associated with the
output voltage from the multiplier 190 whenever the prede-
termined amount of applanation is achieved. Since the
current producing circuitry 32 is automatically and imme-
diately deactivated upon achieving the predetermined
amount of applanation, the intraocular pressure corresponds
to the pressure value associated with the peak output voltage
from the multiplier 190. The memory therefore can be
triggered to store the highest pressure value upon detecting
a drop in the output voltage from the multiplier 190.
Preferably, the memory is automatically reset prior to any
subsequent measurements of intraocular pressure.

Although FIG. 6 shows the display 167 in digital form, it
is understood that the display 167 may have any known
form. The display 167 may also include the three LEDs
40A,40B,40C illustrated in FIG. 1 which give a visual
indication of pressure ranges which, in turn, are calibrated
for each patient.

As indicated above, the illustrated calculation unit 10
includes separate and distinct multipliers 180,182,186,190
and dividers 184,188 for converting the output voltage
indicative of current into an output voltage indicative of
intraocular pressure in millimeters of mercury (mmHg). The
separate and distinct multipliers and dividers are preferably
provided so that variations in the system’s characteristics
can be compensated for by appropriately changing the
reference voltages Vref,, Vrefs, Vref, and/or Vref,. It is
understood, however, that when all of the system’s charac-
teristics remain the same (e.g., the surface area of the inner
side 24 and the desired distance separating the contact
device 2 from the actuation apparatus 6 and detecting
arrangement 8) and the conversion factors do not change,
that a single conversion factor derived from the combination
of each of the other conversion factors can be used along
with a single multiplier or divider to achieve the results
provided by the various multipliers and dividers shown in
FIG. 6.

Although the above combination of elements is generally
effective at accurately measuring intraocular pressure in a
substantial majority of patients, some patients have unusu-
ally thin or unusually thick corneas. This, in turn, may cause
slight deviations in the measured intraocular pressure. In
order to compensate for such deviations, the circuitry of
FIG. 6 may also include a variable gain amplifier 191
(illustrated in FIG. 7A) connected to the output from the
multiplier 190. For the majority of patients, the variable gain
amplifier 191 is adjusted to provide a gain (g) of one. The
variable gain amplifier 191 therefore would have essentially
no effect on the output from the multiplier 190.

However, for patients with unusually thick corneas, the
gain (g) is adjusted to a positive gain less than one. A gain
(g) of less than one is used because unusually thick corneas
are more resistant to applanation and consequently result in
a pressure indication that exceeds, albeit by a small amount,

10

15

20

25

30

35

40

45

50

55

60

65

28

the actual intraocular pressure. The adjustable gain amplifier
191 therefore reduces the output voltage from the multiplier
190 by a selected percentage proportional to the cornea’s
deviation from normal corneal thickness.

For patients with unusually thin corneas, the opposite
effect would be observed. Accordingly, for those patients,
the gain (g) is adjusted to a positive gain greater than one so
that the adjustable gain amplifier 191 increases the output
voltage from the multiplier 190 by a selected percentage
proportional to the cornea’s deviation from normal corneal
thickness.

Preferably, the gain (g) is manually selected for each
patient using any known means for controlling the gain of a
variable gain amplifier, for example, a potentiometer con-
nected to a voltage source. As indicated above, the particular
gain (g) used depends on the thickness of each patient’s
cornea which, in turn, can be determined using known
corneal pachymetry techniques. Once the corneal thickness
is determined, the deviation from the normal thickness is
calculated and the gain (g) is set accordingly.

Alternatively, as illustrated in FIG. 7B, the gain (g) may
be selected automatically by connecting an output
(indicative of corneal thickness) from a known pachymetry
apparatus 193 to a buffer circuit 195. The buffer circuit 195
converts the detected corneal thickness to a gain signal
associated with the detected thickness’ deviation from the
normal corneal thickness. In particular, the gain signal
produces a gain (g) of one when the deviation is zero,
produces a gain (g) greater than one when the detected
corneal thickness is less than the normal thickness, and
produces a gain (g) less than one when the detected corneal
thickness is greater than the normal thickness.

Although FIGS. 7A and 7B illustrate a configuration
which compensates only for corneal thickness, it is under-
stood that similar configurations can be used to compensate
for corneal curvature, eye size, ocular rigidity, and the like.
For levels of corneal curvature which are higher than
normal, the gain would be less than one. The gain would be
greater than one for levels of corneal curvature which are
flatter than normal. Typically, each increase in one diopter of
corneal curvature is associated with a 0.34 mm Hg increase
in pressure. The intraocular pressure rises 1 mm Hg for very
3 diopters. The gain therefore can be applied in accordance
with this general relationship.

In the case of eye size compensation, larger than normal
eyes would require a gain which is less than one, while
smaller than normal eyes would require a gain which is
greater than one.

For patients with “stiffer” than normal ocular rigidities,
the gain is less than one, but for patients with softer ocular
rigidities, the gain is greater than one.

As when compensating for corneal thickness, the gain
may be manually selected for each patient, or alternatively,
the gain may be selected automatically by connecting the
apparatus of the present invention to a known keratometer
when compensating for corneal curvature, and/or a known
biometer when compensating for eye size.

Despite not being illustrated, it is understood that the
system includes a power supply mechanism for selectively
powering the system using either batteries or household AC
current.

Operation of the preferred circuitry will now be described.
Initially, the contact device 2 is mounted on the corneal
surface of a patient and tends to locate itself centrally at the
front of the cornea 4 in essentially the same way as con-
ventional contact lenses. The patient then looks through the
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central sight hole 38 at the intersection of the cross-hairs
which define the mark 70, preferably, while the light 75
provided inside the tubular housing 64 is illuminated to
facilitate visualization of the cross-hairs and the reflected
image 74. A rough alignment is thereby achieved.

Next, the preferred circuitry provides indications of mis-
alignment or improper axial distance should either or both
exist. The patient responds to such indications by taking the
indicated corrective action.

Once proper alignment is achieved and the proper axial
distance exists between the actuation apparatus 6 and the
contact device 2, push-action switch 164 is activated and the
AND-gate 158 and start/stop switch 156 activate the current
producing circuitry 32. In response to activation, the current
producing circuitry 32 generates the progressively increas-
ing current in the coil 30. The progressively increasing
current creates a progressively increasing magnetic field in
the coil 30. The progressively increasing magnetic field, in
turn, causes axial displacement of the movable central piece
16 toward the cornea 4 by virtue of the magnetic field’s
repulsive effect on the magnetically responsive element 26.
Since axial displacement of the movable central piece 16
produces a progressively increasing applanation of the cor-
nea 4, the reflected beams 60,62 begin to swing angularly
toward the light sensors 48,50. Such axial displacement and
increasing applanation continues until both reflected beams
60,62 reach the light sensors 48,50 and the predetermined
amount of applanation is thereby deemed to exist. At that
instant, the current producing circuit 32 is deactivated by the
input 160 to AND-gate 158; the speaker 154 is momentarily
activated to give an audible indication that applanation has
been achieved; and the intraocular pressure is stored in the
memory device 33 and is displayed on display 167.

Although the above-described and illustrated embodiment
includes various preferred elements, it is understood that the
present invention may be achieved using various other
individual elements. For example, the detecting arrangement
8 may utilize various other elements, including elements
which are typically utilized in the art of barcode reading.

With reference to FIGS. 8A and 8B, a contact device 2'
may be provided with a barcode-like pattern 300 which
varies in response to displacement of the movable central
piece 16'. FIG. 8A illustrates the preferred pattern 300 prior
to displacement of the movable central piece 16'; and FIG.
8B shows the preferred pattern 300 when the predetermined
amount of applanation is achieved. The detecting arrange-
ment therefore would include a barcode reader directed
generally toward the contact device 2' and capable of
detecting the differences in the barcode pattern 300.

Alternatively, as illustrated in FIGS. 9A and 9B, the
contact device 2' may be provided with a multi-color pattern
310 which varies in response to displacement of the movable
central piece 16'. FIG. 9A schematically illustrates the
preferred color pattern 310 prior to displacement of the
movable central piece 16', while FIG. 9B schematically
shows the preferred pattern 310 when the predetermined
amount of applanation is achieved. The detecting arrange-
ment therefore would include a beam emitter for emitting a
beam of light toward the pattern 310 and a detector which
receives a reflected beam from the pattern 310 and detects
the reflected color to determine whether applanation has
been achieved.

Yet another way to detect the displacement of the movable
central piece 16 is by using a two dimensional array pho-
tosensor that senses the location of a reflected beam of light.
Capacitive and electrostatic sensors, as well as changes in
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magnetic field can then be used to encode the position of the
reflected beam and thus the displacement of the movable
central piece 16.

According to yet another alternative embodiment illus-
trated in FIG. 10, a miniature LED 320 is inserted into the
contact device 2'. The piezo-electric ceramic is driven by
ultrasonic waves or is alternatively powered by electromag-
netic waves. The brightness of the miniature LED 320 is
determined by the current flowing through the miniature
LED 320 which, in turn, may be modulated by a variable
resistance 330. The motion of the movable central piece 16'
varies the variable resistance 330. Accordingly, the intensity
of light from the miniature LED 320 indicates the magnitude
of the movable central piece’s displacement. A miniature,
low-voltage primary battery 340 may be inserted into the
contact device 2' for powering the miniature LED 320.

With regard to yet another preferred embodiment of the
present invention, it is understood that a tear film typically
covers the eye and that a surface tension resulting therefrom
may cause underestimation of the intraocular pressure.
Accordingly, the contact device of the present invention
preferably has an inner surface of hydrophobic flexible
material in order to decrease or eliminate this potential
source of error.

It should be noted that the drawings are merely schematic
representations of the preferred embodiments. Therefore, the
actual dimensions of the preferred embodiments and physi-
cal arrangement of the various elements is not limited to that
which is illustrated. Various arrangements and dimensions
will become readily apparent to those of ordinary skill in the
art. The size of the movable central piece, for example, can
be modified for use in animals or experimental techniques.
Likewise, the contact device can be made with smaller
dimensions for use with infants and patients with eye lid
abnormalities.

One preferred arrangement of the present invention
includes a handle portion extending out from below the
housing 64 and connected distally to a platform. The plat-
form acts as a base for placement on a planar surface (e.g.,
a table), with the handle projecting up therefrom to support
the actuation apparatus 6 above the planar surface.

Indentation

The contact device 2 and associated system illustrated in
FIGS. 1-5 may also be used to detect intraocular pressure by
indentation. When indentation techniques are used in mea-
suring intraocular pressure, a predetermined force is applied
against the cornea using an indentation device. Because of
the force, the indentation device travels in toward the
cornea, indenting the cornea as it travels. The distance
travelled by the indentation device into the cornea in
response to the predetermined force is known to be inversely
proportional to intraocular pressure. Accordingly, there are
various known tables which, for certain standard sizes of
indentation devices and standard forces, correlate the dis-
tance travelled and intraocular pressure.

In utilizing the illustrated arrangement for indentation, the
movable central piece 16 of the contact device 2 functions
as the indentation device. In addition, the current producing
circuit 32 is switched to operate in an indentation mode.
When switched to the indentation mode, the current pro-
ducing circuit 32 supplies a predetermined amount of cur-
rent through the coil 30. The predetermined amount of
current corresponds to the amount of current needed to
produce one of the aforementioned standard forces.

The predetermined amount of current creates a magnetic
field in the actuation apparatus 6. This magnetic field, in
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turn, causes the movable central piece 16 to push inwardly
against the cornea 4 via the flexible membrane 14. Once the
predetermined amount of current has been applied and a
standard force presses against the cornea, it is necessary to
determine how far the movable central piece 16 moved into
the cornea 4.

Accordingly, when measurement of intraocular pressure
by indentation is desired, the system illustrated in FIG. 1
further includes a distance detection arrangement for detect-
ing a distance travelled by the movable central piece 16, and
a computation portion 199 in the calculation unit 10 for
determining intraocular pressure based on the distance trav-
elled by the movable central piece 16 in applying the
predetermined amount of force.

A preferred indentation distance detection arrangement
200 is illustrated in FIGS. 11A and 11B and preferably
includes a beam emitter 202 and a beam sensor 204.
Preferably, lenses 205 are disposed in the optical path
between the beam emitter 202 and beam sensor 204. The
beam emitter 202 is arranged so as to emit a beam 206 of
light toward the movable central piece 16. The beam 206 of
light is reflected back from the movable central piece 16 to
create a reflected beam 208. The beam sensor 204 is posi-
tioned so as to receive the reflected beam 208 whenever the
device 2 is located at the proper axial distance and in proper
alignment with the actuation apparatus 6. Preferably, the
proper distance and alignment are achieved using all or any
combination of the aforementioned sighting mechanism,
optical alignment mechanism and optical distance measur-
ing mechanism.

Once proper alignment and the proper axial distance are
achieved, the beam 206 strikes a first portion of the movable
central piece 16, as illustrated in FIG. 11A. Upon reflection
of the beam 206, the reflected beam 208 strikes a first portion
of the beam sensor 204. In FIG. 11A, the first portion is
located on the beam sensor 204 toward the right side of the
drawing.

However, as indentation progresses, the movable central
piece 16 becomes more distant from the beam emitter 202.
This increase in distance is illustrated in FIG. 11A. Since the
movable central piece 16 moves linearly away, the beam 206
strikes progressively more to the left on the movable central
piece 16. The reflected beam 206 therefore shifts toward the
left and strikes the beam sensor 204 at a second portion
which is to the left of the first portion.

The beam sensor 204 is arranged so as to detect the shift
in the reflected beam 206, which shift is proportional to the
displacement of the movable central piece 16. Preferably,
the beam sensor 204 includes an intensity responsive beam
detector 212 which produces an output voltage proportional
to the detected intensity of the reflected beam 208 and an
optical filter element 210 which progressively filters more
light as the light’s point of incidence moves from one
portion of the filter to an opposite portion.

In FIGS. 11A and 11B, the optical filter element 210
comprises a filter with a progressively increasing thickness
so that light passing through a thicker portion has a more
significantly reduced intensity than light passing though a
thinner portion of the filter. Alternatively, the filter can have
a constant thickness and progressively increasing filtering
density whereby a progressively increasing filtering effect is
achieved as the point of incidence moves across a longitu-
dinal length of the filter.

When, as illustrated in FIG. 11A, the reflected beam 208
passes through a thinnest portion of the optical filter element
210 (e.g., prior to indentation), the reflected beam’s intensity
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is reduced by only a small amount. The intensity responsive
beam detector 212 therefore provides a relatively high
output voltage indicating that no movement of the movable
central piece 16 toward the cornea 4 has occurred.

However, as indentation progresses, the reflected beam
208 progressively shifts toward thicker portions of the
optical filter element 210 which filter more light. The
intensity of the reflected beam 208 therefore decreases
proportionally to the displacement of the movable central
piece 16 toward the cornea 4. Since the intensity responsive
beam detector 212 produces an output voltage proportional
to the reflected beam’s intensity, this output voltage
decreases progressively as the displacement of the movable
central piece 16 increases. The output voltage from the
intensity responsive beam detector 212 is therefore indica-
tive of the movable central piece’s displacement.

Preferably, the computation portion 199 is responsive to
the current producing circuitry 32 so that, once the prede-
termined amount of force is applied, the output voltage from
the beam detectors 212 is received by the computation
portion 199. The computation portion then, based on the
displacement associated with the particular output voltage,
determines intraocular pressure. Preferably, the memory 33
includes a memory location for storing a value indicative of
the intraocular pressure.

Also, the computation portion 199 preferably has access
to an electronically or magnetically stored one of the afore-
mentioned known tables. Since the tables indicate which
intraocular pressure corresponds with certain distances trav-
elled by the movable central piece 16, the computation
portion 199 is able to determine intraocular pressure by
merely determining which pressure corresponds with the
distance travelled by the movable central piece 16.

The system of the present invention may also be used to
calculate the rigidity of the sclera. In particular, the system
is first used to determine intraocular pressure by applanation
and then is used to determine intraocular pressure by inden-
tation. The differences between the intraocular pressures
detected by the two methods would then be indicative of the
sclera’s rigidity.

Although the foregoing description of the preferred sys-
tems generally refers to a combined system capable of
detecting intraocular pressure by both applanation and
indentation, it is understood that a combined system need
not be created. That is, the system capable of determining
intraocular pressure by applanation may be constructed
independently from a separate system for determining
intraocular pressure by indentation and vice versa.

Measuring Hydrodynamics of the Eye

The indentation device of the present invention may also
be utilized to non-invasively measure hydrodynamics of an
eye including outflow facility. The method of the present
invention preferably comprises several steps including the
following:

According to a first step, an indentation device is placed
in contact with the cornea. Preferably, the indentation device
comprises the contact device 2 illustrated in FIGS. 1 and
2A-2D.

Next, at least one movable portion of the indentation
device is moved in toward the cornea using a first prede-
termined amount of force to achieve indentation of the
cornea. When the indentation device is the contact device 2,
the movable portion consists of the movable central piece
16.

An intraocular pressure is then determined based on a first
distance travelled toward the cornea by the movable portion
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of the indentation device during application of the first
predetermined amount of force. Preferably, the intraocular
pressure is determined using the aforementioned system for
determining intraocular pressure by indentation.

Next, the movable portion of the indentation device is
rapidly reciprocated in toward the cornea and away from the
cornea at a first predetermined frequency and using a second
predetermined amount of force during movement toward the
cornea to thereby force intraocular fluid out from the eye.
The second predetermined amount of force is preferably
equal to or greater than the first predetermined amount of
force. It is understood, however, that the second predeter-
mined amount of force may be less than the first predeter-
mined amount of force. The reciprocation, which preferably
continues for 5 seconds, should generally not exceed 10
seconds in duration.

The movable portion is then moved in toward the cornea
using a third predetermined amount of force to again achieve
indentation of the cornea.

Asecond intraocular pressure is then determined based on
a second distance travelled toward the cornea by the mov-
able portion of the indentation device during application of
the third predetermined amount of force. This second
intraocular pressure is also preferably determined using the
aforementioned system for determining intraocular pressure
by indentation. Since intraocular pressure decreases as a
result of forcing intraocular fluid out of the eye during the
rapid reciprocation of the movable portion, it is generally
understood that, unless the eye is so defective that no fluid
flows out therefrom, the second intraocular pressure will be
less than the first intraocular pressure. This reduction in
intraocular pressure is indicative of outflow facility.

Next, the movable portion of the indentation device is
again rapidly reciprocated in toward the cornea and away
from the cornea, but at a second predetermined frequency
and using a fourth predetermined amount of force during
movement toward the cornea. The fourth predetermined
amount of force is preferably equal or greater than the
second predetermined amount of force. It is understood,
however, that the fourth predetermined amount of force may
be less than the second predetermined amount of force.
Additional intraocular fluid is thereby forced out from the
eye. This reciprocation, which also preferably continues for
5 seconds, should generally not exceed 10 seconds in
duration.

The movable portion is subsequently moved in toward the
cornea using a fifth predetermined amount of force to again
achieve indentation of the cornea.

Thereafter, a third intraocular pressure is determined
based on a third distance travelled toward the cornea by the
movable portion of the indentation device during application
of the fifth predetermined amount of force.

The differences are then preferably calculated between the
first, second, and third distances, which differences are
indicative of the volume of intraocular fluid which left the
eye and therefore are also indicative of the outflow facility.
It is understood that the difference between the first and last
distances may be used, and in this regard, it is not necessary
to use the differences between all three distances. In fact, the
difference between any two of the distances will suffice.

Although the relationship between the outflow facility and
the detected differences varies when the various parameters
of the method and the dimensions of the indentation device
change, the relationship for given parameters and dimen-
sions can be easily determined by known experimental
techniques and/or using known Friedenwald Tables.
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The method of the present invention is preferably carried
out using an indenting surface which is three millimeters in
diameter and a computer equipped with a data acquisition
board. In particular, the computer generates the predeter-
mined forces via a digital-to-analog (D/A) converter con-
nected to the current generating circuitry 32. The computer
then receives signals indicative of the first, second, and third
predetermined distances via an analog-to-digital (A/D) con-
verter. These signals are analyzed by the computer using the
aforementioned relationship between the differences in dis-
tance and the outflow facility. Based on this analysis, the
computer creates an output signal indicative of outflow
facility. The output signal is preferably applied to a display
screen which, in turn, provides a visual indication of outflow
facility.

Preferably, the method further comprises the steps of
plotting the differences between the first, second, and third
distances to a create a graph of the differences and compar-
ing the resulting graph of differences to that of a normal eye
to determine if any irregularities in outflow facility are
present. As indicated above, however, it is understood that
the difference between the first and last distances may be
used, and in this regard, it is not necessary to use the
differences between all three distances. In fact, the differ-
ence between any two of the distances will suffice.

Preferably, the first predetermined frequency and second
predetermined frequency are substantially equal and are
approximately 20 Hertz. Generally, any frequencies up to 35
Hertz can be used, though frequencies below 1 Hertz are
generally less desirable because the stress relaxation of the
eye’s outer coats would contribute to changes in pressure
and volume.

The fourth predetermined amount of force is preferably at
least twice the second predetermined amount of force, and
the third predetermined amount of force is preferably
approximately half of the first predetermined amount of
force. It is understood, however, that other relationships will
suffice and that the present method is not limited to the
foregoing preferred relationships.

According to a preferred use of the method, the first
predetermined amount of force is between 0.01 Newton and
0.015 Newton; the second predetermined amount of force is
between 0.005 Newton and 0.0075 Newton; the third pre-
determined amount of force is between 0.005 Newton and
0.0075 Newton; the fourth predetermined amount of force is
between 0.0075 Newton and 0.0125 Newton; the fifth pre-
determined amount of force is between 0.0125 Newton and
0.025 Newton; the first predetermined frequency is between
1 Hertz and 35 Hertz; and the second predetermined fre-
quency is also between 1 Hertz and 35 Hertz. The present
method, however, is not limited to the foregoing preferred
ranges.

Although the method of the present invention is prefer-
ably carried out using the aforementioned device, it is
understood that various other tonometers may be used. The
method of the present invention therefore is not limited in
scope to its use in conjunction with the claimed system and
illustrated contact device.

Alternative Embodiments of the Contact Device

Although the foregoing description utilizes an embodi-
ment of the contact device 2 which includes a flexible
membrane 14 on the inside surface of the contact device 2,
it is readily understood that the present invention is not
limited to such an arrangement. Indeed, there are many
variations of the contact device which fall well within the
scope of the present invention.
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The contact device 2, for example, may be manufactured
with no flexible membrane, with the flexible membrane on
the outside surface of the contact device 2 (i.e., the side away
from the cornea), with the flexible membrane on the inside
surface of the contact device 2, or with the flexible mem-
brane on both sides of the contact device 2.

Also, the flexible membrane(s) 14 can be made to have an
annular shape, thus permitting light to pass undistorted
directly to the movable central piece 16 and the cornea for
reflection thereby.

In addition, as illustrated in FIG. 12, the movable central
piece 16 may be formed with a similar annular shape so that
a transparent central portion thereof merely contains air.
This way, light passing through the entire contact device 2
impinges directly on the cornea without undergoing any
distortion due to the contact device 2.

Alternatively, the transparent central portion can be filled
with a transparent solid material. Examples of such trans-
parent solid materials include polymethyl methacrylate,
glass, hard acrylic, plastic polymers, and the like. According
to a preferred arrangement, glass having an index of refrac-
tion substantially greater than that of the cornea is utilized to
enhance reflection of light by the cornea when the light
passes through the contact device 2. Preferably, the index of
refraction for the glass is greater than 1.7, compared to the
typical index of refraction of 1.37 associated with the
cornea.

It is understood that the outer surface of the movable
central piece 16 may be coated with an anti-reflection layer
in order to eliminate extraneous reflections from that surface
which might otherwise interfere with operation of the align-
ment mechanism and the applanation detecting arrangement.

The interconnections of the various components of the
contact device 2 are also subject to modification without
departing from the scope and spirit of the present invention.
It is understood therefore that many ways exist for inter-
connecting or otherwise maintaining the working relation-
ship between the movable central piece 16, the rigid annular
member 12, and the membranes 14.

When one or two flexible membranes 14 are used, for
example, the substantially rigid annular member 12 can be
attached to any one or both of the flexible membrane(s) 14
using any known attachment techniques, such as gluing,
heat-bonding, and the like. Alternatively, when two flexible
membranes 14 are used, the components may be intercon-
nected or otherwise maintained in a working relationship,
without having to directly attach the flexible membrane 14
to the substantially rigid annular member 12. Instead, the
substantially rigid annular member 12 may be retained
between the two flexible membranes 14 by bonding the
membranes to one another about their peripheries while the
rigid annular member 12 is sandwiched between the mem-
branes 14.

Although the movable central piece 16 may be attached to
the flexible membrane(s) 14 by gluing, heat-bonding, and
the like, it is understood that such attachment is not neces-
sary. Instead, one or both of the flexible membranes 14 can
be arranged so as to completely or partially block the
movable central piece 16 and prevent it from falling out of
the hole in the substantially rigid annular member 12. When
the aforementioned annular version of the flexible mem-
branes 14 is used, as illustrated by way of example in FIG.
12, the diameter of the hole in at least one of the annular
flexible membranes 14 is preferably smaller than that of the
hole in the substantially rigid annular member 12 so that a
radially inner portion 14A of the annular flexible membrane
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14 overlaps with the movable central piece 16 and thereby
prevents the movable central piece 16 from falling out of the
hole in the substantially rigid annular member 12.

As illustrated in FIG. 13A, another way of keeping the
movable central piece 16 from falling out of the hole in the
substantially rigid annular member 12 is to provide arms
16A which extend radially out from the movable central
piece 16 and are slidably received in respective grooves
16B. The grooves 16B are formed in the rigid annular
member 12. Each groove 16B has a longitudinal dimension
(vertical in FIG. 13) which is selectively chosen to restrict
the range of movement of the movable central piece 16 to
within predetermined limits. Although FIG. 13 shows an
embodiment wherein the grooves are in the substantially
rigid annular member 12 and the arms extend out from the
movable central piece 16, it is understood that an equally
effective arrangement can be created by reversing the con-
figuration such that the grooves are located in the movable
central piece 16 and the arms extend radially in from the
substantially rigid annular member 12.

Preferably, the grooves 16B include resilient elements,
such as miniature springs, which bias the position of the
movable central piece 16 toward a desired starting position.
In addition, the arms 16A may include distally located
miniature wheels which significantly reduce the friction
between the arms 16A and the walls of the grooves 16B.

FIG. 13B illustrates another way of keeping the movable
central piece 16 from falling out of the hole in the substan-
tially rigid annular member 12. In FIG. 13B, the substan-
tially rigid annular member 12 is provided with radially
inwardly extending flaps 12F at the outer surface of the
annular member 12. One of the aforementioned annular
membranes 14 is preferably disposed on the inner side of the
substantially rigid annular member 12. Preferably, a portion
of the membrane 14 extends radially inwardly past the walls
of the rigid annular member’s hole. The combination of the
annular membrane 14 and the flaps 12F keeps the movable
central piece 16 from falling out of the hole in the substan-
tially rigid annular member 12.

The flaps 12F may also be used to achieve or facilitate
actuation of the movable central piece 16. In a magnetically
actuated embodiment, for example, the flaps 12F may be
magnetized so that the flaps 12F move inwardly in response
to an externally applied magnetic field.

With reference to FIG. 14, an alternative embodiment of
the contact device 2 is made using a soft contact lens
material 12A having a progressively decreasing thickness
toward its outer circumference. A cylindrical hole 12B is
formed in the soft contact lens material 12A. The hole 12B,
however, does not extend entirely through the soft contact
lens material 12A. Instead, the hole has a closed bottom
defined by a thin portion 12C of the soft contact lens
material 12A. The movable central piece 16 is disposed
slidably within the hole 12B, and preferably, the thin portion
12C is no more than 0.2 millimeters thick, thereby allowing
the movable central piece 16 to achieve applanation or
indentation when moved against the closed bottom of the
hole toward the cornea with very little interference from the
thin portion 12C.

Preferably, a substantially rigid annular member 12D is
inserted and secured to the soft contact material 12A to
define a more stable wall structure circumferentially around
the hole 12B. This, in turn, provides more stability when the
movable central piece 16 moves in the hole 12B.

Although the soft lens material 12A preferably comprises
Hydrogel, silicone, flexible acrylic, or the like, it is under-
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stood that any other suitable materials may be used. In
addition, as indicated above, any combination of flexible
membranes may be added to the embodiment of FIG. 14.
Although the movable central piece 16 in FIG. 14 is illus-
trated as being annular, it is understood that any other shape
may be utilized. For example, any of the previously
described movable central pieces 16 would suffice.

Similarly, the annular version of the movable central piece
16 may be modified by adding a transparent bottom plate
(not illustrated) which defines a flat transparent bottom
surface of the movable central piece 16. When modified in
this manner, the movable central piece 16 would have a
generally cup-shaped appearance. Preferably, the flat trans-
parent bottom surface is positioned toward the cornea to
enhance the flattening effect of the movable central piece 16;
however, it is understood that the transparent plate can be
located on the outside surface of the movable central piece
16 if desired.

Although the movable central piece 16 and the hole in the
substantially rigid annular member 12 (or the hole in the soft
contact lens material 12A) are illustrated as having comple-
mentary cylindrical shapes, it is understood that the comple-
mentary shapes are not limited to a cylinder, but rather can
include any shape which permits sliding of the movable
central piece 16 with respect to its surrounding structure.

It is also understood that the movable central piece 16
may be mounted directly onto the surface of a flexible
membrane 14 without using a substantially rigid annular
member 12. Although such an arrangement defines a work-
ing embodiment of the contact device 2, its stability,
accuracy, and level of comfort are significantly reduced
compared to that of a similar embodiment utilizing the
substantially rigid annular member 12 with a progressively
tapering periphery.

Although the illustrated embodiments of the movable
central piece 16 include generally flat outside surfaces with
well defined lateral edges, it is understood that the present
invention is not limited to such arrangements. The present
invention, for example, can include a movable central piece
16 with a rounded outer surface to enhance comfort and/or
to coincide with the curvature of the outer surface of the
substantially rigid annular member 12. The movable central
piece can also be made to have any combination of curved
and flat surfaces defined at its inner and outer surfaces, the
inner surface being the surface at the cornea and the outer
surface being the surface directed generally away from the
cornea.

With reference to FIG. 15, the movable central piece 16
may also include a centrally disposed projection 16P
directed toward the cornea. The projection 16P is preferably
created by extending the transparent solid material in toward
the cornea at the center of the movable central piece 16.

Alternative Embodiment for Measuring Intraocular
Pressure by Applanation

With reference to FIG. 16, an alternative embodiment of
the system for measuring intraocular pressure by applana-
tion will now be described. The alternative embodiment
preferably utilizes the version of the contact device 2 which
includes a transparent central portion.

According to the alternative embodiment, the schemati-
cally illustrated coil 30 of the actuation apparatus includes
an iron core 30A for enhancing the magnetic field produced
by the coil 30. The iron core 30A preferably has an axially
extending bore hole 30B (approximately 6 millimeters in
diameter) which permits the passage of light through the
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iron core 30A and also permits mounting of two lenses [.3
and L4 therein.

In order for the system to operate successfully, the
strength of the magnetic force applied by the coil 30 on the
movable central piece 16 should be sufficient to applanate
patients’ corneas over at least the full range of intraocular
pressures encountered clinically (i.e. 5-50 mm Hg). Accord-
ing to the illustrated alternative embodiment, intraocular
pressures ranging from 1 to over 100 mm of mercury can be
evaluated using the present invention. The forces necessary
to applanate against such intraocular pressures may be
obtained with reasonably straightforward designs and inex-
pensive materials as will be demonstrated by the following
calculations:

It is known that the force F exerted by an external
magnetic field on a small magnet equals the magnet’s
magnetic dipole moment m multiplied by the gradient of the
external field’s magnetic induction vector “grad B” acting in
the direction of the magnet’s dipole moment.

F=m * grad B @

The magnetic dipole moment m for the magnetic version
of the movable central piece 16 can be determined using the
following formula:

m=(B*V)/u, @

where B is the magnetic induction vector just at the

surface of one of the poles of the movable central piece

16, V is its volume, and u,, is the magnetic permeability

of free space which has a value of 12.57 * 1077
Henry/meter.

A typical value of B for magnetized Alnico movable
central pieces 16 is 0.5 Tesla. If the movable central piece 16
has a thickness of 1 mm, a diameter of 5 mm, and 50% of
its initial volume is machined away, its volume V=9.8 cubic
millimeters (9.8 * 10™° cubic meters. Substituting these
values into Equation 2 yields the value for the movable
central piece’s magnetic dipole moment, namely,
m=0.00390 Amp*(Meter)*.

Using the foregoing calculations, the specifications of the
actuation apparatus can be determined. The magnetic field
gradient “grad B” is a function of the distance x measured
from the front face of the actuation apparatus and may be
calculated as follows:

grad B=uq *X*N*I*(RAD)**
{[(c+L > +RAD*T*~[x*+RAD* 2} 2+ 1L €)
where X is the magnetic susceptibility of the iron core, N
is the number of turns in the coil’s wire, I is the electric
current carried by the wire, L is the length of the coil

30, and RAD is the radius of the coil 30.

The preferred values for these parameters in the alterna-
tive embodiment are: X=500, N=200, [=1.0 Amp, [.=0.05
meters, and RAD=0.025 meters. It is understood, however,
that the present invention is not limited to these preferred
parameters. As usual, u,=12.57 * 10~ Henry/meter.

The force F exerted by the magnetic actuation apparatus
on the movable central piece 16 is found from Equation 1
using the aforementioned preferred values as parameters in
Equation 3, and the above result for m=0.00390 Amp*
(Meter)*. A plot of F as a function of the distance x
separating the movable central piece 16 from the pole of the
magnetic actuation apparatus appears as FIG. 16A.

Since a patient’s cornea 4, when covered by the contact
device 2 which holds the movable central piece 16, can be
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placed conveniently at a distance x=2.5 ecm (0.025 m) from
the actuation apparatus, it is noted from FIG. 16A that the
magnetic actuation force is approximately F=0.063 New-
tons.

This force is then compared to F,, ., which is the force
actually needed to applanate a cornea 4 over a typical
applanation area when the intraocular pressure is as high as
50 mm Hg. In Goldman tonometry, the diameter of the
applanated area is approximately 3.1 mm and therefore the
typical applanated AREA will equal 7.55 mm?. The typical
maximum pressure of 50 mm Hg can be converted to metric
form, yielding a pressure of 0.00666 Newtons/mm?. The
value of F  then can be determined using the following
equation:

require,

®

After mathematical substitution, F,,,,;,.,=0.050 Newtons.
Comparing the calculated magnetic actuation force F to the
force required F,, .4, becomes clear that F,, ;.. is less
than the available magnetic driving force F. Therefore, the
maximum force needed to applanate the cornea 4 for
intraocular pressure determinations is easily achieved using
the actuation apparatus and movable central piece 16 of the
present invention.

It is understood that, if a greater force becomes necessary
for whatever reason (e.g., to provide more distance between
the contact device 2 and the actuation apparatus), the various
parameters can be manipulated and/or the current in the coil
30 can be increased to achieve a satisfactory arrangement.

In order for the actuation apparatus to properly actuate the
movable central piece 16 in a practical way, the magnetic
actuation force (and the associated magnetic field) should
increase from zero, reach a maximum in about 0.01 sec., and
then return back to zero in approximately another 0.01 sec.
The power supply to the actuation apparatus therefore
preferably includes circuitry and a power source capable of
driving a “current pulse” of peak magnitude in the 1 ampere
range through a fairly large inductor (i.e. the coil 30).

For “single-pulse” operation, a DC-voltage power supply
can be used to charge a capacitor C through a charging
resistor. One side of the capacitor is grounded while the
other side (“high” side) may be at a 50 volt DC potential.
The “high” side of the capacitor can be connected via a high
current-carrying switch to a “discharge circuit” consisting of
the coil 30 and a damping resistor R. This arrangement
yields an R-L-C series circuit similar to that which is
conventionally used to generate large pulses of electrical
current for such applications as obtaining large pulsed
magnetic fields and operating pulsed laser power systems.
By appropriately choosing the values of the electrical com-
ponents and the initial voltage of the capacitor, a “current
pulse” of the kind described above can be generated and
supplied to the coil 30 to thereby operate the actuation
apparatus.

It is understood, however, that the mere application of a
current pulse of the kind described above to a large inductor,
such as the coil 30, will not necessarily yield a zero magnetic
field after the current pulse has ended. Instead, there is
usually an undesirable residual magnetic field from the
iron-core 30A even though no current is flowing in the coil
30. This residual field is caused by magnetic hysteresis and
would tend to produce a magnetic force on the movable
central piece 16 when such a force is not wanted.

Therefore, the alternative embodiment preferably
includes means for zeroing the magnetic field outside the
actuation apparatus after operation thereof. Such zeroing can
be provided by a demagnetizing circuit connected to the
iron-core 30A.

F repuired=PRESSURE * AREA
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Methods for demagnetizing an iron-core are generally
known and are easy to implement. It can be done, for
example, by reversing the current in the coil repeatedly
while decreasing its magnitude. The easiest way to do this is
by using a step-down transformer where the input is a
sinusoidal voltage at 60 Hz which starts at a “line voltage”
of 110 VAC and is gradually dampened to zero volts, and
where the output of the transformer is connected to the coil
30.

The actuation apparatus therefore may include two power
circuits, namely, a “single pulse” current source used for
conducting applanation measurements and a “demagnetiza-
tion circuit” for zeroing the magnetic field of the coil 30
immediately after each applanation measurement.

As illustrated in FIGS. 16 and more specifically in FIG.
17, the alternative embodiment used for applanation also
includes an alternative optical alignment system. Alignment
is very important because, as indicated by the graph of FIG.
16A, the force exerted by the actuation apparatus on the
movable central piece 16 depends very much on their
relative positions. In addition to the movable central piece’s
axial location with respect to the actuation apparatus
(x-direction), the magnetic force exerted on the movable
central piece 16 also depends on its lateral (y-direction) and
vertical (z-direction) positions, as well as on its orientation
(tip and tilt) with respect to the central axis of the actuation
apparatus.

Considering the variation of force F with axial distance x
shown in FIG. 16A, it is clear that the movable central piece
16 should be positioned in the x-direction with an accuracy
of about +/-1 mm for reliable measurements. Similarly,
since the diameter of the coil 30 is preferably 50 mm, the
location of the movable central piece 16 with respect to the
y and z directions (i.e. perpendicular to the longitudinal axis
of the coil 30) should be maintained to within +/-2 mm (a
region where the magnetic field is fairly constant) of the
coil’s longitudinal axis.

Finally, since the force on the movable central piece 16
depends on the cosine of the angle between the coil’s
longitudinal axis and the tip or tilt angle of the movable
central piece 16, it is important that the angle of the patient’s
gaze with respect to the coil’s longitudinal axis be main-
tained within about +/-2 degrees for reliable measurements.

In order to satisfy the foregoing criteria, the alternative
optical alignment system facilitates precise alignment of the
patient’s corneal vertex (situated centrally behind the mov-
able central piece 16) with the coil’s longitudinal axis, which
precise alignment can be achieved independently by a
patient without the assistance of a trained medical technician
or health care professional.

The alternative optical alignment system functions
according to how light reflects and refracts at the corneal
surface. For the sake of simplicity, the following description
of the alternative optical alignment system and FIGS. 16 and
17 does not refer specifically to the effects of the movable
central piece’s transparent central portion on the operation
of the optical system, primarily because the transparent
central portion of the movable central piece 16 is preferably
arranged so as not to affect the behavior of optical rays
passing through the movable central piece 16.

Also, for the sake of simplicity, FIG. 17 does not show the
iron core 30A and its associated bore 30B, though it is
understood that the alignment beam (described hereinafter)
passes through the bored hole 30B and that the lenses [.3 and
L4 are mounted within the bored hole 30B.

As illustrated in FIG. 16, a point-like source 350 of light
such as an LED is located at the focal plane of a positive
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(ie., convergent) lens L1. The positive lens L1 is arranged
so as to collimate a beam of light from the source 350. The
collimated beam passes through a beam splitter BS1 and a
transmitted beam of the collimated beam continues through
the beam splitter ES1 to a positive lens [.2. The positive lens
L2 focuses the transmitted beam to a point within lens .3
located at the focal plane of a lens I.4. The light rays passing
through [ 4 are collimated once again and enter the patient’s
eye where they are focused on the retina 5. The transmitted
beam is therefore perceived by the patient as a point-like
light.

Some of the rays which reach the eye are reflected from
the corneal surface in a divergent manner due to the cornea’s
preapplanation curvature, as shown in FIG. 18, and are
returned back to the patient’s eye by a partially mirrored
planar surface of the lens L4. These rays are perceived by the
patient as an image of the corneal reflection which guides the
patient during alignment of his/her eye in the instrument as
will be described hereinafter.

Those rays which are reflected by the convex cornea 4 and
pass from right-to-left through the lens [.4 are made some-
what more convergent by the lens [.4. From the perspective
of lens L3, these rays appear to come from a virtual point
object located at the focal point. Therefore, after passing
through L3, the rays are once again collimated and enter the
lens 1.2 which focuses the rays to a point on the surface of
the beam splitter BS1. The beam splitter BS1 is tilted at 45
degrees and consequently deflects the rays toward a lens LS
which, in turn, collimates the rays. These rays then strike the
surface of a tilted reflecting beam splitter BS2. The colli-
mated rays reflected from the beam splitter BS2 enter lens
L6 which focuses them onto the small aperture of a silicon
photodiode which functions as an alignment sensor D1.

Therefore, when the curved cornea 4 is properly aligned,
an electric current is produced by the alignment sensor D1.
The alignment system is very sensitive because it is a
confocal arrangement (i.e., the point image of the alignment
light due to the corneal reflection—Purkinje image—in its
fiducial position is conjugate to the small light-sensitive
aperture of the silicon photodiode). In this manner, an
electrical current is obtained from the alignment sensor only
when the cornea 4 is properly aligned with respect to the lens
L4 which, in turn, is preferably mounted at the end of the
magnetic actuation apparatus. The focal lengths of all the
lenses shown in FIG. 17 are preferably 50 mm except for the
lens .3 which preferably has a focal length of 100 mm.

An electrical circuit capable of operating the alignment
sensor D1 is straight-forward to design and build. The
silicon photodiode operates without any bias voltage
(“photovoltaic mode”) thus minimizing inherent detector
noise. In this mode, a voltage signal, which corresponds to
the light level on the silicon surface, appears across a small
resistor spanning the diode’s terminals. Ordinarily this volt-
age signal is too small for display or subsequent processing;
however, it can be amplified many orders of magnitude
using a simple transimpedance amplifier circuit. Preferably,
the alignment sensor D1 is utilized in conjunction with such
an amplified photodiode circuit.

Preferably, the circuitry connected to the alignment sensor
D1 is arranged so as to automatically activate the actuation
apparatus immediately upon detecting via the sensor D1 the
existence of proper alignment. If, however, the output from
the alignment sensor D1 indicates that the eye is not properly
aligned, the circuitry preferably prevents activation of the
actuation apparatus. In this way, the alignment sensor D1,
not the patient, determines when the actuation apparatus will
be operated.
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As indicated above, the optical alignment system prefer-
ably includes an arrangement for guiding the patient during
alignment of his/her eye in the instrument. Such arrange-
ments are illustrated, by way of example, in FIGS. 18 and
19.

The arrangement illustrated in FIG. 18 allows a patient to
precisely position his/her eye translationally in all x-y-z
directions. In particular, the lens [.4 is made to include a
plano surface, the plano surface being made partially reflec-
tive so that a patient is able to see a magnified image of
his/her pupil with a bright point source of light located
somewhere near the center of the iris. This point source
image is due to the reflection of the incoming alignment
beam from the curved corneal surface (called the first
Purkinje image) and its subsequent reflection from the
mirrored or partially reflecting plano surface of the lens L4.
Preferably, the lens 1.4 makes the reflected rays parallel as
they return to the eye which focuses them onto the retina 5.

Although FIG. 18 shows the eye well aligned so that the
rays are focused at a central location on the surface of the
retina 5, it is understood that movements of the eye toward
or away (x-direction) from the lens L4 will blur the image
of the corneal reflection, and that movements of the eye in
either the y or z direction will tend to displace the corneal
reflection image either to the right/left or up/down.

The patient therefore performs an alignment operation by
gazing directly at the alignment light and moving his/her eye
slowly in three dimensions until the point image of the
corneal reflection is as sharp as possible (x-positioning) and
merges with the point image of the alignment light (y & z
positioning) which passes straight through the cornea 4.

As illustrated in FIG. 19, the lens L4 need not have a
partially reflective portion if the act of merely establishing a
proper direction of gaze provides sufficient alignment.

Once alignment is achieved, a logic signal from the
optical alignment system activates the “impulse circuit”
which, in turn, powers the actuation apparatus. After the
actuation apparatus is activated, the magnetic field at the
patient’s cornea increases steadily for a time period of about
0.01 sec. The effect of this increasing field is to apply a
steadily increasing force to the movable central piece 16
resting on the cornea which, in turn, causes the cornea 4 to
flatten increasingly over time. Since the size of the appla-
nation area is proportional to the force on the movable
central piece 16 (and Pressure=Force/Area), the intraocular
pressure (IOP) is found by determining the ratio of the force
to the area applanated by the force.

In order to detect the applanated area and provide an
electrical signal indicative of the size of the applanated area,
the alternative embodiment includes an applanation sensor
D2. The rays that are reflected from the applanated corneal
surface are reflected in a generally parallel manner by virtue
of the flat surface presented by the applanated cornea 4. As
the rays pass from right-to-left through the lens L4, they are
focused within the lens 1.3 which, in turn, is in the focal
plane of the lens [.2. Consequently, after passing through the
lens 1.2, the rays are once again collimated and impinge on
the surface of beam splitter BS1. Since the beam splitter BS1
is tilted at 45 degrees, the beam splitter BS1 deflects these
collimated rays toward the lens LS which focuses the rays to
a point at the center of beam splitter BS2. The beam splitter
BS2 has a small transparent portion or hole in its center
which allows the direct passage of the rays on to the lens L7
(focal length of preferably 50 mm). The lens L7 pertains to
an applanation sensing arm of the alternative embodiment.

The focal spot on the beam splitter BS2 is in the focal
plane of the lens L.7. Consequently, the rays emerging from
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the lens L7 are once again collimated. These collimated rays
impinge on the mirror M1, preferably at a 45 degree angle,
and are deflected toward a positive lens L8 (focal length of
50 mm) which focuses the rays onto the small aperture of a
silicon photodiode which defines the applanation sensor D2.

It is understood that rays which impinge upon the cornea
4 slightly off center tend to be reflected away from the lens
L4 when the corneals curvature remains undisturbed.
However, as applanation progresses and the cornea becomes
increasingly flat, more of these rays are reflected back into
the lens L4. The intensity of light on the applanation sensor
D2 therefore increases, and as a result, an electric current is
generated by the applanation sensor D2, which electric
current is proportional to the degree of applanation.

Preferably, the electrical circuit utilized by the applana-
tion sensor D2 is identical or similar to that used by the
alignment sensor D1.

The electric signal indicative of the area of applanation
can then be combined with signals indicative of the time it
takes to achieve such applanation and/or the amount of
current (which, in turn, corresponds to the applied force)
used to achieve the applanation, and this combination of
information can be used to determine the intraocular pres-
sure using the equation Pressure=Force/Area.

The following are preferred operational steps for the
actuation apparatus during a measurement cycle:

1) While the actuation apparatus is OFF, there is no
magnetic field being directed toward the contact device 2.

2) When the actuation apparatus is turned ON, the mag-
netic field initially remains at zero.

3) Once the patient is in position, the patient starts to align
his/her eye with the actuation apparatus. Until the eye is
properly aligned, the magnetic field remains zero.

4) When the eye is properly aligned (as automatically
sensed by the optical alignment Sensor), the magnetic field
(driven by a steadily increasing electric current) starts to
increase from zero.

5) During the time period of the current increase
(approximately 0.01 sec.), the force on the movable central
piece also increases steadily.

6) In response to the increasing force on the movable
central piece, the surface area of the cornea adjacent to the
movable central piece is increasingly flattened.

7) Light from the flattened surface area of the cornea is
reflected toward the detecting arrangement which detects
when a predetermined amount of applanation has been
achieved. Since the amount of light reflected straight back
from the cornea is proportional to the size of the flattened
surface area, it is possible to determine exactly when the
predetermined amount of applanation has been achieved,
preferably a circular area of diameter 3.1 mm, of the cornea.
It is understood, however, that any diameter ranging from
0.10 mm to 10 mm can be utilized.

8) The time required to achieve applanation of the par-
ticular surface area (i.e., the predetermined amount of
applanation) is detected by a timing circuit which is part of
the applanation detecting arrangement. Based on prior cali-
bration and a resulting conversion table, this time is con-
verted to an indication of intraocular pressure. The longer
the time required to applanate a specific area, the higher the
intraocular pressure, and vice versa.

10) After the predetermined amount of applanation is
achieved, the magnetic field is turned OFF.

11) The intraocular pressure is then displayed by a readout
meter, and all circuits are preferably turned completely OFF
for a period of 15 seconds so that the automatic measure-
ment cycle will not be immediately repeated if the patient’s
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eye remains aligned. It is understood, however, that the
circuits may remain ON and that a continuous measurement
of intraocular pressure may be achieved by creating an
automatic measurement cycle. The data provided by this
automatic measurement cycle then may be used to calculate
blood flow.

10) If the main power supply has not been turned OFF, all
circuits are turned back ON after 15 seconds and thus
become ready for the next measurement.

Although there are several methods for calibrating the
various elements of the system for measuring intraocular
pressure by applanation, the following are illustrative
examples of how such calibration can be achieved:

Initially, after manufacturing the various components,
each component is tested to ensure the component operates
properly. This preferably includes verifying that there is free
piston-like movement (no twisting) of the movable central
piece in the contact device; verifying the structural integrity
of the contact device during routine handling; evaluating the
magnetic field at the surface of the movable central piece in
order to determine its magnetic dipole moment (when mag-
netic actuation is utilized); verifying that the electrical
current pulse which creates the magnetic field that actuates
the magnetically responsive element of the movable central
piece, has an appropriate peak magnitude and duration, and
ensuring that there is no “ringing”; verifying the efficacy of
the “demagnetization circuit” at removing any residual
magnetization in the iron-core of the actuation apparatus
after it has been pulsed; measuring the magnetic field as a
function of time along and near the longitudinal axis of the
coil where the movable central piece will eventually be
placed; determining and plotting grad B as a function of time
at several x-locations (i.c., at several distances from the
coil); and positioning the magnetic central piece (contact
device) at several x-locations along the coil’s longitudinal
axis and determining the force F acting on it as a function of
time during pulsed-operation of the actuation apparatus.

Next, the optical alignment system is tested for proper
operation. When the optical alignment system comprises the
arrangement illustrated in FIGS. 16 and 17, for example, the
following testing and calibration procedure may be used:

a) First, a convex glass surface (one face of a lens) having
a radius of curvature approximately the same as that of
the cornea is used to simulate the cornea and its surface
reflection. Preferably, this glass surface is placed in a
micrometer-adjusted mounting arrangement along the
longitudinal axis of the coil. The micrometer-adjusted
mounting arrangement permits rotation about two axes
(tip & tilt) and translation in three-dimensional x-y-z
space.

b) With the detector D1 connected to a voltage or current
meter, the convex glass surface located at its design
distance of 25 mm from lens L4 will be perfectly
aligned (tip/tilt/x/y/z) by maximizing the output signal
at the read-out meter.

¢) After perfect alignment is achieved, the alignment
detection arrangement is “detuned” for each of the
positional degrees of freedom (tip/tilt/x/y/z) and curves
are plotted for each degree of freedom to thereby define
the system’s sensitivity to alignment.

d) The sensitivity to alignment will be compared to the
desired tolerances in the reproducibility of measure-
ments and also can be based on the variance of the
magnetic force on the movable central piece as a
function of position.

¢) Thereafter, the sensitivity of the alignment system can
be changed as needed by such procedures as changing
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the size of the aperture in the silicon photodiode which
functions as the alignment sensor D1, and/or changing
an aperture stop at lens 1.4.

Next, the detection arrangement is tested for proper
operation. When the detection arrangement comprises the
optical detection arrangement illustrated in FIG. 16, for
example, the following testing and calibration procedure
may be used:

a) A flat glass surface (e.g., one face of a short polished
rod) with a diameter of preferably 4-5 mm is used to
simulate the applanated cornea and its surface reflec-
tion.

b) A black, opaque aperture defining mechanism (which
defines clear inner apertures with diameters ranging
from 0.5 to 4 mm and which has an outer diameter the
same as that of the rod) is arranged so as to partially
cover the face of the rod, thus simulating various stages
of applanation.

¢) The flat surfaced rod is placed in a mount along the
longitudinal axis of the coil in a micrometer-adjusted
mounting arrangement that can rotate about two axes
(tip & tilt) and translate in three-dimensional x-y-z
space.

d) The applanation sensor D2 is then connected to a
voltage or current meter, while the rod remains located
at its design distance of 25 mm from the lens 1.4 where
it is perfectly aligned (tip/tilt/x/y/z) by maximizing the
output signal from the applanation sensor D2.
Alignment, in this case, is not sensitive to X-axis
positioning.

¢) After perfect alignment is achieved, the alignment is
“detuned” for each of the positional degrees of freedom
(tip/tilt/x/y/z) and curves are plotted for each degree of
freedom thus defining the system’s sensitivity to align-
ment. Data of this kind is obtained for the variously
sized apertures (i.e. different degrees of applanation) at
the face of the rod.

f) The sensitivity to alignment is then compared to the
tolerances required for reproducing applanation mea-
surements which depends, in part, on the results
obtained in the aforementioned testing and calibration
method associated with the alignment apparatus.

2) The sensitivity of the applanation detecting arrange-
ment is then changed as needed by such procedures as
changing the size of the aperture in front of the appla-
nation sensor D2 and/or changing the aperture stop
(small hole) at the beam splitter BS2.

Further calibration and in-vitro measurements can be
carried out as follows: After the aforementioned calibration
and testing procedures have been carried out on the indi-
vidual subassemblies, all parts can be combined and the
system tested as an integrated unit. For this purpose, ten
enucleated animal eyes and ten enucleated human eyes are
measured in two separate series. The procedures for both eye
types are the same. The eyes are mounted in non-magnetic
holders, each having a central opening which exposes the
cornea and part of the sclera. A 23 gauge needle attached to
a short piece of polyethylene tubing is then inserted behind
the limbus through the sclera and ciliary body and advanced
so that the tip passes between the lens and iris. Side ports are
drilled in the cannulas about 2 mm from the tip to help avoid
blockage of the cannula by the iris or lens. This cannula is
attached to a pressure transducer with an appropriate display
element. A normal saline reservoir of adjustable height is
also connected to the pressure transducer tubing system. The
hydrostatic pressure applied to the eye by this reservoir is
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adjustable between 0 and 50 mm Hg, and intraocular pres-
sure over this range can be measured directly with the
pressure transducer.

In order to verity that the foregoing equipment is properly
set up for each new eye, a standard Goldman applanation
tonometer can be used to independently measure the eye’s
intraocular pressure at a single height of the reservoir. The
intraocular value measured using the Goldman system is
then compared to a simultaneously determined intraocular
pressure measured by the pressure transducer. Any problems
encountered with the equipment can be corrected if the two
measurements are significantly different.

The reservoir is used to change in 5 mm Hg sequential
steps the intraocular pressure of each eye over a range of
pressures from 5 to 50 mm Hg. At each of the pressures, a
measurement is taken using the system of the present
invention. Each measurement taken by the present invention
consists of recording three separate time-varying signals
over the time duration of the pulsed magnetic field. The three
signals are: 1) the current flowing in the coil of the actuation
apparatus as a function of time, labelled I(t), 2) the voltage
signal as a function of time from the applanation detector
D2, labelled APPLN(t), and 3) the voltage signal as a
function of time from the alignment sensor D1, labelled
ALIGN(t). The three signals, associated with each
measurement, are then acquired and stored in a computer
equipped with a multi-input “data acquisition and process-
ing” board and related software.

The computer allows many things to be done with the data
including: 1) recording and storing many signals for subse-
quent retrieval, 2) displaying graphs of the signals versus
time, 3) numerical processing and analyses in any way that
is desired, 4) plotting final results, 5) applying statistical
analyses to groups of data, and 6) labelling the data (e.g.
tagging a measurement set with its associated intraocular
pressure).

The relationship between the three time-varying signals
and intraocular pressure are as follows:

1. 1(t) is an independent input signal which is consistently
applied as current pulse from the power supply which
activates the actuation apparatus. This signal I(t) is essen-
tially constant from one measurement to another except for
minor shot-to-shot variations. I(t) is a “reference” waveform
against which the other waveforms, APPLN(t) and ALIGN
(t) are compared as discussed further below.

2. APPLN(1) is a dependent output signal. APPLN(t) has
a value of zero when I(t) is zero (i.e. at the very beginning
of the current pulse in the coil of the actuation apparatus.
The reason for this is that when 1=0, there is no magnetic
field and, consequently, no applanation force on the movable
central piece. As I(t) increases, so does the extent of appla-
nation and, correspondingly, so does APPLN(t). It is impor-
tant to note that the rate at which APPLN(t) increases with
increasing I(t) depends on the eye’s intraocular pressure.
Since eyes with low intraocular pressures applanate more
easily than eyes with high intraocular pressures in response
to an applanation force, it is understood that APPLN(t)
increases more rapidly for an eye having a low intraocular
pressure than it does for an eye having a high intraocular
pressure. Thus, APPLN(t) increases from zero at a rate that
is inversely proportional to the intraocular pressure until it
reaches a maximum value when full applanation is achieved.

3. ALIGN(}) is also a dependent output signal. Assuming
an eye is aligned in the setup, the signal ALIGN(t) starts at
some maximum value when I(t) is zero (i.e. at the very
beginning of the current pulse to the coil of the actuation
apparatus). The reason for this is that when I=0, there is no
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magnetic field and, consequently, no force on the movable
central piece which would otherwise tend to alter the cor-
nea’s curvature. Since corneal reflection is what gives rise to
the alignment signal, as I(t) increases causing applanation
(and, correspondingly, a decrease in the extent of corneal
curvature), the signal ALIGN(t) decreases until it reaches
zero at full applanation. It is important to note that the rate
at which ALIGN(t) decreases with increasing I(t) depends
on the eye’s intraocular pressure. Since eyes with low
intraocular pressure applanate more easily than eyes with
high intraocular pressure, it is understood that ALIGN(t)
decreases more rapidly for an eye having a low intraocular
pressure than for an eye having a high intraocular pressure.
Thus, ALIGN(t) decreases from some maximum value at a
rate that is inversely proportional to the intraocular pressure
until it reaches zero when full applanation is achieved.

From the foregoing, it is clear that the rate of change of
both output signals, APPLN and ALIGN, in relation to the
input signal I is inversely proportional to the intraocular
pressure. Therefore, the measurement of intraocular pressure
using the present invention may depend on determining the
SLOPE of the “APPLN versus I” measurement data (also,
although probably with less certainty, the slope of the
“ALIGN versus I” measurement data).

For the sake of brevity, the following description is
limited to the “APPLN versus I” data; however, it is under-
stood that the “ALIGN versus I” data can be processed in a
similar manner.

Plots of “APPLN versus [” can be displayed on the
computer monitor for the various measurements (all the
different intraocular pressures for each and every eye) and
regression analysis (and other data reduction algorithms) can
be employed in order to obtain the “best fit” SLOPE for each
measurement. Time can be spent in order to optimize this
data reduction procedure. The end result of a series of
pressure measurements at different intraocular pressures on
an eye (determined by the aforementioned pressure
transducer) will be a corresponding series of SLOPE’s
(determined by the system of the present invention).

Next, a single plot is prepared for each eye showing
SLOPE versus intraocular pressure data points as well as a
best-fitting curve through the data. Ideally, all curves for the
10 pig eyes are perfectly coincident—with the same being
true for the curves obtained for the 10 human eyes. If the
ideal is realized, any of the curves can be utilized (since they
all are the same) as a CALIBRATION for the present
invention. In practice, however, the ideal is probably not
realized.

Therefore, all of the SLOPE versus intraocular pressure
data for the 10 pig eyes is superimposed on a single plot
(likewise for the SLOPE versus intraocular pressure data for
the 10 human eyes). Such superimposing generally yields an
“averaged” CALIBRATION curve, and also indication of
the reliability associated with the CALIBRATION.

Next, the data in the single plots can be analyzed statis-
tically (one for pig eyes and one for human eyes) which, in
turn, shows a composite of all the SLOPE versus intraocular
pressure data. From the statistical analysis, it is possible to
obtain: 1) an averaged CALIBRATION curve for the present
invention from which one can obtain the most likely
intraocular pressure” associated with a measured SLOPE
value, 2) the Standard Deviation (or Variance) associated
with any intraocular pressure determination made using the
present invention, essentially the present invention’s
expected “ability” to replicate measurements, and 3) the
“reliability” or “accuracy” of the present invention’s CALI-
BRATION curve which is found from a “standard-error-of-
the-mean” analysis of the data.
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In addition to data obtained with the eyes aligned, it is also
possible to investigate the sensitivity of intraocular pressure
measurements made using the present invention, to transla-
tional and rotational misalignment.

ALTERNATIVE EMBODIMENT FOR
MEASURING INTRAOCULAR PRESSURE BY
INDENTATION

With reference to FIGS. 20A and 20B, an alternative
embodiment for measuring intraocular pressure by indenta-
tion will now be described.

The alternative embodiment includes an indentation dis-
tance detection arrangement and contact device. The contact
device has a movable central piece 16 of which only the
outside surface is illustrated in FIGS. 20A and 20B. The
outside surface of the movable central piece 16 is at least
partially reflective.

The indentation distance detection arrangement includes
two converging lenses L1 and L.2; a beam splitter BS1; a
light source LS for emitting a beam of light having a width
w; and a light detector LD responsive to the diameter of a
reflected beam impinging on a surface thereof.

FIG. 20A illustrates the alternative embodiment prior to
actuation of the movable central piece 16. Prior to actuation,
the patient is aligned with the indentation distance detection
arrangement so that the outer surface of the movable central
piece 16 is located at the focal point of the converging lens
L2. When the movable central piece 16 is so located, the
beam of light from the light source LS strikes the beam
splitter BS and is deflected through the converging lens L1
to impinge as a point on the reflective outer surface of the
movable central piece 16. The reflective outer surface of the
movable central piece 16 then reflects this beam of light
back through the converging lens L1, through the beam
splitter BS, and then through the converging lens 1.2 to strike
a surface of the light detector LD. Preferably, the light
detector LD is located at the focal point of the converging
lens 1.2 so that the reflected beam impinges on a surface of
the light detector LD as a point of virtually zero diameter
when the outer surface of the movable central piece remains
at the focal point of the converging lens L1.

Preferably, the indentation distance detection arrange-
ment is connected to a display device so as to generate an
indication of zero displacement when the outer surface of
the movable central piece 16 has yet to be displaced, as
shown in FIG. 20A.

By subsequently actuating the movable central piece 16
using an actuating device (preferably, similar to the actuat-
ing devices described above), the outer surface of the
movable central piece 16 moves progressively away from
the focal point of the converging lens L1, as illustrated in
FIG. 20B. As a result, the light beam impinging on the
reflective outer surface of the movable central piece 16 has
a progressively increasing diameter. This progressive
increase in diameter is proportional to the displacement from
the focal point of the converging lens L1. The resulting
reflected beam therefore has a diameter proportional to the
displacement and passes back through the converging lens
L1, through the beam splitter BS, through the converging
lens C2 and then strikes the surface of the light detector LD
with a diameter proportional to the displacement of the
movable central piece 16. Since the light detector LD is
responsive, as indicated above, to the diameter of the
reflected light beam, any displacement of the movable
central piece 16 causes a proportional change in output from
the light detector LD.
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Preferably, the light detector LD is a photoelectric con-
verter connected to the aforementioned display device and
capable of providing an output voltage proportional to the
diameter of the reflected light beam impinging upon the light
detector LD. The display device therefore provides a visual
indication of displacement based on the output voltage from
the light detector LD.

Alternatively, the output from the light detector LD may
be connected to an arrangement, as described above, for
providing an indication of intraocular pressure based on the
displacement of the movable central piece 16.

ADDITIONAL CAPABILITIES

Generally, the present apparatus and method makes it
possible to evaluate intraocular pressure, as indicated above,
as well as ocular rigidity, eye hydrodynamics such as
outflow facility and inflow rate of eye fluid, eye hemody-
namics such as the pressure in the episcleral veins and the
pulsatile ocular blood flow, and has also the ability to
artificially increase intraocular pressure, as well as the
continuous recording of intraocular pressure.

With regard to the measurement of intraocular pressure by
applanation, the foregoing description sets forth several
techniques for accomplishing such measurement, including
a variable force technique wherein the force applied against
the cornea varies with time. It is understood, however, that
a variable area method can also be implemented.

The apparatus can evaluate the amount of area applanated
by a known force. The pressure is calculated by dividing the
force by the amount of area that is applanated. The amount
of area applanated is determined using the optical means
and/or filters previously described.

A force equivalent to placing 5 gram of weight on the
cornea, for example, will applanate a first area if the pressure
is 30 mmeg, a second area if the pressure is 20 mmHg, a
third area if the pressure is 15 mmHg and so on. The area
applanated is therefore indicative of intraocular pressure.

Alternatively, intraocular pressure can be measured using
a non-rigid interface and general applanation techniques. In
this embodiment, a flexible central piece enclosed by the
magnet of the movable central piece is used and the trans-
parent part of the movable central piece acts like a micro-
balloon. This method is based on the principle that the
interface between two spherical balloons of unequal radius
will be flat if the pressures in the two balloons are equal. The
central piece with the balloon is pressed against the eye until
the eye/central piece interface is planar as determined by the
aforementioned optical means.

Also, with regard to the previously described arrangement
which measures intraocular pressure by indentation, an
alternative method can be implemented with such an
embodiment wherein the apparatus measures the force
required to indent the cornea by a predetermined amount.
This amount of indentation is determined by optical means
as previously described. The movable central piece is
pressed against the cornea to indent the cornea, for example,
0.5 mm (though it is understood that virtually any other
depth can be used). Achievement of the predetermined depth
is detected by the previously described optical means and
filters. According to tables, the intraocular pressure can be
determined thereafter from the force.

Yet another technique which the present invention facili-
tates use of is the ballistic principle. According to the
ballistic principle, a parameter of a collision between the
known mass of the movable central piece and the cornea is
measured. This measured parameter is then related theoreti-
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cally or experimentally to the intraocular pressure. The
following are exemplary parameters:

Impact acceleration

The movable central piece is directed at the cornea at a
well defined velocity. It collides with the cornea and,
after a certain time of contact, bounces back. The
time-velocity relationships during and after impact can
be studied. The applanating central piece may have a
spring connecting to the rigid annular member of the
contact device. If the corneal surface is hard, the impact
time will be short. Likewise, if the corneal surface is
soft the impact time will be longer. Optical sensors can
detect optically the duration of impact and how long it
takes for the movable central piece to return to its
original position.

Impact Duration

Intraocular pressure may also be estimated by measuring
the duration of contact of a spring driven movable
central piece with the eye. The amount of time that the
cornea remains flattened can be evaluated by the pre-
viously described optical means.

Rebound Velocity

The distance traveled per unit of time after bouncing is
also indicative of the rebound energy and this energy is
proportional to intraocular pressure.

Vibration Principle

The intraocular pressure also can be estimated by mea-
suring the frequency of a vibrating element in contact
with the contact device and the resulting changes in
light reflection are related to the pressure in the eye.

Time

The apparatus of the present invention can also be used,
as indicated above, to measure the time that it takes to
applanate the cornea. The harder the cornea, the higher
the intraocular pressure and thus the longer it takes to
deform the cornea. On the other hand, the softer the
cornea, the lower the intraocular pressure and thus the
shorter it takes to deform the cornea. Thus, the amount
of time that it takes to deform the cornea is proportional
to the intraocular pressure.

Additional uses and capabilities of the present invention
relate to alternative methods of measuring outflow facility
(tomography). These alternative methods include the use of
conventional indentation techniques, constant depth inden-
tation techniques, constant pressure indentation techniques,
constant pressure applanation techniques, constant area
applanation techniques, and constant force applanation tech-
niques.

1. Conventional Indentation

When conventional indentation techniques are utilized,
the movable central piece of the present invention is used to
indent the cornea and thereby artificially increase the
intraocular pressure. This artificial increase in intraocular
pressure forces fluid out of the eye more rapidly than
normal. As fluid leaves the eye, the pressure gradually
returns to its original level. The rate at which the intraocular
pressure falls depends on how well the eye’s drainage
system is functioning. The drop in pressure as a function of
time is used to calculated the C value or coefficient of
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outflow facility. The C value is indicative of the degree to
which a change in intraocular pressure will cause a change
in the rate of fluid outflow. This, in turn, is indicative of the
resistance to outflow provided by the eye’s drainage system.
The various procedures for determining outflow facility are
generally known as tomography and the C value is typically
expressed in terms of microliters per minute per millimeter
of mercury. The C value is determined by raising the
intraocular pressure using the movable central piece of the
contact device and observing the subsequent decay in
intraocular pressure with respect to time. The elevated
intraocular pressure increases the rate of aqueous outflow
which, in turn, provides a change in volume. This change in
volume can be calculated from the Friedenwald tables which
correlate volume change to pressure changes. The rate of
volume decrease equals the rate of outflow. The change in
intraocular pressure during the tonographic procedure can be
computed as an arithmetical average of pressure increments
for successive % minute intervals. The C value is derived
then from the following equation: C=AV/t*(Pave-Po), in
which t is the duration of the procedure, Pave is the average
pressure elevation during the test and can be measured, Po
is the initial pressure and it is also measured, and AV is
difference between the initial and final volumes and can be
obtained from known tables. The Flow (“F”) of fluid is then
calculated using the formula: F=C*(Po-Pv), in which Pv is
the pressure in the episcleral veins which can be measured
and generally has a constant value of 10.

2. Constant Depth Indentation

When constant depth indentation techniques are utilized,
the method involves the use of a variable force which is
necessary to cause a certain predetermined amount of inden-
tation in the eye. The apparatus of the present invention is
therefore configured so as to measure the force required to
indent the cornea by a predetermined amount. This amount
of indentation may be detected using optical means as
previously described. The movable central piece is pressed
against the cornea to indent the eye, for example, by
approximately 0.5 mm. The amount of indentation is
detected by the optical means and filters previously
described. With the central piece indenting the cornea using
a force equivalent to a weight of 10 grams, a 0.5 mm
indentation will be achieved under normal pressure condi-
tions (e.g., intraocular pressure of 15 mm Hg) and assuming
there is an average corneal curvature. With that amount of
indentation and using standard dimensions for the central
piece, 2.5 mm? of fluid will be displaced. The force recorded
by the present invention undergoes a slow decline and it
levels off at a more or less steady state value after 2 to 4
minutes. The decay in pressure is measured based on the
difference between the value of the first indentation of the
central piece and the final level achieved after a certain
amount of time. The pressure drop is due to the return of
pressure to its normal value, after it has been artificially
raised by the indentation caused by the movable central
piece. A known normal value of decay is used as a reference
and is compared to the values obtained. Since the foregoing
provides a continuous recording of pressure over time, this
method can be an important tool for physiological research
by showing, for example, an increase in pressure during
forced expiration. The pulse wave and pulse amplitude can
also be evaluated and the pulsatile blood flow calculated.

3. Constant Pressure Indentation

When constant pressure indentation techniques are
utilized, the intraocular pressure is kept constant by increas-
ing the magnetic field and thereby increasing the force
against the cornea as fluid leaks out of the eye. At any
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constant pressure, the force and rate of outflow are linearly
related according to the Friedenwald tonometry tables. The
intraocular pressure is calculated using the same method as
described for conventional indentation tonometry. The vol-
ume displacement is calculated using the tonometry tables.
The facility of outflow (C) may be computed using two
different techniques. According to the first technique, C can
be calculated from two constant pressure tonograms at
different pressures according to the equation, C={[(AV,/t,)
—(AV,/t,) 1/(P,-P,)}, in which 1 corresponds to a measure-
ment at a first pressure and 2 corresponds to a measurement
at a second pressure (which is higher than the first pressure).
The second way to calculate C is from one constant pressure
tonogram and an independent measure of intraocular pres-
sure using applanation tonometry (P,), in C=[(AV/)/(P-P -
AP )], where AP, is a correction factor for rise in episcleral
venous pressure with indentation tonometry, and P is the
intraocular pressure obtained using indentation tonometry.

4. Constant Pressure Applanation

When constant pressure applanation techniques are
utilized, the intraocular pressure is kept constant by increas-
ing the magnetic field and thus the force as fluid leaks out of
the eye. If the cornea is considered to be a portion of a
sphere, a mathematical formula relates the volume of a
spherical segment to the radius of curvature of the sphere
and the radius of the base of the segment. The volume
displaced is calculated based on the formula V=A*/(4*7*R),
in which V is volume, A is the area of the segment base, and
R is the radius of curvature of the sphere (this is the radius
of curvature of the cornea). Since A=weight/pressure, then
V=W?/(4**R*P?). The weight is constituted by the force in
the electromagnetic field, R is the curvature of the cornea
and can be measured with a keratometer, P is the pressure in
the eye and can be measured using the same method as
described for conventional applanation tonometry. It is
therefore possible to calculate the volume displaced and the
C value or outflow facility. The volume displaced, for
example, can be calculated at 15 second intervals and is
plotted as a function of time.

5. Constant Area Applanation

When constant area applanation techniques are utilized,
the method consists primarily of evaluating the pressure
decay curve while the flattened area remains constant. The
aforementioned optical applanation detecting arrangements
can be used in order to keep constant the area flattened by
the movable central piece. The amount of force necessary to
keep the flattened area constant decreases and this decrease
is registered. The amount of volume displaced according to
the different areas of applanation is known. For instance, a
5 mm applanating central piece displaces 4.07 mm> of
volume for the average corneal radius of 7.8 mm. Using the
formula AV/At=1/(R*AP), it is possible to calculate R which
is the reciprocal of C. Since a continuous recording of
pressure over time is provided, this method can be an
important tool for research and evaluation of blood flow.

6. Constant Force Applanation

When constant force applanation techniques are utilized,
the same force is constantly applied and the applanated area
is measured using any of the aforementioned optical appla-
nation detection arrangements. Once the area flattened by a
known force is measured, the pressure can be calculated by
dividing the force by the amount of area that is applanated.
As fluid leaves the eye the amount of area applanated
increases with time. This method consists primarily of
evaluating a resulting area augmentation curve while the
constant force is applied. The amount of volume displaced
according to the different areas of applanation is known.
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Using the formula AV/At=1/(R*AP), it is possible to calcu-
late R which is the reciprocal of C.

Still additional uses of the present invention relate to
detecting the frequency response of the eye, using indenta-
tion tonometry. In particular, if an oscillating force is applied
using the movable central piece 16, the velocity of the
movable central piece 16 is indicative of the eye’s frequency
response. The system oscillates at the resonant frequency
determined primarily by the mass of the movable central
piece 16. By varying the frequency of the force and by
measuring the response, the intraocular pressure can be
evaluated. The evaluation can be made by measuring the
resonant frequency and a significant variation in resonant
frequency can be obtained as a function of the intraocular
pressure.

The present invention may also be used with the forego-
ing conventional indentation techniques, but where the
intraocular pressure used for calculation is measured using
applanation principles. Since applanation virtually does not
disturb the hydrodynamic equilibrium because it displaces a
very small volume, this method can be considered more
accurate than intraocular pressure measurements made using
traditional indentation techniques.

Another use of the present invention involves a time-
related way of measuring the resistance to outflow. In
particular, the resistance to outflow is detected by measuring
the amount of time necessary to transfigure the cornea with
either applanation or indentation. The time necessary to
displace, for example, 5 microliters of eye fluid would be 1
second for normal patients and above 2 seconds for
glaucoma-stricken individuals.

Yet another use of the present invention involves mea-
suring the inflow of eye fluid. In particular, this measure-
ment is made by applying the formula F=AP/R, in which AP
is P-P , and P is the steady state intraocular pressure and P,
is the episcleral venous pressure which, for purposes of
calculation, is considered constant at 10. R is the resistance
to outflow, which is the reciprocal of C that can be calcu-
lated. F, in units of volume/min, can then be calculated.

The present invention is also useful at measuring ocular
rigidity, or the distensibility of the eye in response to an
increased intraocular pressure. The coefficient of ocular
rigidity can be calculated using a nomogram which is based
on two tonometric readings with different weights. A series
of conversion tables to calculate the coefficient of ocular
rigidity was developed by Friedenwald. The technique for
determining ocular rigidity is based on the concept of
differential tonometry, using two indentation tonometric
readings with different weights or more accurately, using
one indentation reading and one applanation reading and
plotting these readings on the nomogram. Since the present
invention can be used to measure intraocular pressure using
both applanation and indentation techniques, a more accu-
rate evaluation of the ocular rigidity can be achieved.

Measurements of intraocular pressure using the apparatus
of the present invention can also be used to evaluate
hemodynamics, in particular, eye hemodynamics and pul-
satile ocular blood flow. The pulsatile ocular blood flow is
the component of the total ocular arterial inflow that causes
a rhythmic fluctuation of the intraocular pressure. The
intraocular pressure varies with each pulse due to the
pulsatile influx of a bolus of arterial blood into the eye with
each heartbeat. This bolus of blood enters the intraocular
arteries with each heartbeat causing a temporary increase in
the intraocular pressure. The period of inflow causes a
stretching of the eye walls with a concomitant increase in
pressure followed by a relaxation to the previous volume
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and a return to the previous pressure as the blood drains from
the eye. If this process of expansion during systole
(contraction of the heart) and contraction during diastole
(relaxation of the heart) occurs at a certain pulse rate, then
the blood flow rate would be the incremental change in eye
volume times the pulse rate.

The fact that intraocular pressure varies with time accord-
ing to the cardiac cycle is the basis for measuring pulsatile
ocular blood flow. The cardiac cycle is approximately in the
order of 0.8 Hz. The present invention can measure the time
variations of intraocular pressure with a frequency that is
above the fundamental human heart beat frequency allowing
the evaluation and recording of intraocular pulse. In the
normal human eye, the intraocular pulse has a magnitude of
approximately 3 mm Hg and is practically synchronous with
the cardiac cycle.

As described, measurements of intraocular pressure show
a time variation that is associated with the pulsatile compo-
nent of arterial pressure. Experimental results provide means
of transforming ocular pressure changes into eye volume
changes. Each bolus of blood entering the eye increases the
ocular volume and the intraocular pressure. The observed
changes in pressure reflect the fact that the eye volume must
change to accommodate changes in the intraocular blood
volume induced by the arterial blood pulse. This pulse
volume is small relative to the ocular volume, but because
the walls of the eye are stiff, the pressure increase required
to accommodate the pulse volume is significant and can be
measured. Therefore, provided that the relationship between
the increased intraocular pressure and increased ocular vol-
ume is known, the volume of the bolus of fluid can be
determined. Since this relationship between pressure change
and volume change has been well established (Friedenwald
1937, McBain 1957, Ytteborg 1960, Eisenlohr 1962, McE-
wen 1965), the pressure measurements can be used to obtain
the volume of a bolus of blood and thereby determine the
blood flow.

The output of the tonometer for the instantaneous pressure
can be converted into instantaneous change in eye volume as
a function of time. The time derivative of the change in
ocular volume is the net instantaneous pulsatile component
of the ocular blood flow. Under these conditions, the rate of
pulsatile blood flow through the eye can be evaluated from
the instantaneous measurement of intraocular pressure. In
order to rapidly quantify and analyze the intraocular pulse,
the signal from the tonometer may be digitalized and fed into
a computer.

Moreover, measurements of intraocular pressure can be
used to obtain the intraocular volume through the use of an
independently determined pressure-volume relationship
such as with the Friedenwald equation (Friedenwald, 1937).
A mathematical model based on experimental data from the
pressure volume relationship (Friedenwald 1937, McBain
1957, Eisenlohr 1962, McEwen 1965) can also be used to
convert a change in ocular pressure into a change in ocular
volume.

In addition, a model can also be constructed to estimate
the ocular blood flow from the appearance of the intraocular
pressure waveform. The flow curve is related to parameters
that come from the volume change curve. This curve is
indirectly measured since the intraocular pressure is the
actual measured quantity which is transformed into volume
change through the use of the measured pressure-volume
relation. The flow is then computed by taking the change in
volume Vmax-Vmin multiplied by a constant that is related
to the length of the time interval of the inflow and the total
pulse length. Known mathematical calculations can be used
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to evaluate the pulsatile component of the ocular blood flow.
Since the present invention can also be used to measure the
ocular rigidity, this parameter of coefficient of ocular rigidity
can be used in order to more precisely calculate individual
differences in pulsatile blood flow.

Moreover, since the actuation apparatus 6 and contact
device 2 of the present invention preferably include trans-
parent portions, the pulsatile blood flow can be directly
evaluated optically to quantify the change in size of the
vessels with each heart beat. A more precise evaluation of
blood flow therefore can be achieved by combining the
changes in intraocular pulse with changes in vessel diameter
which can be automatically measured optically.

Avast amount of data about the vascular system of the eye
and central nervous system can be obtained after knowing
the changes in intraocular pressure over time and the amount
of pulsatile ocular blood flow. The intraocular pressure and
intraocular pulse are normally symmetrical in pairs of eyes.
Consequently, a loss of symmetry may serve as an early sign
of ocular or cerebrovascular disease. Patients afflicted with
diabetes, macular degeneration, and other vascular disorders
may also have a decreased ocular blood flow and benefit
from evaluation of eye hemodynamics using the apparatus
of the present invention.

The present invention may also be used to artificially
elevate intraocular pressure. The artificial elevation of
intraocular pressure is an important tool in the diagnosis and
prognosis of eye and brain disorders as well as an important
tool for research.

Artificial elevation of intraocular pressure using the
present invention can be accomplished in different ways.
According to one way, the contact device of the present
invention is modified in shape for placement on the sclera
(white of the eye). This arrangement, which will be
described hereinafter, is illustrated in FIGS. 21-22, wherein
the movable central piece 16 may be larger in size and is
preferably actuated against the sclera in order to elevate the
intraocular pressure. The amount of indentation can be
detected by the optical detection system previously
described.

Another way of artificially increasing the intraocular
pressure is by placing the contact device of the present
invention on the cornea in the same way as previously
described, but using the movable central piece to apply a
greater amount of force to achieve deeper indentation. This
technique advantageously allows visualization of the eye
while exerting the force, since the movable central portion
of the contact device is preferably transparent. According to
this technique, the size of the movable central piece can also
be increased to indent a larger area and thus create a higher
artificial increase of intraocular pressure. Preferably, the
actuation apparatus also has a transparent central portion, as
indicated above, to facilitate direct visualization of the eye
and retina while the intraocular pressure is being increased.
When the intraocular pressure exceeds the ophthalmic arte-
rial diastolic pressure, the pulse amplitude and blood flow
decreases rapidly. Blood flow becomes zero when the
intraocular pressure is equal or higher than the ophthalmic
systolic pressure. Thus, by allowing direct visualization of
the retinal vessels, one is able to determine the exact
moment that the pulse disappears and measure the pressure
necessary to promote the cessation of the pulse which, in
turn, is the equivalent of the pulse pressure in the ophthalmic
artery. The present invention thus allows the measurement of
the pressure in the arteries of the eye.

Also, by placing a fixation light in a back portion of the
actuation apparatus and asking the patient to indicate when
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he/she can no longer see the light, one can also record the
pressure at which a patient’s vision ceases. This also would
correspond to the cessation of the pulse in the artery of the
eye. The pressure in which vessels open can also be deter-
mined by increasing intraocular pressure until the pulse
disappears and then gradually decreasing the intraocular
pressure until the pulse reappears. Thus, the intraocular
pressure necessary for vessels to open can be evaluated.

It is important to note that the foregoing measurements
can be performed automatically using an optical detection
system, for example, by aiming a light beam at the pulsating
blood vessel. The cessation of pulsation can be optically
recognized and the pressure recorded. An attenuation of
pulsations can also be used as the end point and can be
optically detected. The apparatus also allows direct visual-
ization of the papilla of the optic nerve while an increased
intraocular pressure is produced. Thus, physical and chemi-
cal changes occurring inside the eye due to the artificial
increase in intraocular pressure may be evaluated at the
same time that pressure is measured.

Advantageously, the foregoing test can be performed on
patients with media opacities that prevent visualization of
the back of the eye. In particular, the aforementioned pro-
cedure wherein the patient indicates when vision ceases is
particular useful in patients with media opacities. The fading
of the peripheral vision corresponds to the diastolic pressure
and fading of the central vision corresponds to the systolic
pressure.

The present invention, by elevating the intraocular
pressure, as indicated above and by allowing direct visual-
ization of blood vessels in the back of the eye, may be used
for tamponade (blockade of bleeding by indirect application
of pressure) of hemorrhagic processes such as those which
occur, for example, in diabetes and macular degeneration.
The elevation of intraocular pressure may also be beneficial
in the treatment of retinal detachments.

As yet another use of the present invention, the afore-
mentioned apparatus also can be used to measure outflow
pressure of the eye fluid. In order to measure outflow
pressure in the eye fluid, the contact device is placed on the
cornea and a measurable pressure is applied to the cornea.
The pressure causes the aqueous vein to increase in diameter
when the pressure in the cornea equals the outflow pressure.
The pressure on the cornea is proportional to the outflow
pressure. The flow of eye fluid out of the eye is regulated
according to Poiseuille’s Law for laminar currents. If resis-
tance is inserted into the formula, the result is a formula
similar to Ohm’s Law. Using these known formulas, the rate
of flow (volume per time) can be determined. The change in
the diameter of the vessel which is the reference point can
be detected manually by direct observation and visualization
of the change in diameter or can be done automatically using
an optical detection system capable of detecting a change in
reflectivity due to the amount of fluid in the vein and the
change in the surface area. The actual cross-section of the
vein can be detected using an optical detection system.

The eye and the brain are hemodynamically linked by the
carotid artery and the autonomic nervous system. Pathologi-
cal changes in the carotid, brain, heart, and the sympathetic
nervous system can secondarily affect the blood flow to the
eye. The eye and the brain are low vascular resistance
systems with high reactivity. The arterial flow to the brain is
provided by the carotid artery. The ophthalmic artery
branches off of the carotid at a 90 degree angle and measures
approximately 0.5 mm in diameter in comparison to the
carotid which measures 5 mm in diameter. Thus, most
processes that affect the flow to the brain will have a
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profound effect on the eye. Moreover, the pulsation of the
central retinal artery may be used to determine the systolic
pressure in the ophthalmic artery, and due to its anatomic
relationship with the cerebral circulatory system, the pres-
sure in the brain’s vessels can be estimated. Total or partial
occlusion of the vascular system to the brain can be deter-
mined by evaluating the ocular blood flow. There are numer-
ous vascular and nervous system lesions that alter the ocular
pulse amplitude and/or the intraocular pressure curve of the
eye. These pathological situations may produce asymmetry
of measurements between the two eyes and/or a decrease of
the central retinal artery pressure, decrease of pulsatile blood
flow and alter the pulse amplitude.

An obstruction in the flow in the carotid (cerebral
circulation) can be evaluated by analyzing the ocular pulse
amplitude and area, pulse delay and pulse width, form of the
wave and by harmonic analysis of the ocular pulse.

The eye pulsation can be recorded optically according to
the change in reflection of the light beam projected to the
cornea. The same system used to record distance traveled by
the movable central piece during indentation can be used on
the bare cornea to detect the changes in volume that occurs
with each pulsation. The optical detection system records the
variations in distance from the surface of the cornea that
occurs with each heart beat. These changes in the position of
the cornea are induced by the volume changes in the eye.
From the pulsatile character of these changes, the blood flow
to the eye can be calculated.

With the aforementioned technique of artificial elevation
of pressure, it is possible to measure the time necessary for
the eye to recover to its baseline and this recovery time is an
indicator of the presence of glaucoma and of the coefficient
of outflow facility.

The present invention may also be used to measure
pressure in the vessels on the surface of the eye, in particular
the pressure in the episcleral veins. The external pressure
necessary to collapse a vein is utilized in this measurement.
The method involves applying a variable force over a
constant area of conjunctiva overlying the episcleral vein
until a desired end point is obtained. The pressure is applied
directly onto the vessel itself and the preferred end point is
when the vessel collapses. However, different end points
may be used, such as blanching of the lo vessel which occurs
prior to the collapse. The pressure of the end point is
determined by dividing the force applied by the area of the
applanating central piece in a similar way as is used for
tonometry. The vessel may be observed through a transpar-
ent applanating movable central piece using a slit-lamp
biomicroscope. The embodiment for this technique prefer-
ably includes a modified contact device which fits on the
sclera (FIG. 23). The preferred size of the tip ranges from
250 micrometers to 500 micrometers. Detection of the end
point can be achieved either manually or automatically.

According to the manual arrangement, the actuation appa-
ratus is configured for direct visualization of the vessel
through a transparent back window of the actuation
apparatus, and the time of collapse is manually controlled
and recorded. According to an automatic arrangement, an
optical detection system is configured so that, when the
blood stream is no longer visible, there is a change in a
reflected light beam in the same way as described above for
tonometry, and consequently, the pressure for collapse is
identifiable automatically. The end point marking in both
situations is the disappearance of the blood stream, one
detected by the operator’s vision and the other detected by
an optical detection system. Preferably, in both cases, the
contact device is designed in a way to fit the average
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curvature of the sclera and the movable central piece, which
can be a rigid or flexible material, is used to compress the
vessel.

The present invention may also be used to provide real-
time recording of intraocular pressure. A built-in single chip
microprocessor can be made responsive to the intraocular
pressure measurements over time and can be programmed to
create and display a curve relating pressure to time. The
relative position of the movable central piece can be
detected, as indicated above, using an optical detection
system and the detected position in combination with infor-
mation regarding the amount of current flowing through the
coil of the actuation apparatus can be rapidly collected and
analyzed by the microprocessor to create the aforementioned
curve.

It is understood that the use of a microprocessor is not
limited to the arrangement wherein curves are created. In
fact, microprocessor technology may be used to create at
least the aforementioned calculation unit 10 of the present
invention. A microprocessor preferably evaluates the signals
and the force that is applied. The resulting measurements
can be recorded or stored electronically in a number of ways.
The changes in current over time, for example, can be
recorded on a strip-chart recorder. Other methods of record-
ing and storing the data can be employed. Logic micropro-
cessor control technology can also be used in order to better
evaluate the data.

Still other uses of the present invention relate to evalua-
tion of pressure in deformable materials in industry and
medicine. One such example is the use of the present
invention to evaluate soft tissue, such as organs removed
from cadavers. Cadaver dissection is a fundamental method
of learning and studying the human body. The deformability
of tissues such as the brain, liver, spleen, and the like, can be
measured using the present invention and the depth of
indentation can be evaluated. In this regard, the contact
device of the present invention can be modified to fit over
the curvature of an organ. When the movable central piece
rests upon a surface, it can be actuated to project into the
surface a distance which is inversely proportional to the
tension of the surface and rigidity of the surface to defor-
mation.

The present invention can also be used to evaluate and
quantify the amount of cicatrization, especially in burn scar
therapy. The present invention can be used to evaluate the
firmness of the scar in comparison to normal skin areas. The
scar skin tension is compared to the value of normal skin
tension. This technique can be used to monitor the therapy
of patients with burn scars allowing a numerical quantifi-
cation of the course of cicatrization. This technique can also
be used as an early indicator for the development of hyper-
trophic (thick and elevated) scarring. The evaluation of the
tissue pressure and deformability in a variety of conditions
such as: a) lymphoedema b) post-surgical effects, such as
with breast surgery, and ¢) endoluminal pressures of hollow
organs, is also possible with the apparatus. In the above
cases, the piston-like arrangement provided by the contact
device does not have to be placed in an element that is
shaped like a contact lens. To the contrary, any shape and
size can be used, with the bottom surface preferably being
flat and not curved like a contact lens.

Yet another use of the present invention relates to pro-
viding a bandage lens which can be used for extended
periods of time. Glaucoma and increased intraocular pres-
sure are leading causes for rejection of corneal transplants.
Many conventional tonometers in the market are unable to
accurately measure intraocular pressure in patients with
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corneal disease. For patients with corneal disease and who
have recently undergone corneal transplant, a thinner and
larger contact device is utilized and this contact device can
be used for a longer period of time. The device also
facilitates measurement of intraocular pressure in patients
with corneal disease which require wearing of contact lenses
as part of their treatment.

The present invention may also be modified to noninva-
sively measure infant intracranial pressure, or to provide
instantaneous and continuous monitoring of blood pressure
through an intact wall of a blood vessel. The present
invention may also be used in conjunction with a digital
pulse meter to provide synchronization with the cardiac
cycle. Also, by providing a contact microphone, arterial
pressure can be measured.

The present invention may also be used to create a dual
tonometer arrangement in one eye. A first tonometer can be
defined by the contact device of the present invention
applied over the cornea, as described above. The second
tonometer can be defined by the previously mentioned
contact device which is modified for placement on the
temporal sclera. In using the dual tonometer arrangement, it
is desirable to permit looking into the eye at the fundus while
the contact devices are being actuated. Accordingly, at least
the movable central piece of the contact device placed over
the cornea is preferably transparent so that the fundus can be
observed with a microscope.

Although the foregoing illustrated embodiments of the
contact device generally show only one movable central
piece 16 in each contact device 2, it is understood that more
than one movable central piece 16 can be provided without
departing from the scope and spirit of the present invention.
Preferably, the multiple movable central pieces 16 would be
concentrically arranged in the contact device 2, with at least
one of the flexible membranes 14 interconnecting the con-
centrically arranged movable central pieces 16. This
arrangement of multiple movable central pieces 16 can be
combined with any of the aforementioned features to
achieve a desired overall combination.

Although the foregoing preferred embodiments include at
least one magnetically actuated movable central piece 16, it
is understood that there are many other techniques for
actuating the movable central piece 16. Sound or ultrasound
generation techniques, for example, can be used to actuate
the movable central piece. In particular, the sonic or ultra-
sonic energy can be directed to a completely transparent
version of the movable central piece which, in turn, moves
in toward the cornea in response to the application of such
energy.

Similarly, the movable central piece may be provided with
means for retaining a static electrical charge. In order to
actuate such a movable central piece, an actuation mecha-
nism associated therewith would create an electric field of
like polarity, thereby causing repulsion of the movable
central piece away from the source of the electric field.

Other actuation techniques, for example, include the
discharge of fluid or gas toward the movable central piece,
and according to a less desirable arrangement, physically
connecting the movable central piece to a mechanical actua-
tion device which, for example, may be motor driven and
may utilize a strain gauge.

Alternatively, the contact device may be eliminated in
favor of a movable central piece in an actuation apparatus.
According to this arrangement, the movable central piece of
the actuation apparatus may be connected to a slidable shaft
in the actuation apparatus, which shaft is actuated by a
magnetic field or other actuation means. Preferably, a phy-
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sician applies the movable central piece of the actuation
apparatus to the eye and presses a button which generates the
magnetic field. This, in turn, actuates the shaft and the
movable central piece against the eye. Preferably, the actua-
tion apparatus, the shaft, and the movable central piece of
the actuation apparatus are appropriately arranged with
transparent portions so that the inside of the patient’s eye
remains visible during actuation.

Any of the above described detection techniques, includ-
ing the optical detection technique, can be used with the
alternative actuation techniques.

Also, the movable central piece 16 may be replaced by an
inflatable bladder (not shown) disposed inside the hole of the
substantially rigid annular member 12. When inflated, the
bladder extends out of the hole in the substantially rigid
annular member 12 and toward the cornea.

Similarly, although some of the foregoing preferred
embodiments utilize an optical arrangement for determining
when the predetermined amount of applanation has been
achieved, it is understood that there are many other tech-
niques for determining when applanation occurs. The con-
tact device, for example, may include an electrical contact
arranged so as to make or break an electrical circuit when the
movable central piece moves a distance corresponding to
that which is necessary to produce applanation. The making
or breaking of the electrical circuit is then used to signify the
occurrence of applanation.

It is also understood that, after applanation has occurred,
the time which it takes for the movable central piece 16 to
return to the starting position after termination of the actu-
ating force will be indicative of the intraocular pressure.
When the intraocular pressure is high, the movable central
piece 16 returns more quickly to the starting position.
Similarly, for lower intraocular pressures, it takes longer for
the movable central piece 16 to return to its starting position.
Therefore, the present invention can be configured to also
consider the return time of the movable central piece 16 in
determining the measured intraocular pressure.

As indicated above, the present invention may be formed
with a transparent central portion in the contact device. This
transparent central portion advantageously permits visual-
ization of the inside of the eye (for example, the optic nerve)
while the intraocular pressure is artificially increased using
the movable central piece. Some of the effects of increased
intraocular pressure on the optic nerve, retina, and vitreous
are therefore readily observable through the present
invention, while intraocular pressure is measured simulta-
neously.

With reference to FIGS. 21 and 22, although the foregoing
examples describe placement of the contact device 2 on the
cornea, it is understood that the contact device 2 of the
present invention may be configured with a quasi-triangular
shape (defined by the substantially rigid annular member) to
facilitate placement of the contact device 2 on the sclera of
the eye.

With reference to FIGS. 23 and 24, the contact device 2
of the present invention may be used to measure episcleral
venous pressure. Preferably, when episcleral venous pres-
sure is to be measured, the movable central piece 6 has a
transparent centrally disposed frustoconical projection 16P.
The embodiment illustrated in FIG. 24 advantageously
permits visualization of the subject vein through at least the
transparent central portion of the movable central piece 16.

Furthermore, as indicated above, the present invention
may also be used to measure pressure in other parts of the
body (for example, scar pressure in the context of plastic
surgery) or on surfaces of various objects. The contact
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device of the present invention, therefore, is not limited to
the corneal-conforming curved shape illustrated in connec-
tion with the exemplary embodiments, but rather may have
various other shapes including a generally flat configuration.

ALTERNATIVE EMBODIMENT ACTUATED BY
CLOSURE OF THE EYE LID

With reference to FIGS. 25-31, an alternative embodi-
ment of the system will now be described. The alternative
apparatus and method uses the force and motion generated
by the eye lid during blinking and/or closure of the eyes to
act as the actuation apparatus and activate at least one
transducer 400 mounted in the contact device 402 when the
contact device 402 is on the cornea. The method and device
facilitate the remote monitoring of pressure and other physi-
ological events by transmitting the information through the
eye lid tissue, preferably via electromagnetic waves. The
information transmitted is recovered at a receiver 404
remotely placed with respect to the contact device 400,
which receiver 404 is preferably mounted in the frame 408
of a pair of eye glasses. This alternative embodiment also
facilitates utilization of forceful eye lid closure to measure
outflow facility. The transducer is preferably a microminia-
ture pressure-sensitive transducer 400 that alters a radio
frequency signal in a manner indicative of physical pressure
exerted on the transducer 400.

Although the signal response from the transducer 400 can
be communicated by cable, it is preferably actively or
passively transmitted in a wireless manner to the receiver
404 which is remotely located with respect to the contact
device 402. The data represented by the signal response of
the transducer 402 can then be stored and analyzed. Infor-
mation derived from this data can also be communicated by
telephone using conventional means.

According to the alternative embodiment, the apparatus
comprises at least one pressure-sensitive transducer 400
which is preferably activated by eye lid closure and is
mounted in the contact device 402. The contact device 402,
in turn, is located on the eye. In order to calibrate the system,
the amount of motion and squeezing of the contact device
402 during eye lid motion/closure is evaluated and calcu-
lated. As the upper eyelid descends during blinking, it
pushes down and squeezes the contact device 402, thereby
forcing the contact device 402 to undergo a combined
sliding and squeezing motion.

Since normal individuals involuntarily blink approxi-
mately every 2 to 10 seconds, this alternative embodiment of
the present invention provides frequent actuation of the
transducer 400. In fact, normal individuals wearing a contact
device 402 of this type will experience an increase in the
number of involuntary blinks, and this, in turn, tends to
provide quasi-continuous measurements. During sleep or
with eyes closed, since there is uninterrupted pressure by the
eye lid, the measurements can be taken continuously.

As indicated above, during closure of the eye, the contact
device 402 undergoes a combined squeezing and sliding
motion caused by the eye lid during its closing phase.
Initially the upper eye lid descends from the open position
until it meets the upper edge of the contact device 402,
which is then pushed downward by approximately 0.5 mm
to 2 mm. This distance depends on the type of material used
to make the structure 412 of the contact device 402 and also
depends on the diameter thereof.

When a rigid structure 412 is used, there is little initial
overlap between the lid and the contact device 402. When a
soft structure 412 is used, there is a significant overlap even
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during this initial phase of eye lid motion. After making this
initial small excursion the contact device 402 comes to rest,
and the eye lid then slides over the outer surface of the
contact device 402 squeezing and covering it. It is important
to note that if the diameter of the structure 412 is greater than
the lid aperture or greater than the corneal diameter, the
upper lid may not strike the upper edge of the contact device
402 at the beginning of a blink.

The movement of the contact device 402 terminates
approximately at the corneo-scleral junction due to a slope
change of about 13 degrees in the area of intersection
between cornea (radius of 9 mm) and sclera (radius of 11.5
mm). At this point the contact device 402, either with a rigid
or soft structure 412, remains immobile and steady while the
eye lid proceeds to cover it entirely.

When a rigid structure 412 is used, the contact device 402
is usually pushed down 0.5 mm to 2 mm before it comes to
rest. When a soft structure 412 is used, the contact device
402 1s typically pushed down 0.5 mm or less before it comes
to rest. The larger the diameter of the contact device 402, the
smaller the motion, and when the diameter is large enough
there may be zero vertical motion. Despite these differences
in motion, the squeezing effect is always present, thereby
allowing accurate measurements to be taken regardless of
the size of the structure 412. Use of a thicker structure 412
or one with a flatter surface results in an increased squeezing
force on the contact device 402.

The eye lid margin makes a re-entrant angle of about 35
degrees with respect to the cornea. A combination of forces,
possibly caused by the contraction of the muscle of Riolan
near the rim of the eye lid and of the orbicularis muscle, are
applied to the contact device 402 by the eye lid. A horizontal
force (normal force component) of approximately 20,000 to
25,000 dynes and a vertical force (tangential force
component) of about 40 to 50 dynes is applied on the contact
device 402 by the upper eye lid. In response to these forces,
the contact device 402 moves both toward the eye and
tangentially with respect thereto. At the moment of maxi-
mum closure of the eye, the tangential motion and force are
zero and the normal force and motion are at a maximum.

The horizontal lid force of 20,000 to 25,000 dynes press-
ing the contact device 402 against the eye generates enough
motion to activate the transducer 400 mounted in the contact
device 402 and to permit measurements to be performed.
This eye lid force and motion toward the surface of the eye
are also capable of sufficiently deforming many types of
transducers or electrodes which can be mounted in the
contact device 402. During blinking, the eye lids are in full
contact with the contact device 402 and the surface of each
transducer 400 is in contact with the cornea/tear film and/or
inner surface of the eye lid.

The microminiature pressure-sensitive radio frequency
transducer 400 preferably consists of an endoradiosonde
mounted in the contact device 402 which, in turn, is pref-
erably placed on the cornea and is activated by eye lid
motion and/or closure. The force exerted by the eye lid on
the contact device 402, as indicated above, presses it against
the cornea.

According to a preferred alternative embodiment illus-
trated in FIG. 26, the endoradiosonde includes two opposed
matched coils which are placed within a small pellet. The flat
walls of the pellet act as diaphragms and are attached one to
each coil such that compression of the diaphragm by the eye
lid brings the coils closer to one another. Since the coils are
very close to each other, minimal changes in their separation
affect their resonant frequency.
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A remote grid-dip oscillator 414 may be mounted at any
convenient location near the contact device 402, for
example, on a hat or cap worn by the patient. The remote
grid-dip oscillator 414 is used to induce oscillations in the
transducer 400. The resonant frequency of these oscillations
is indicative of intraocular pressure.

Briefly, the contact of the eye lid with the diaphragms
forces a pair of parallel coaxial archimedean-spiral coils in
the transducer 400 to move closer together. The coils con-
stitute a high-capacitance distributed resonant circuit having
a resonant frequency that varies according to relative coil
spacing. When the coils approach one another, there is an
increase in the capacitance and mutual inductance, thereby
lowering the resonant frequency of the configuration. By
repeatedly scanning the frequency of an external inductively
coupled oscillating detector of the grid-dip type, the elec-
tromagnetic energy which is absorbed by the transducer 400
at its resonance is sensed through the intervening eye lid
tissue.

Pressure information from the transducer 400 is prefer-
ably transmitted by radio link telemetry. Telemetry is a
preferred method since it can reduce electrical noise pickup
and eliminates electric shock hazards. FM (frequency
modulation) methods of transmission are preferred since FM
transmission is less noisy and requires less gain in the
modulation amplifier, thus requiring less power for a given
transmission strength. FM is also less sensitive to variations
in amplitude of the transmitted signal.

Several other means and transducers can be used to
acquire a signal indicative of intraocular pressure from the
contact device 402. For example, active telemetry using
transducers which are energized by batteries or using cells
that can be recharged in the eye by an external oscillator, and
active transmitters which can be powered from a biologic
source can also be used.

The preferred method to acquire the signal, however,
involves at least one of the aforementioned passive pressure
sensitive transducers 400 which contain no internal power
source and operate using energy supplied from an external
source to modify the frequency emitted by the external
source. Signals indicative of intraocular ocular pressure are
based on the frequency modification and are transmitted to
remote extra-ocular radio frequency monitors. The resonant
frequency of the circuit can be remotely sensed, for
example, by a grid-dip meter.

In particular, the grip-dip meter includes the aforemen-
tioned receiver 404 in which the resonant frequency of the
transducer 400 can be measured after being detected by
external induction coils 415 mounted near the eye, for
example, in the eyeglass frames near the receiver or in the
portion of the eyeglass frames which surround the eye. The
use of eyeglass frames is especially practical in that the
distance between the external induction coils 415 and the
radiosonde is within the typical working limits thereof. It is
understood, however, that the external induction coils 415,
which essentially serve as a receiving antenna for the
receiver 404 can be located any place that minimizes signal
attenuation. The signal from the external induction coils 415
(or receiving antenna) is then received by the receiver 404
for amplification and analysis.

When under water, the signal may be transmitted using
modulated sound signals because sound is less attenuated by
water than are radio waves. The sonic resonators can be
made responsive to changes in temperature and voltage.

Although the foregoing description includes some pre-
ferred methods and devices in accordance with the alterna-
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tive embodiment of the present invention, it is understood
that the invention is not limited to these preferred devices
and methods. For example, many other types of miniature
pressure sensitive radio transmitters can be used and
mounted in the contact device, and any microminiature
pressure sensor that modulates a signal from a radio trans-
mitter and sends the modulated signal to a nearby radio
receiver can be used.

Other devices such as strain gauges, preferably piezoelec-
tric pressure transducers, can also be used on the cornea and
are preferably activated by eye lid closure and blinking. Any
displacement transducer contained in a distensible case also
can be mounted in the contact device. In fact, many types of
pressure transducers can be mounted in and used by the
contact device. Naturally, virtually any transducer that can
translate the mechanical deformation into electric signals is
usable.

Since the eye changes its temperature in response to
changes in pressure, a pressure-sensitive transducer which
does not require motion of the parts can also be used, such
as a thermistor. Alternatively, the dielectric constant of the
eye, which also changes in response to pressure changes, can
be evaluated to determine intraocular pressure. In this case,
a pressure-sensitive capacitor can be used. Piezoelectric and
piezo-resistive transducers, silicon strain gauges, semicon-
ductor devices and the like can also be mounted and acti-
vated by blinking and/or closure of the eyes.

In addition to providing a novel method for performing
single measurements, continuous measurements, and self-
measurement of intraocular pressure during blinking or with
the eyes closed, the apparatus can also be used to measure
outflow facility and other physiological parameters. The
inventive method and device offer a unique approach to
measuring outflow facility in a physiological manner and
undisturbed by the placement of an external weight on the
eye.

In order to determine outflow facility in this fashion, it is
necessary for the eye lid to create the excess force necessary
to squeeze fluid out of the eye. Because the present invention
permits measurement of pressure with the patient’s eyes
closed, the eye lids can remain closed throughout the pro-
cedure and measurements can be taken concomitantly. In
particular, this is accomplished by forcefully squeezing the
eye lids shut. Pressures of about 60 mm Hg will occur, which
is enough to squeeze fluid out of the eye and thus evaluate
outflow facility. The intraocular pressure will decrease over
time and the decay in pressure with respect to time correlates
to the outflow facility. In normal individuals, the intraocular
fluid is forced out of the eye with the forceful closure of the
eye lid and the pressure will decrease accordingly; however,
in patients with glaucoma, the outflow is compromised and
the eye pressure therefore does not decrease at the same rate
in response to the forceful closure of the eye lids. The
present system allows real time and continuous measure-
ment of eye pressure and, since the signal can be transmitted
through the eye lid to an external receiver, the eyes can
remain closed throughout the procedure.

Telemetry systems for measuring pressure, electrical
changes, dimensions, acceleration, flow, temperature, bio-
electric activity, chemical reactions, and other important
physiological parameters and power switches to externally
control the system can be used in the apparatus of the
invention. The use of integrated circuits and technical
advances occurring in transducer, power source, and signal
processing technology allow for extreme miniaturization of
the components which, in turn, permits several sensors to be
mounted in one contact device, as illustrated for example in
FIG. 28.
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Modern resolutions of integrated circuits are in the order
of a few microns and facilitate the creation of very high
density circuit arrangements. Preferably, the modern tech-
niques of manufacturing integrated circuits are exploited in
order to make electronic components small enough for
placement on the eyeglass frame 408. The receiver 404, for
example, may be connected to various miniature electronic
components 418,419,420, as schematically illustrated in
FIG. 31, capable of processing, storing, and even displaying
the information derived from the transducer 400.

Radio frequency and ultrasonic micro-circuits are avail-
able and can be mounted in the contact device for use
thereby. A number of different ultrasonic and pressure trans-
ducers are also available and can be used and mounted in the
contact device. It is understood that further technological
advances will occur which will permit further applications
of the apparatus of the invention.

The system may further comprise a contact device for
placement on the cornea and having a transducer capable of
detecting chemical changes in the tear film. The system may
further include a contact device for placement on the cornea
and having a microminiature gas-sensitive radio frequency
transducer (e.g., oxygen-sensitive). A contact device having
a microminiature blood velocity-sensitive radio frequency
transducer may also be used for mounting on the conjunctiva
and is preferably activated by eye lid motion and/or closure
of the eye lid.

The system also may comprise a contact device in which
a radio frequency transducer capable of measuring the
negative resistance of nerve fibers is mounted in the contact
device which, in turn, is placed on the cornea and is
preferably activated by eye lid motion and/or closure of the
eye lid. By measuring the electrical resistance, the effects of
microorganisms, drugs, poisons and anesthetics can be
evaluated.

The system of the present invention may also include a
contact device in which a microminiature radiation-sensitive
radio frequency transducer is mounted in the contact device
which, in turn, is placed on the cornea and is preferably
activated by eye lid motion and/or closure of the eye lid.

In any of the foregoing embodiments having a transducer
mounted in the contact device, a grid-dip meter can be used
to measure the frequency characteristics of the tuned circuit
defined by the transducer.

Besides using passive telemetry techniques as illustrated
by the use of the above transducers, active telemetry with
active transmitters and a microminiature battery mounted in
the contact device can also be used.

The contact device preferably includes a rigid or flexible
transparent structure 412 in which at least one of the
transducers 400 is mounted in hole(s) formed in the trans-
parent structure 412. Preferably, the transducer(s) 400 is/are
positioned so as to allow the passage of light through the
visual axis. The structure 412 preferably includes an inner
concave surface shaped to match an outer surface of the
cornea.

As illustrated in FIG. 29, a larger transducer 400 can be
centrally arranged in the contact device 402, with a trans-
parent portion 416 therein preserving the visual axis of the
contact device 402.

The structure 412 preferably has a maximum thickness at
the center and a progressively decreasing thickness toward
a periphery of the structure 412. The transducer(s) is/are
preferably secured to the structure 412 so that the anterior
side of each transducer 400 is in contact with the inner
surface of the eye lid during blinking and so that the
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posterior side of each transducer 400 is in contact with the
cornea, thus allowing eye lid motion to squeeze the contact
device 402 and its associated transducer(s) 400 against the
cornea.

Preferably, each transducer 400 is fixed to the structure
412 in such a way that only the diaphragms of the trans-
ducers experience motion in response to pressure changes.
The transducers 400 may also have any suitable thickness,
including matching or going beyond the surface of the
structure 412.

The transducers 400 may also be positioned so as to bear
against only the cornea or alternatively only against the
inner surface of the eye lid. The transducers 400 may also be
positioned in a protruding way toward the cornea in such a
way that the posterior part flattens a portion of the cornea
upon eye lid closure. Similarly, the transducers 400 may also
be positioned in a protruding way toward the inner surface
of the eye lid so that the anterior part of the transducer 400
is pressed by the eye lid, with the posterior part being
covered by a flexible membrane allowing interaction with
the cornea upon eye lid closure.

A flexible membrane of the type used in flexible or
hydrogel lenses may encase the contact device 402 for
comfort as long as it does not interfere with signal acquisi-
tion and transmission. Although the transducers 400 can be
positioned in a manner to counterbalance each other, as
illustrated in FIG. 28, it is understood that a counter weight
can be used to maintain proper balance.

While the present invention has been described with
reference to preferred embodiments thereof, it is understood
that the present invention is not limited to those
embodiments, and is limited only by the scope of the
appended claims.

I claim:

1. A device for placement in contact with a cornea and for
applanating or indenting the cornea, said device comprising:

a substantially rigid annular member having an inner
concave surface shaped to match an outer surface of the
cornea and having a hole defined therein;

a movable central piece slidably disposed within said hole
and having a substantially flat inner side for flattening
or indenting a portion of the cornea when the device is
located on the cornea; and

a flexible membrane secured to said inner concave surface
of the substantially rigid annular member, said flexible
membrane being coextensive with at least said hole in
the annular member and having at least one transparent
area.

2. The device of claim 1, wherein said substantially rigid
annular member has a maximum thickness at said hole and
a progressively decreasing thickness toward a periphery of
said substantially rigid annular member.

3. The device of claim 2, wherein said substantially rigid
annular member has a substantially cylindrical wall defined
circumferentially around said hole, said movable central
piece being slidably disposed within said hole in a piston-
like manner.

4. A system for measuring intraocular pressure by
indentation, said system comprising:

an indentation device for placement in contact with a
cornea and for indenting the cornea, said indentation
device comprising:

a substantially rigid annular member having an inner
concave surface shaped to match an outer surface of
the cornea and having a hole defined therein; and

a movable central piece slidably disposed within said
hole, said movable central piece being arranged so
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that sliding thereof toward the cornea causes inden-
tation of a portion of the cornea when the indentation
device is located on the cornea;

an actuation apparatus for actuating said movable central
piece to cause sliding of said movable central piece so
that said movable central piece projects inwardly
against said cornea beyond a flattening of the cornea to
thereby indent said portion of the cornea using a
predetermined amount of force;

distance detection means for detecting a distance travelled
by said movable central piece;

means for determining intraocular pressure based on the
distance travelled by said movable central piece in
response to said predetermined amount of force;

a display for displaying said intraocular pressure and
indicating whether the intraocular pressure is within
certain ranges so as to determine if action should be
taken in connection with the intraocular pressure; and

said ranges being adjustable to compensate for different
patient sensitivities to changes in intraocular pressure.

5. The system of claim 4, wherein said movable central

piece includes a magnetically responsive element arranged
so as to produce sliding of said movable central piece in
response to a magnetic field; and

wherein said actuation apparatus includes means for
applying a magnetic field to said movable central piece.

6. The system of claim 5, wherein:

said means for applying a magnetic field includes a coil
and means for producing an electrical current through
said coil in a progressively increasing manner until said
predetermined amount of force is achieved, said elec-
trical current being proportional to the amount of force
applied by said movable central piece.

7. A method for non-invasively measuring outflow facility

of the eye, said method comprising the steps of:

placing an indentation device in contact with a cornea;

moving at least one portion of said indentation device
toward the cornea using a first predetermined amount
of force to achieve indentation of the cornea;

determining an intraocular pressure based on a first dis-
tance travelled toward the cornea by said at least one
portion of said indentation device during application of
said first predetermined amount of force;

rapidly reciprocating said at least one portion toward and
away from the cornea at a first predetermined fre-
quency and using a second predetermined amount of
force during movement toward the cornea to thereby
force intraocular fluid out from the eye, said second
predetermined amount of force being less than said first
predetermined amount of force;

moving said at least one portion toward the cornea using
a third predetermined amount of force to achieve
indentation of the cornea;

determining a second intraocular pressure based on a
second distance travelled toward the cornea by said at
least one portion of said indentation device during
application of said third predetermined amount of
force;

again rapidly reciprocating said at least one portion
toward and away from the cornea, at a second prede-
termined frequency and using a fourth predetermined
amount of force during movement toward the cornea,
to thereby force more intraocular fluid out from the eye,
said fourth predetermined amount of force being
greater than said second predetermined amount of
force;
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subsequently moving said at least one portion toward the
cornea using a fifth predetermined amount of force to
again achieve indentation of the cornea;

determining a third intraocular pressure based on a third
distance travelled toward the cornea by said at least one
portion of said indentation device during application of
said fifth predetermined amount of force;

calculating differences between said first, second, and
third distances, said differences being indicative of the
amount of intraocular fluid which left the eye and
therefore being indicative of the outflow facility.

8. The method of claim 7, and further comprising the steps

of:

plotting the differences between the first, second, and
third distances to a create a graph of said differences;
and

comparing said graph of said differences to that of a
normal eye to determine if any irregularities in outflow
facility are present.

9. A contact device for detecting intraocular pressure, said

contact device comprising:

a contact structure shaped for placement on a patient’s
cornea;

a transducer disposed in said contact structure, said trans-
ducer being responsive to pressure exerted on said
transducer, so as to provide an output signal indicative
of said pressures transducer being responsive to pres-
sure generated by sliding and squeezing of said trans-
ducer by an eye lid during closure of the eye lid.

10. A method for detecting pressure comprising the steps

of:

mounting, on a surface of a cornea of an eye, a pressure
sensitive transducer which is responsive to pressure
generated by sliding and squeezing of said pressure
sensitive transducer by an eye lid during closure of said
eye lid associated with said eye; and

activating said pressure sensitive transducer by sliding
and squeezing of said pressure sensitive transducer by
said eye lid during closure of said eye lid.

11. A device for placement in contact with a cornea and

for applanating or indenting the cornea, said device com-

prising:

a substantially rigid annular member having an inner
concave surface shaped to match an outer surface of the
cornea and having a hole defined therein; and

a movable central piece slidably disposed within said hole
and having a substantially flat inner side for flattening
or indenting a portion of the cornea when the device is
located on the cornea;

said movable central piece having a substantially trans-
parent peripheral portion.

12. A device for placement in contact with a cornea and

for applanating or indenting the cornea, said device com-

prising:

a substantially rigid annular member having an inner
concave surface shaped to match an outer surface of the
cornea and having a hole defined therein; and

a movable central piece slidably disposed within said hole
and having a substantially flat inner side for flattening
or indenting a portion of the cornea when the device is
located on the cornea; and

said movable central piece including a transparent central
portion.

13. A device for placement in contact with a cornea and

for applanating or indenting the cornea, said device com-

prising:
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a substantially rigid annular member having an inner
concave surface shaped to match an outer surface of the
cornea and having a hole defined therein; and

amovable central piece slidably disposed within said hole
and having a substantially flat inner side for flattening
or indenting a portion of the cornea when the device is
located on the cornea;

means for actuating said movable central piece to cause
sliding of said movable central piece so that said
movable central piece projects inwardly against said
cornea to flatten or indent said portion of the cornea,
said means for actuating being configured such that an
inside of a patient’s eye remains visible during actua-
tion.

14. A device for placement in contact with a cornea and
for applanating or indenting the cornea, said device com-
prising:

a substantially rigid annular member having an inner
concave surface shaped to match an outer surface of the
cornea and having a hole defined therein;

amovable central piece slidably disposed within said hole
and having a substantially flat inner side for flattening
or indenting a portion of the cornea when the device is
located on the cornea;

said movable central piece including a magnetically
responsive element arranged so as to produce sliding of
said movable central piece in response to a magnetic
field, said magnetically responsive element being cir-
cumferentially surrounded by a transparent peripheral
portion which permits light to pass therethrough to the
cornea and permits reflection of said light from the
cornea back through said transparent peripheral por-
tion.

15. The device of claim 9, and further comprising an
annular flexible membrane connected to said substantially
rigid annular member and also connected to the movable
central piece in such a way that a membrane hole in said
annular flexible membrane is aligned with said transparent
central region of the annular magnet. applanation.

16. A device for placement in contact with a cornea and
for applanating or indenting the cornea, said device com-
prising:

a substantially rigid annular member having an inner
concave surface shaped to match an outer surface of the
cornea and having a hole defined therein;

amovable central piece slidably disposed within said hole
and having a substantially flat inner side for flattening
or indenting a portion of the cornea when the device is
located on the cornea;

said movable central piece including a magnetically
responsive element arranged so as to produce sliding of
said movable central piece in response to a magnetic
field, said magnetically responsive element including
an annular magnet with a transparent central region
through which a patient is able to see while the device
is located on the patient’s cornea and which permits
light to pass therethrough to the cornea and permits
reflection of said light from the cornea back through
said transparent central region.

17. The device of claim 16, and further comprising an
annular flexible membrane connected to said substantially
rigid annular member and also connected to the movable
central piece in such a way that a membrane hole in said
annular flexible membrane is aligned with said transparent
central region of the annular magnet.

18. A system for measuring intraocular pressure by
applanation, said system comprising:
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a device for placement in contact with a cornea and for
applanating the cornea, said device comprising:

a substantially rigid annular member having an inner
concave surface shaped to match an outer surface of
the cornea and having a hole defined therein; and

a movable central piece slidably disposed within said
hole and having a substantially flat inner side for
flattening a portion of the cornea while the device is
located on the cornea;

an actuation apparatus for actuating said movable central
piece to cause sliding of said movable central piece so
that said movable central piece projects inwardly
against said cornea to flatten said portion of the cornea;

detection means for detecting when a predetermined
amount of applanation of the cornea has been achieved;
and

means for determining intraocular pressure based on an
amount of force said movable central piece must apply
against the cornea in order to achieve said predeter-
mined amount of applanation;

said movable central piece including at least one trans-
parent area, and wherein said detection means com-
prises an optical detection system including:

a source of light for emitting a primary beam of light
toward the cornea through said at least one transparent
area, said primary beam of light being reflected back
through the device by the cornea, when said device is
located on the cornea, in a manner indicative of the
amount of applanation of the cornea; and

a light sensor arranged with respect to said reflected beam
of light so as to produce an output signal indicative of
the amount of applanation.

19. The system of claim 13, wherein said means for

determining intraocular pressure includes:

memory means for storing a value indicative of said
amount of force when said predetermined amount of
applanation is achieved; and

means for multiplying said amount of force by a conver-
sion factor which converts said amount of force to
intraocular pressure.

20. The system of claim 13, further comprising a display

for displaying said intraocular pressure.

21. The system of claim 20, wherein said display is

arranged so as to indicate whether the intraocular pressure is

within certain ranges, each of said ranges being associated
with what, if any, action should be taken in connection with

the intraocular pressure, and
wherein said ranges are adjustable to compensate for
different patient sensitivities to changes in intraocular
pressure.
22. The system of claim 13, wherein said movable central

piece includes a magnetically responsive element arranged

so as to produce sliding of said movable central piece in
response to a magnetic field; and
wherein said actuation apparatus includes means for
applying a magnetic field to said movable central piece.
23. The system of claim 22, wherein:
said means for applying a magnetic field includes a coil
and means for producing an electrical current through
said coil in a progressively increasing manner until said
predetermined amount of applanation is achieved, said
electrical current being proportional to the amount of
force applied by said movable central piece; and
said means for determining intraocular pressure includes
means for storing a current value indicative of an
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amount of current passing through said coil when said
predetermined amount of applanation is achieved and
means for converting said current value into an indi-
cation of intraocular pressure.
24. A system for measuring intraocular pressure by
applanation, said system comprising:
a device for placement in contact with a cornea and for
applanating the cornea, said device comprising:

a substantially rigid annular member having an inner
concave surface shaped to match an outer surface of
the cornea and having a hole defined therein; and

a movable central piece slidably disposed within said
hole and having a substantially flat inner side for
flattening a portion of the cornea while the device is
located on the cornea;

an actuation apparatus for actuating said movable central
piece to cause sliding of said movable central piece so
that said movable central piece projects inwardly
against said cornea to flatten said portion of the cornea;

detection means for detecting when a predetermined
amount of applanation of the cornea has been achieved;

means for determining intraocular pressure based on an
amount of force said movable central piece must apply
against the cornea in order to achieve said predeter-
mined amount of applanation; and

sighting means for indicating when said actuation appa-
ratus and said detection means are properly aligned
with said device.

25. A system for measuring intraocular pressure by

applanation, said system comprising:

a device for placement in contact with a cornea and for
applanating the cornea, said device comprising:

a substantially rigid annular member having an inner
concave surface shaped to match an outer surface of
the cornea and having a hole defined therein; and

a movable central piece slidably disposed within said
hole and having a substantially flat inner side for
flattening a portion of the cornea while the device is
located on the cornea;

an actuation apparatus for actuating said movable central
piece to cause sliding of said movable central piece so
that said movable central piece projects inwardly
against said cornea to flatten said portion of the cornea;

detection means for detecting when a predetermined
amount of applanation of the cornea has been achieved;

means for determining intraocular pressure based on an
amount of force said movable central piece must apply
against the cornea in order to achieve said predeter-
mined amount of applanation; and

distance measurement means for indicating whether said
device is at a proper axial distance from said actuation
apparatus and said detection means.

26. A system for measuring intraocular pressure by

applanation, said system comprising:

a device for placement in contact with a cornea and for
applanating the cornea, said device comprising:

a substantially rigid annular member having an inner
concave surface shaped to match an outer surface of
the cornea and having a hole defined therein; and

a movable central piece slidably disposed within said
hole and having a substantially flat inner side for
flattening a portion of the cornea while the device is
located on the cornea;

an actuation apparatus for actuating said movable central
piece to cause sliding of said movable central piece so
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that said movable central piece projects inwardly
against said cornea to flatten said portion of the cornea;
detection means for detecting when a predetermined
amount of applanation of the cornea has been achieved;

5 means for determining intraocular pressure based on an
amount of force said movable central piece must apply
against the cornea in order to achieve said predeter-
mined amount of applanation; and

1 alignment means for indicating whether said device is

properly aligned with said actuation apparatus and said
detection means.
27. The system of claim 22, wherein said alignment
means include an optical alignment mechanism.
28. A system for measuring intraocular pressure by
applanation, said system comprising:
a device for placement in contact with a cornea and for
applanating the cornea, said device comprising:

a substantially rigid annular member having an inner
concave surface shaped to match an outer surface of
the cornea and having a hole defined therein; and

a movable central piece slidably disposed within said
hole and having a substantially flat inner side for
flattening a portion of the cornea while the device is

25 located on the cornea;

an actuation apparatus for actuating said movable central
piece to cause sliding of said movable central piece so

that said movable central piece projects inwardly

against said cornea to flatten said portion of the cornea;

30  detection means for detecting when a predetermined

amount of applanation of the cornea has been achieved;

means for determining intraocular pressure based on an
amount of force said movable central piece must apply
against the cornea in order to achieve said predeter-
35 mined amount of applanation; and
said actuation apparatus being configured such that an
inside of a patient’s eye remains visible during actua-
tion.
29. A system for measuring intraocular pressure by
indentation, said system comprising:
an indentation device for placement in contact with a
cornea and for indenting the cornea, said indentation
device comprising:

a substantially rigid annular member having an inner
concave surface shaped to match an outer surface of
the cornea and having a hole defined therein; and

a movable central piece slidably disposed within said
hole, said movable central piece being arranged so
that sliding thereof toward the cornea causes inden-
tation of a portion of the cornea when the indentation
device is located on the cornea;

50

an actuation apparatus for actuating said movable central
piece to cause sliding of said movable central piece so
that said movable central piece projects inwardly
against said cornea beyond a flattening of the cornea to
thereby indent said portion of the cornea using a
predetermined amount of force;

55

distance detection means for detecting a distance traveled

60 by said movable central piece; and

means for determining intraocular pressure based on the
distance traveled by said movable central piece in
response to said predetermined amount of force;

said movable central piece having a substantially reflec-
tive portion and wherein said distance detection means
comprises an optical distance detection system includ-
ing:

65
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a source of light for emitting a primary beam of light
toward said substantially reflective portion, said pri-
mary beam of light being reflected by said substantially
reflective portion in a manner indicative of the distance
traveled by the movable central piece toward the
cornea, to thereby produce a reflected beam of light;
and

a light sensor arranged with respect to said reflected beam
of light so as to produce an output signal indicative of
the distance traveled.

30. A system for measuring intraocular pressure by

applanation, said system comprising:

a device for placement in contact with a cornea and for
applanating the cornea, said device comprising:

a substantially rigid annular member having an inner
concave surface shaped to match an outer surface of
the cornea and having a hole defined therein; and

a movable central piece slidably disposed within said
hole and having a substantially flat inner side for
flattening a portion of the cornea while the device is
located on the cornea;

an actuation apparatus for actuating said movable central
piece to cause sliding of said movable central piece so
that said movable central piece projects inwardly
against said cornea to flatten said portion of the cornea;

detection means for detecting when a predetermined
amount of applanation of the cornea has been achieved;
and

means for determining intraocular pressure based on an
amount of force said movable central piece must apply
against the cornea in order to achieve said predeter-
mined amount of applanation;

said actuation apparatus being configured such that an
inside of a patient’s eye remains visible during actua-
tion.

31. A contact device for detecting intraocular pressure,

said contact device comprising:

a contact structure shaped for placement on a patient’s
cornea;

a transducer disposed in said contact structure, said trans-
ducer being responsive to pressure exerted on said
transducer, so as to provide an output signal indicative
of said pressure;

said transducer being a passive transducer having a reso-
nant frequency which varies in accordance with said
pressure.

32. Adevice for placement in contact with a body part and
for applanating or indenting the body part, said device
comprising:

a substantially rigid member having an inner surface
shaped to match an outer surface of the body part and
having a hole defined therein;

amovable central piece slidably disposed within said hole
and having a substantially flat inner side for flattening
or indenting a portion of the body part when the device
is located on the body part; and

a flexible membrane secured to said inner surface of the
substantially rigid member, said flexible membrane
being coextensive with at least said hole in the rigid
member and having at least one transparent area.

33. A system for measuring internal pressure by

indentation, said system comprising:

an indentation device for placement in contact with a
body part and for indenting the body part, said inden-
tation device comprising:
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a substantially rigid member having an inner surface
shaped to match an outer surface of the body part and
having a hole defined therein; and

a movable central piece slidably disposed within said

5 hole, said movable central piece being arranged so
that sliding thereof toward the body part causes
indentation of a portion of the body part when the
indentation device is located on the body part;

an actuation apparatus for actuating said movable central

piece to cause sliding of said movable central piece so
that said movable central piece projects inwardly
against said body part beyond a flattening of the body
part to thereby indent said portion of the body part
using a predetermined amount of force;

10

15 distance detection means for detecting a distance traveled

by said movable central piece; and

means for determining internal pressure based on the
distance traveled by said movable central piece in

20 response to said predetermined amount of force;

said movable central piece having a substantially reflec-
tive portion and wherein said distance detection means
comprises an optical distance detection system includ-
ing:
source of light for emitting a primary beam of light
toward said substantially reflective portion, said pri-
mary beam of light being reflected by said substantially
reflective portion in a manner indicative of the distance
traveled by the movable central piece toward the body
part, to thereby produce a reflected beam of light; and
a light sensor arranged with respect to said reflected beam
of light so as to produce an output signal indicative of
the distance traveled.
34. A contact device for detecting internal pressure, said
contact device comprising:

25 a

30

35

a contact structure shaped for placement on a patient’s
body part;

a transducer disposed in said contact structure, said trans-
ducer being responsive to pressure exerted on said
transducer, so as to provide an output signal indicative
of said pressure;

said transducer being a passive transducer having a reso-
nant frequency which varies in accordance with said
pressure.

35. A method for detecting pressure as claimed in claim
10, wherein signals indicative of pressure are transmitted
through the eye lid by electromagnetic waves.

36. A method for measuring hydrodynamics and move-
ment of fluid out of an eye, said method comprising:

40

45

rapidly reciprocating, using oscillatory motion, a device
in contact with the eye at a predetermined frequency
that prevents the stress relaxation of the coats of the
eye, and

determining a change in pressure in the eye between the
initial pressure of the eye before the oscillatory motion
of the device is applied and a pressure inside the eye
after the oscillatory motion of the device is applied
which is indicative of an amount of outflow out of the
eye.

37. A method for early detection of glaucoma, said

method comprising:

60

progressively artificially increasing pressure in an eye,
65 and
simultaneously measuring said pressure in the eye while

identifying physical and chemical changes that occur in
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the eye according to each progressive level of pressure 38. A method for early detection of glaucoma as claimed
by monitoring accumulation of compounds in fluid or in claim 37, wherein one of the compounds being monitored

. . . is glutamate.
tissues of the eye and monitoring change in transpar-
ency in the fluid or the tissues of the eye. * % % % %
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