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SYSTEMS AND METHODS FOR PRIMING AN INTRAOCULAR PRESSURE
SENSOR IN AN INTRAOCULAR IMPLANT

BACKGROUND

The present disclosure relates generally to pressure measurement systems for
use in ophthalmic treatments. In some instances, embodiments of the present
disclosure are configured to be part of an intraocular implant comprising an

intraocular pressure control system.

Glaucoma, a group of eye diseases affecting the retina and optic nerve, is one
of the leading causes of blindness worldwide. Most forms of glaucoma result when
the intraocular pressure (IOP) increases to pressures above normal for prolonged
periods of time. IOP can increase due to high resistance to the drainage of the aqueous
humor relative to its production. Left untreated, an elevated IOP causes irreversible
damage to the optic nerve and retinal fibers resulting in a progressive, permanent loss

of vision.

The eye’s ciliary body continuously produces aqueous humor, the clear fluid
that fills the anterior segment of the eye (the space between the cornea and lens). The
aqueous humor flows out of the anterior chamber (the space between the cornea and
iris) through the trabecular meshwork and the uveoscleral pathways, both of which
contribute to the aqueous humor drainage system. The delicate balance between the

production and drainage of aqueous humor determines the eye’s IOP.

Fig. 1 is a diagram of the front portion of an eye that helps to explain the
processes of glaucoma. In Fig. 1, representations of the lens 110, cornea 120, iris 130,
ciliary body 140, trabecular meshwork 150, Schlemm’s canal 160, and the edges of
the sclera 170 are pictured. Anatomically, the anterior segment of the eye includes the
structures that cause elevated IOP which may lead to glaucoma. Aqueous humor fluid
is produced by the ciliary body 140 that lies beneath the iris 130 and adjacent to the
lens 110 in the anterior segment of the eye. This aqueous humor washes over the lens
110 and iris 130 and flows to the drainage system located in the angle of the anterior
chamber 180. The edge of the anterior chamber, which extends circumferentially
around the eye, contains structures that allow the aqueous humor to drain. The
trabecular meshwork 150 is commonly implicated in glaucoma. The trabecular
meshwork 150 extends circumferentially around the anterior chamber. The trabecular
meshwork 150 seems to act as a filter, limiting the outflow of aqueous humor and

providing a back pressure that directly relates to IOP. Schlemm’s canal 160 is located
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beyond the trabecular meshwork 150. Schlemm’s canal 160 is fluidically coupled to
collector channels (not shown) allowing aqueous humor to flow out of the anterior
chamber. The sclera 170, the white of the eye, connects to the cornea 120, forming the
outer, structural layer of the eye. The two arrows in the anterior segment of Fig. 1
show the flow of aqueous humor from the ciliary bodies 140, over the lens 110, over
the iris 130, through the trabecular meshwork 150, and into Schlemm’s canal 160 and

its collector channels.

As part of a method for treating glaucoma, a doctor may implant a device in a
patient’s eye. The device may monitor the pressure in a patient’s eye and facilitate
control of that pressure by allowing excess aqueous humor to flow from the anterior
chamber of the eye to a drainage site, relieving pressure in the eye and thus lowering
IOP. To exert appropriate control, an accurate measurement of the pressure about the
patient’s eye may be made. However, accurately monitoring the pressure in the eye or
pressure around the eye poses a number of difficulties. For example, pressure at
locations spaced apart from the sensor location may be difficult to obtain, yet these

may be useful in order to exert appropriate IOP regulation.

The system and methods disclosed herein overcome one or more of the

deficiencies of the prior art.

SUMMARY

In one exemplary aspect, the present disclosure is directed to an intraocular
pressure (IOP) monitoring device for implantation in an eye of a patient. The 10OP
monitoring device includes a pressure sensor and a pressure sensor cap. The pressure
sensor cap includes a recess that has an inner surface and is configured to receive the
pressure sensor such that a chamber is formed by the pressure sensor and the inner
surface. At least one chamber inlet permits a fluid to communicate with the chamber.
The IOP monitoring device further includes at least one tube coupled to at least one
chamber inlet to allow fluid communication between an anterior chamber of the eye

and the chamber.

In another exemplary aspect, a microfluidic pressure sensor system includes a
housing having an inner surface that is configured to receive a pressure sensor,
thereby forming a chamber. The housing is also configured to facilitate removal of
gas bubbles from the chamber during introduction of a liquid into the chamber. An
inlet portion of the housing permits fluid to enter the chamber; and a tube attachment

portion of the housing allows a near end of a tube to attach to the inlet portion,
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thereby permitting a fluid at a far end of the tube to exert a pressure inside the

chamber.

In yet another exemplary aspect, the present disclosure is directed to a method
of treating an ocular condition. The method may include steps of priming a chamber
in which a pressure sensor is located with a first liquid. The method also includes
implanting an IOP monitoring device in an ocular space, the device having the
pressure sensor in the chamber; and detecting a pressure exerted by a second liquid
with the pressure sensor, the pressure being representative of a pressure of an anterior

chamber of an eye.

It is to be understood that both the foregoing general description and the
following drawings and detailed description are exemplary and explanatory in nature
and are intended to provide an understanding of the present disclosure without
limiting the scope of the present disclosure. In that regard, additional aspects, features,
and advantages of the present disclosure will be apparent to one skilled in the art from

the following.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings illustrate embodiments of the devices and
methods disclosed herein and together with the description, serve to explain the

principles of the present disclosure.
Fig. 1 is a cross-sectional diagram of the front portion of an eye.

Fig. 2 is a schematic diagram of an eye and an ocular implant that carries an

IOP monitoring system according to an exemplary aspect of the present disclosure.

Fig. 3A is a cross-sectional schematic diagram of a pressure sensor and an
exemplary pressure sensor cap as may be used in the IOP monitoring system

according to an additional exemplary aspect of the present disclosure.

Fig. 3B is a schematic diagram of the exemplary pressure sensor cap

according to an exemplary aspect of the present disclosure also seen in FIG. 3A.

Fig. 4A is a cross-sectional schematic diagram of an exemplary pressure
sensor cap configured to cooperate with a dual lumen tube according to an exemplary

aspect of the present disclosure.
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Fig. 4B is a schematic diagram of the exemplary pressure sensor cap of Fig.
4A not depicted in cross-section to show details of the exemplary aspect of the present

disclosure.

Fig. 5A is a cross-sectional schematic diagram of an exemplary pressure
sensor cap configured for connection with two tubes according to an exemplary aspect

of the present disclosure.

Fig. 5B is a schematic diagram of an alternate view of the exemplary pressure

sensor cap of Iig. SA according to an exemplary aspect of the present disclosure.

Fig. 6 is a flowchart of a method for treating an ocular condition that may be
performed using a pressure sensor and a pressure sensor cap, according to some

embodiments.

DETAILED DESCRIPTION

For the purposes of promoting an understanding of the principles of the
present disclosure, reference will now be made to the embodiments illustrated in the
drawings, and specific language will be used to describe the same. It will nevertheless
be understood that no limitation of the scope of the disclosure is intended. Any
alterations and further modifications to the described devices, instruments, methods,
and any further application of the principles of the present disclosure are fully
contemplated as would normally occur to one skilled in the art to which the disclosure
relates. In particular, it is fully contemplated that the features, components, and/or
steps described with respect to one embodiment may be combined with the features,
components, and/or steps described with respect to other embodiments of the present
disclosure. For simplicity, in some instances the same reference numbers are used

throughout the drawings to refer to the same or like parts.

The present disclosure relates generally to a method and system for
monitoring the intraocular pressure in a patient’s eye and priming a pressure sensor
for use in an intraocular pressure (IOP) monitoring device, such as a glaucoma
drainage device (GDD). GDDs are used to alleviate excess pressure caused by
aqueous humor accumulation in a patient’s eye. The disclosed methods and systems
may facilitate accurate pressure monitoring at a site removed from the pressure
sensor. A pressure sensor cap may form a chamber with a pressure sensor. A tube
connected to the pressure sensor cap may have an opening exposed to pressure at such
sites. The pressure inside the chamber may correspond to the pressure at the tube

opening, even though the chamber is disposed at a location spaced apart from the
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region being measured. Thus, the pressure measurement taken inside the chamber by
the pressure sensor may correspond to the pressure at the site where the tube opening
is placed. The systems and methods disclosed herein may thereby enable more
accurate IOP determinations resulting in better information for determining treatment,

potentially providing more effective treatment and greater customer satisfaction.

Fig. 2 is a schematic diagram of an eye of a patient whose IOP is being
monitored by an IOP monitoring device 200 shown as an ocular implant. The ocular
implant may be a GDD. The IOP monitoring device 200 includes a plate 202, a
pressure tube 204, and a drainage tube 206. The plate 202 may include or be arranged
to carry various components of an [IOP control system. In some embodiments, such
components include a power source, a processor, a memory, a data transmission
module, and a flow control mechanism (i.e. valve system). It may also carry one or

more pressure sensor systems, which are described in greater detail below.

The plate 202 is configured to fit at least partially within the subconjunctival
space and is sized within a range between about 15mm X 12mm to about 30 mm x 15
mm and has a thickness less than about 2 mm thick, preferably less than about 1 mm
thick. The plate 202 may be formed to the radius of the eye globe (about 0.5 inches).
It may be rigid and preformed with a curvature suitable to substantially conform to the
globe or it may be flexible and can flex to conform to the globe. Some embodiments
are small enough that conforming to the globe provides little benefit in comfort or
implantation technique. The above dimensions are exemplary only, and other sizes

and arrangements are contemplated herein.

In some embodiments, the pressure tube 204 extends from an anterior side of
the plate 202 and is sized and arranged to extend into the anterior chamber of the eye
through a surgically formed opening 208 in the sclera. In other embodiments, the
pressure tubes extend to other locations about the eye where pressure measurements
may be desired. The pressure tube 204 includes a first open end that may be disposed
at a location where pressure measurements may be desired, and at least one lumen
that extends to a second open end that may be disposed within or connected to the
plate 202.

In some embodiments, the drainage tube 206 may also extend from an anterior
side of the plate 202 of the IOP monitoring device 200. In such embodiments, the
drainage tube 206 is used to allow excess aqueous humor to drain out of the anterior
chamber of the eye, thereby relieving excess pressure. In some embodiments, the
exterior surfaces of the pressure tube 204 and the drainage tube 206 are physically

attached, thus providing little or no change to the surgical procedure for implantation
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of tube/plate glaucoma drainage devices. For the IOP monitoring device 200 to
determine the pressure exerted by the aqueous humor within the anterior chamber, it

may be advantageous to measure the pressure from outside the anterior chamber.

Fig. 3A is a pressure sensor system 300 that may be used within or as a part of
the IOP monitoring device 200. The pressure sensor system 300 may allow a pressure
sensor to detect pressures at locations spaced apart from the sensor itself. The pressure
sensor system 300 includes a pressure sensor 302, which, in one exemplary
embodiment, is a diaphragm-based sensor made from a semiconductor material such
as silicon. Disposed over the pressure sensor 302 is a pressure sensor cap 304, which
has a recess appropriately dimensioned to fit over the pressure sensor 302 and seal
about the pressure sensor 302 so as to create a chamber 306. The pressure sensor 302
and the pressure sensor cap 304 may be attached with a biocompatible adhesive. In
some embodiments, pressure sensor 302 and pressure sensor cap 304 are press fit
together to create a seal. To allow access to the chamber 306, the pressure sensor cap
304 includes a tube attachment protrusion 308 which extends outward from a side of
the pressure sensor cap 304 and includes a chamber-access hole 310 extending the full

length of the tube attachment protrusion 308.

The chamber-access hole 310 serves as an inlet to the chamber permitting a
fluid to communicate with the chamber 306. A tube 312 with a single lumen is
depicted as attached to the tube attachment protrusion 308, with the lumen of the tube
fluidically coupled to the chamber-access hole 308. In order for tube 312 to be
coupled to the tube attachment protrusion 308, an attachment counterbore 314 may be
provided therein, the counterbore 314 being sized relative to the tube attachment
protrusion 308 so as to permit a seal to be formed therebetween. The seal may be a
press-fit seal or may be formed by a biocompatible adhesive. Thus, access to the
chamber 306 may be provided to a fluid only through the lumen of tube 312 and the
chamber-access hole 310. Other embodiments have a lumen without the attachment
counterbore 314. The tube 312 may be the same tube as tube 204 in Fig. 2.

The chamber 306 may be formed substantially by a bottom surface 316
(provided by the top of the pressure sensor 302) and a top surface 318 (provided by a
bottom surface of the pressure sensor cap 304). As depicted in Fig. 3, the top surface
318 may include a recess 320. In one embodiment, the recess 320 is sized to

accommodate a temperature sensor 322.

Fig. 3B provides an alternative view of pressure sensor system 300. While the
tube 312 is depicted in cross-section, the pressure sensor cap 304 is not. Fig. 3B thus

provides an improved view of ridges 324 which form part of the external surface of
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tube attachment protrusion 308. Ridges 324 may provide contact surface for a secured

and sealed coupling of the tube attachment portion 308 to the recess 314 of tube 312.

The pressure sensor system 300 may allow a pressure exerted by a gas at a
remote end of the tube 312 to be measured inside the chamber 306 by the pressure
sensor 302. For example, proper monitoring of a patient’s eye disorder can require
determining the IOP using an atmospheric reference pressure taken at a “dry”
subconjunctival location. A “dry” location is a location spaced apart from an aqueous
humor drainage site such that it is not influenced by the presence of aqueous humor at
the drainage site. The dry location may be isolated from the drainage location by a

patch graft, suturing down the conjunctiva or by some other means.

In the example shown, the pressure sensor cap 304 is depicted as being
generally rectangular, however the pressure sensor cap 304 may be any shape, such as
circular or ovoid. The pressure sensor 302 and the temperature sensor 322 may
communicate data to other components of the IOP monitoring system 200. Using
temperature sensor 322, the pressure sensor reading may be calibrated for temperature
compensation increasing the precision and accuracy of the sensor readings. This data
may be processed to provide information regarding the pressure being exerted at the
distal end of the tube 312, and may be used by other components of the 10P
monitoring device 200 to affect the pressure being exerted at another location. For
example, the tube 312 may extend into the anterior chamber of the eye, into a
drainage location, or to a location where a pressure representative of atmospheric
pressure may be found. Since the tube opening is exposed in these areas, the pressure
inside the chamber 306 corresponds to the pressure at the tube opening, even though
the chamber 306 is disposed at a location spaced apart from the region being
measured. Thus, the pressure measurement taken inside the chamber 306 by the

pressure sensor 302 may correspond to the pressure at the opening of the tube 312.

Figs. 4A and 4B are schematic diagrams of another pressure sensor system
400 that includes a pressure sensor cap, referenced herein by the numeral 402.
Although a pressure sensor is not depicted, the pressure sensor cap 402 may receive
and attach to a pressure sensor substantially as depicted and described with respect to
pressure sensor 302 in Fig. 3A. Fig. 4A depicts the pressure sensor cap 402 in a cross-
sectional view to highlight some important features. In the example in Fig. 4A, the
pressure sensor cap 402 is coupled to a dual-lumen tube 404, which permits access to
a chamber formed by an inner surface 406 of pressure sensor cap 402 and a pressure

sensor (such as the pressure sensor 302) received therein (not depicted). The pressure
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sensor cap 402 has a tube attachment portion 408 which extends laterally from the

chamber.

In the embodiment shown, the dual-lumen tube 404 is a pair of tubes joined or
formed together and sharing a common outer surface. In the example shown, the dual-
lumen tube 404 has a cross-section of two overlapping circles. Other embodiments
may have two tubes attached at, or near, a tangent configuration. The dual-lumen tube
404 may be formed in a variety of configurations having dual lumens, referenced
herein as a first lumen 410A and a second lumen 410B. For example, in some
embodiments, the dual-lumen tube 404 is a single tube structure, having two equally-
sized lumens 410A and 410B, and in other embodiments, the dual-lumen tube 404 is a
single tube with differently-sized lumens 410A and 410B therein. Furthermore, the
exterior surface shape of the dual lumen may vary. In some embodiments, the outer
surface is as shown, as two overlapping circles, while in other embodiments, the outer
surface is formed as a single circle or some other shape. Regardless of the tube shape,
the tube may be formed in a manner allowing it to mate with the tube attachment

portion 408 of the pressure sensor cap 402.

In the embodiment in Figs. 4A and 4B, the tube attachment portion 408 has an
opening or hole 412 therethrough, which has a cross-section that receives the tube
404. In this embodiment, the cross-section is substantially identical to the cross-
section of the dual-lumen tube 404. Thus, the cross-section of the hole 412 also has
the shape of two overlapping circles. This may be best seen in FIG. 4B, which shows
the pressure sensor cap 402 in schematic view with the dual-lumen tube 404
withdrawn from hole 412. The dual-lumen tube 404 and the pressure sensor cap 402
may be securely coupled by nature of a close fit between these two components
and/or adhesives or other methods. The tubes 404 may be the tubes 204 and 206 in
Fig. 2.

The inner surface of the pressure sensor cap 402 is shaped to provide accurate
pressure readings when the cap 402 is cooperatively combined with a pressure sensor,
such as the pressure sensor 302. In the embodiment depicted, the pressure sensor cap
402 has a substantially cylindrical portion 414, which may have a cylindrical or ovoid
cross-section. Pressure sensor cap 402 may also have a substantially hemispherical
portion 416 at a side of the pressure sensor cap opposite that of the tube attachment
portion 408. In general, neither hemispherical portion 416 nor cylindrical portion 414
may be perfectly hemispherical or cylindrical. Rather these features may have shapes
similar to that of a hemisphere or cylinder. The intersection of these two portions is

smooth and un-interrupted by sharp angles or acute angles.
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The shape of the inner surface 406 is designed to minimize or eliminate sites
at which small or microscopic bubbles of gas may adhere when a liquid is circulated
through the chamber, by avoiding sharp corners in the chamber. That is, the shape of
the inner surface 406 of the pressure sensor cap 402 is designed to prevent small gas
bubbles from remaining inside the chamber. The gas bubbles are compressible and
can act as a buffer to the pressures exerted outside the chamber and may decrease the
accuracy of pressure measurements made within the cap 402. By preventing the small
gas bubbles from adhering to surfaces of the chamber, substantially all of the gas may
be removed, thereby providing more accurate measurements of the pressure exerted
by the liquid at the distant end of the dual-lumen tube 404.

In operation, a saline or other sterile, biocompatible solution may be injected
into the chamber formed by a pressure sensor cap 402 and a pressure sensor 302
through one lumen, either 410A or 410B of the dual-lumen tube 404. As the volume
of liquid injected into the chamber through the lumen increases, gas will be forced
from the chamber through the other lumen of the dual-lumen tube 404. The pressure
sensor cap 402 may be made of a biocompatible plastic such as polyether ether ketone
(PEEK) to prevent adverse biochemical reactions from occurring. Additionally, the
pressure sensor 302 may be coated with a biocompatible coating, such as a thin layer

of vapor deposited parylene C, parylene HT, or parylene X.

Fig. 5A depicts an embodiment of pressure sensor system that includes a
pressure sensor cap 502. Pressure sensor cap 502, may be molded or machined from
PEEK or another biocompatible material, and has a recess suitable to receive a
pressure sensor, such as pressure sensor 302, to form a chamber. The chamber may
have a top surface 504 that has a pair of flow directing recesses 5S06A and 506B,
S506A being depicted in cross-section in Fig. SA. More detail will be provided later
regarding the flow directing recesses S06A and 506B. Pressure sensor cap 502 has a
tube attachment portion 508 that protrudes from a side of the pressure sensor cap 502.
The tube attachment portion 508 may have two hollow cylindrical portions provided
for connecting to two tubes 510A and 510B. Tubes 510A-B may abut the two
cylindrical portions of tube attachment portion 508. In some embodiments, tube 510A
is adhesively attached to one of the two cylindrical portions, while tube 510B is
adhesively attached to the other of the two cylindrical portions. One or both of the
tubes S510A-B may be the tube 204 in Fig. 2.

As depicted in Fig. 5A, the two cylinder portions of tube attachment portions
508, which both have holes therethrough, each include a recess formed as a

counterbore, either counterbore 512A or counterbore 512B, that extends part way
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through the tube attachment portion 508. The counterbore 512A extends from the

opening of one of the two cylinder portions to a nozzle 516A at the chamber side.

As can be seen, an attachment insert 514A extends within the tube 510A and
the tube attachment portion 508. The inner diameter of the counterbore 512A is, in
this embodiment, equal to an outer diameter of the attachment insert 514A, which is
positioned partially within the counterbore, with the rest of the attachment insert
positioned within the lumen of tube 510A. An additional attachment insert
(referenced herein as “514B”, but not shown in FIG. 5A because tube 510B is not
shown in cross-section), like attachment insert 514A, may be used to securely attach
tube 510B and the counterbore 512B in tube attachment portion 508. Adhesives may
be used to secure the attachment insert 514A to the counterbore 512A and the tube
510A. The attachment insert 514A, which may be made from a rigid material such as
stainless steel, may also be press fit into both the counterbore 512A and the tube
510A.

A nozzle 516A or 516B connects each of the counterbores in the tube
attachment portion 508 to one of the pair of flow directing recesses S06A and 506B.
The nozzles 516A and 516B may be circular in cross-section, and may taper toward
the chamber. That is, the nozzles may have a larger diameter on the end close to the
attachment tubes 510A and 510B and a smaller diameter close to the flow directing
recesses S06A and 506B. One embodiment includes one of the nozzles 516A, 516B
tapering toward the chamber and the other nozzle of 516A, 516B tapering toward the
tubes 510A or 510B (not shown). Fluid may travel through tube 510A, then through
the tube attachment insert 514A, which may ensure the flow is properly directed, and

finally through the nozzle 516A before reaching the flow directing recess S06A.

Fig. 5B is an alternate view of the pressure sensor cap 502 as seen looking at
the inner surface. This view provides more detail regarding the flow directing recesses
506A and 506B, and depicts both nozzles 516A and 516B as well as recesses S12A
and 512B. The flow directing recesses 506A and 506B are substantially symmetrical
as seen in Fig. 5B. Therefore, description of one should be regarded as corresponding
to the other.

Flow directing recess 506B has a shape that contacts top surface 504 at four
main edges. The edges 520A, 520B, 520C, and 520D may meet each other at
significantly rounded vertices, rather than abrupt angles. Edges 520A and 520B may
be curved edges with respect to top surface 504, meaning that the associated sides of
flow directing recess 506B curve into top surface 504. Edges 520C and 520D are

sharp edges with respect to top surface 504, meaning that the associated sides of flow
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directing recess 506B do not curve into top surface 504, but meet it at an angle. In
other embodiments, all the edges 520A-D may be curved, all the edges 520A-D may
be straight, or some of edges 520A-D may be curved while others are straight.

The four edges 520A, 520B, 520C, and 520D form four angles at their
vertices. As shown in Iig. 5B, edges 520A and 520B have an acute angle between
them, edges 520B and 520C are joined at approximately a 90 degree angle, 520C and
520D also form an angle of approximately 90 degrees, and edges 520D and 520A

form an obtuse angle.

Fig. 5B also depicts a plurality of side tabs, such as side tab 518, that may
allow and promote secure attachment between the pressure sensor 302 and the
pressure sensor cap 502. As depicted, pressure sensor cap 502 has two side tabs on
each of the four main sidewalls which help form the large recess of the pressure
sensor cap 502 that receives the pressure sensor 302. Other embodiments may have

more or fewer side tabs 518.

In use, pressure sensor cap 502 may receive the pressure sensor 302 within the
large recess formed by the top surface and the sidewalls. In addition to or in place of
the plurality of tabs like tab 518, a biocompatible adhesive may be used to connect the
pressure sensor cap 502 to the pressure sensor 302. In some embodiments, pressure
sensor 302 may not be insertable into a pressure sensor cap, like pressure sensor cap
502. Instead, the pressure sensor 302 may be formed in a limited area on a substrate,
which may include an application specific integration circuit (ASIC) or a system-on-
chip device. The substrate may include pressure sensor 302, as well as a power
source, a processor, memory, a data transmission module, and/or other components.
When attached to the substrate, the pressure sensor cap 502 may not receive pressure
sensor 302 into its large recess formed by the top surface and its four sidewalls.
Instead, the pressure sensor cap 502 may be coupled to the surface of the substrate by
an adhesive. In such embodiments, pressure sensor cap 502 may not have sidewalls,
but may be a substantially flat surface, adhesively joined to the surface of the
substrate above the limited area occupied by pressure sensor 302. The flat surface
may be substantially similar to top surface 504, having two flow directing recesses
506A and 506B. The pressure sensor caps 402 and 302 may likewise be modified for
use with a pressure sensor 302 incorporated in an ASIC. In such embodiments, the top

surface of the pressure sensor cap is otherwise as described.

The pressure sensor 302 may be able to determine different pressures
depending on the positioning of the tubes connected to it by pressure sensor caps 304,
402, or 502. For instance, if the tubes are inserted through the sclera 170 into the
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anterior chamber 180 of the eye as shown in Fig. 2, a pressure reading may be
obtained that reflects the pressure in the anterior chamber 180. Additionally, if the
tubes are placed underneath a piece of sutured pericardium or a scleral graft (not
shown in Fig. 2) to isolate them under the subconjunctival space, a pressure may be
obtained in such a location that is related to atmospheric pressure. The difference
between the measured anterior pressure and the measured atmospheric pressure would
then relate to the IOP.

In embodiments using multiple tubes or multiple lumens, the pressure tube
may also be used as the drainage tube. In such embodiment, the drainage may flow
through one of the two tubes or lumens from the anterior chamber of the eye to the
pressure chamber 306 that houses the pressure sensor 302. The fluid may continue to
flow out of the chamber 306 through the other of the two tubes or lumens and then
through valves, pumps, or through an exit port from the GDD to a drainage site. Since
there is flow present, appropriate fluid algorithms may be used to calculate the true

pressure in the anterior chamber.

Fig. 6 is a flowchart of a method 600 for treating an ocular condition that may
be performed using a pressure sensor and a pressure sensor cap such as disclosed in
Figs. 4A-B and 5A-B and discussed above. The method may allow a pressure exerted
at a remote, distal opening of a tube to be used to exert a pressure inside a pressure
chamber to facilitate measurement of the pressure even while being removed from the
source of the pressure. The method may begin at 602 when a chamber having a
pressure sensor located therein is primed with a first liquid. In 604, an intraocular
pressure monitoring device, which has the pressure sensor and the chamber, may be
implanted in an ocular space. Finally, in 606, the pressure sensor in the IOP
monitoring device may be used to detect a pressure exerted by a second liquid. The
pressure may represent the pressure of an anterior chamber of a patient’s eye,

drainage site pressure, atmospheric pressure, or other pressure.

In practice, the method 600 may be performed in the following manner using
pressure sensor cap 502 of Figs. 5A and 5B. The pressure chamber may be primed
using any number of methods. In one example, a user, such as a health care provider,
may couple a syringe filled with saline solution to a distal end of tube 510A.
Compressing the syringe may force the fluid through tube 510A and through
attachment insert 514A. The attachment insert 514A may also ensure that the solution
enters the nozzle 516A on axis, rather than off axis. This may reduce flow separation
effects resulting in fewer bubbles trapped in the chamber after the priming step is

complete. The solution may continue to flow from nozzle 512 into the flow directing

12

PCT/US2013/074148



10

15

20

25

30

35

WO 2014/099498

recess S06A and into the chamber formed by the pressure sensor cap 502 and the
pressure sensor 302. As the chamber fills, the solution begins to flow through the flow
directing recess 506B before passing through nozzle 512B, attachment insert 514B,
and out through tube 510B. As the solution passes along this path, it displaces air or
inert gases, and bubbles of the air or inert gases, that previously occupied the space in
the chamber and tubes. The shape, along with the rounded edges and surfaces in the
pressure sensor cap 502 may inhibit or prevent bubbles of air of the inert gases from
attaching to the inner surfaces of the chamber. Priming may be performed during

manufacturing or in preparation for surgery.

After priming the chamber, the pressure sensor system may be implanted as
part of an IOP monitoring device or GDD, as indicated at 604. An exemplary
implantation technique may include forming a small opening 208 in the eye to allow
the ends of tube 510A and 510B to be inserted into an anterior chamber 180 of a
patient’s eye as discussed in connection with Fig. 2. After insertion into the eye, the
saline solution with which the chamber and tubes were primed will contact and
intermix with the aqueous humor of the anterior chamber 180. The pressure exerted
by the aqueous humor on the anterior chamber 180 will be transferred by the fluid
through tubes 510A and 510B to the pressure sensor 302, which may detect and
measure the pressure within the anterior chamber. In some embodiments, the
measurements made by the IOP monitoring device 200 may be used in diagnosing eye
disorders. In some embodiments, the measurements may be used to control valves and
other features within a GDD so that the pressure in the anterior chamber 180 may be
lowered to and maintained at a desired level, thereby preventing harmful

complications resulting from excess pressure, such as glaucoma.

In other embodiments, one lumen of the tube connects to a pressure location
and the second lumen is redirected to an alternate location, such a fluid flow drainage
path or a drainage site for example. In yet other embodiments, after the pressure
sensor system is primed, one of the lumens or tubes may be sealed, leaving only a
single tube or lumen extending to the desired pressure site. Sealing the tube may be
performed, for example, by cutting the tube and sealing or closing it with heated

forceps, plugging it with a cement or adhesive, ligating with a suture or other method.

The systems and methods disclosed herein may be used to provide increased
accuracy in pressure measurements by permitting a user to obtain pressure data from a
location spaced apart from the sensor location. Therefore, pressure at sensitive or
difficult to access areas can be obtained and measured without implanting the entire

sensor at that location. In addition, priming of the sensors can be more easily
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accomplished using dual lumen embodiments, including dual tube embodiments to
remove bubbles that may affect the accuracy of the pressure readings. This may result
in more effective treatment and more accurate data, thereby improving the overall

clinical result.

Persons of ordinary skill in the art will appreciate that the embodiments
encompassed by the present disclosure are not limited to the particular exemplary
embodiments described above. In that regard, although illustrative embodiments have
been shown and described, a wide range of modification, change, and substitution is
contemplated in the foregoing disclosure. It is understood that such variations may be
made to the foregoing without departing from the scope of the present disclosure.
Accordingly, it is appropriate that the appended claims be construed broadly and in a

manner consistent with the present disclosure.

In some embodiments, a microfluidic pressure sensor system may include a
housing having an inner surface configured to receive a pressure sensor, (thereby
forming a chamber) and to facilitate removal of gas bubbles from the chamber during
introduction of a liquid into the chamber. In some embodiments, a pressure sensor
may be received in the housing. The microfluidic pressure sensor system may further
include an inlet portion of the housing permitting fluid to enter the chamber and a
tube attachment portion of the housing allowing a near end of a tube to attach to the
inlet portion (thereby permitting a fluid at a far end of the tube to exert a pressure
inside the chamber). The tube attachment portion may protrude from a side of the
housing away from the recess.  The microfluidic pressure sensor system may also
include a temperature sensor recess in the inner surface, the sensor recess configured
to receive a temperature sensor. In some embodiments, the tube attachment portion
may have a hole therethrough. The hole may have an overlapping-circles-shaped
cross-section (the cross-section being viewed orthogonally to an axis running through
the center of the tube attachment portion). In some embodiments, the tube attachment
portion has a hole therethrough, the hole being shaped to fittingly receive two circular
tubes joined together at an outer surface the tubes. In some embodiments, the inner
surface may have a substantially cylindrical portion connected to a substantially
hemispherical portion. In some embodiments, the tube attachment portion includes
two cylindrical tube connectors, the tube connectors each having a circular hole
therethrough. A distal end of a first tube connector of the two cylindrical tube
connectors may be configured to abut a proximal end of a first tube, and a distal end
of a second tube connector may be configured to abut a proximal end of a second
tube. Each of the tube connectors may include a circular recess extending partway

along the circular hole therethrough. In some embodiments, the inlet portion may
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include two flow directors, the two flow directors being situated on the top surface.
Each flow director may be a recess on the top surface coupled to the tube attachment
portion on a side through a nozzle. In some embodiments, each flow director may
have four edges at the top surface - a first adjacent two of the four edges may be
rounded and form an acute angle with respect to each other and a second adjacent two
of the four edges may not be rounded but form a generally right angle with respect to
each other with one of the second adjacent edges being the closet of the four edges to

the nozzle.

In some embodiments, a method of treating an ocular condition may include
priming, with a first liquid, a chamber in which a pressure sensor is located,
implanting an intraocular pressure (IOP) monitoring device in an ocular space (the
device having the pressure sensor in the chamber) and detecting a pressure exerted by
a second liquid with the pressure sensor (the pressure being representative of a
pressure of an anterior chamber of an eye). In some embodiments, priming the
chamber may include forcing the first liquid into the chamber through a tube
connected to the chamber. The method may further include removing gas from the
chamber through a second tube as the first liquid is forced into the chamber. Priming
the chamber may include forcing the first liquid into the chamber through a first
lumen of a dual lumen tube and removing gas from the chamber through a second
lumen of the dual lumen tube. The method may further include connecting the tube to
the anterior chamber of the eye (the anterior chamber containing the second liquid).
Priming the chamber may include connecting a syringe to a distal end of a tube (a
proximate end of the tube being connected to the chamber) and injecting the first
liquid into the chamber through the tube until any gas present in the chamber has been

removed through a second tube.
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CLAIMS

1. An intraocular pressure (IOP) sensing device for implantation in an eye of a
patient, comprising:

a pressure sensor;

a pressure sensor cap comprising:

a recess having an inner surface, the recess configured to receive the
pressure sensor such that a chamber is formed by the pressure sensor and the
inner surface, and

at least one chamber inlet permitting a fluid to communicate with the
chamber; and
at least one tube coupled to the at least one chamber inlet, the at least one tube

allowing fluid communication between an anterior chamber of the eye and the

chamber.

2. The IOP device of claim 1, further comprising a tube connection protrusion
extending in an outward direction from a side of the pressure sensor cap, the chamber

inlet being disposed in the tube connection protrusion.

3. The IOP device of claim 2, wherein the at least one tube is coupled to the at
least one chamber inlet by inserting the tube connection protrusion into the at least

one tube, and the tube connection protrusion has a hole therethrough.

4, The IOP device of claim 2, wherein the tube connection protrusion is
configured to receive the at least one tube by insertion of the at least one tube into a

hole extending through the tube connection protrusion to the chamber.

5. The IOP device of claim 1, wherein the at least one tube has a plurality of

lumens therethrough.
6. The IOP device of claim 1, wherein the inner surface of the sensor cap

comprises a top surface of the chamber, the top surface having a cylindrical portion

and a hemispherical portion.

16

PCT/US2013/074148



10

15

20

25

30

WO 2014/099498 PCT/US2013/074148

7. The IOP device of claim 3, wherein the hole through the tube connection

protrusion has a cross-section in a shape of two overlapping circles.

8. The IOP device of claim 7, wherein the at least one tube comprises two tubes,
the two tubes being joined together at an outer surface, the two tubes being jointly

insertable into the tube connection protrusion.

0. The IOP device of claim 2, further comprising a rigid inner tube disposed in a
proximal end of the at least one tube and in the tube connection protrusion in a
manner that aligns the proximal end of the inner tube with the tube connection

protrusion.

10. The IOP device of claim 2, wherein the at least one tube comprises two tubes
and the at least one chamber inlet comprises two chamber inlets, one chamber inlet
being associated with one tube, the tube connection protrusion having two holes
therethrough, and wherein a proximal end of one of the two tubes is abuttingly

connected to one of the two holes.

11. The IOP device of claim 10, wherein each of the two chamber inlets is a

nozzle each nozzle having a smaller diameter at an end closer to the chamber.

12. The IOP device of claim 10, wherein the inner surface of the sensor cap
comprises a top surface of the chamber, the top surface of the chamber comprising
two flow directing recesses, each of the flow directing recesses configured to direct a

liquid flowing through the chamber

13. The IOP device of claim 10, wherein the inner surface of the sensor cap
comprises a top surface of the chamber, the top surface of the chamber comprising
two flow directing recesses, each flow directing recess being coupled on a side to one
of the two chamber inlets, and each flow directing recess having four edges on the top
surface, a first adjacent two of the four edges being rounded and forming an acute
angle with respect to each other and a second adjacent two of the four edges not being
rounded and forming a generally right angle with respect to each other, and one of the

second adjacent edges is a closest edge to the nozzle.
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14. The IOP device of claim 12, wherein the four edges of each of the two flow
directing recesses are symmetrical with respect to an axis running in between the two

flow directing recesses.

15. The IOP device of claim 1, wherein the inner surface of the pressure sensor
cap is configured to facilitate removal of gas bubbles from the chamber during

introduction of a liquid into the chamber.
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