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Description
FIELD OF THE INVENTION

[0001] Embodiments of the present invention relates
to new and useful apparatus and systems for monitoring
and controlling pressure in body cavities, tissues and or-
gans in living systems and, more particularly, to intraoc-
ular pressure sensor and valve apparatus, systems and
methods of using them. Embodiments of the present in-
vention may also be used to administer drugs and/or oth-
er agents to living or non-living systems by controlling
fluid access to an implanted or remote reservoir.

BACKGROUND OF THE INVENTION

[0002] Primaryopen-angle glaucoma (POAG), a wide-
spread, chronic disease, is classified by the World Health
Organization as the third leading cause of blindness. As
many as 67 million people suffer from glaucoma and 10%
will lose vision in both eyes as a result. Even in developed
countries with advanced medical care, fewer than half of
those with glaucoma associated with clinically elevated
intraocular pressure (IOP) are even aware of their con-
dition.

[0003] The primary clinical feature of glaucoma is pro-
gressive damage to the optic nerve with the attendant
loss of visual function. Although the mechanism for glau-
comatous optic neuropathy is uncertain, elevation of IOP
is considered a primary risk factor. As early as 1907,
physicians recognized that control of IOP slowed the pro-
gression of the disease. Studies have shown that de-
creasing IOP to <18 mm Hg decreases the risk of devel-
oping glaucoma by 50%, and, in patients with glaucoma,
halts the progression of visual field effects. Even patients
with so called normal-tension glaucoma benefit from a
reduction in IOP.

[0004] Therefore, IOP has become a surrogate, easily
measured endpoint to define successful therapeutic in-
terventions, both pharmacologic and surgical. These
therapeutic interventions do not treat glaucoma directly.
Instead they attack one of the mostimportant risk factors,
namely elevated IOP. Both drugs and surgical approach-
es effectively decrease IOP and minimize visual field
loss. This implies that it is the decrease in IOP, and not
the method of achieving it, that preserves visual function.
However, drugs and surgically implanted passive valves
have their own limitations.

[0005] To decrease IOP, most drugs either increase
outflow of aqueous humor from the anterior chamber of
the eye, e.g., prostaglandin F,, or decrease its produc-
tion, e.g., betaadrenergic blockers and carbonic anhy-
drase inhibitors. Some drugs, such as alpha-adrenergic
agonists, do both. Their effects vary depending upon the
patient’s compliance, the patient’s physiology and bio-
chemistry, pathological condition, presence of other
drugs and other changes in the environment that can
affect IOP.
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[0006] Like hypertension, elevated IOP is not detected
by the patient until end organ damage becomes appar-
ent, in this case glaucomatous optic neuropathy. Since
patients cannot detect an immediate benefit, their moti-
vation to administer the drugs is lacking and patient com-
pliance is often poor. In addition, drugs, even those ap-
plied topically, often cause adverse effects, are uncom-
fortable to apply in the eye, and present a significant,
continuing expense.

[0007] Although the reduction of IOP by surgical meth-
ods also effectively reduces progression of visual de-
fects, long-term control is rarely achieved. Existing ap-
proaches such as laser trabeculoplasty, trabeculectomy,
and implantable valves require surgical implementation,
have set points that cannot be controlled once implanted,
and generally have variable control of IOP that can de-
pend on rates of healing, aqueous humor production and
other confounding factors. Although patient compliance
is not a factor here, the surgical approach is often of lim-
ited effectiveness due to formation of fibrous scar tissue
and may predispose patients to cataracts. In addition,
when compared to medical therapy, surgical patients re-
ported a slightly higher incidence of long term ocular
burning, redness and dry eye.

[0008] A major limitation of existing approaches to
treatment is that neither drugs nor surgical procedures
are capable of automatically adjusting their actions based
on the patient’s IOP. This drawback is of particular con-
cern because maintenance of IOP in POAG below 18
mm Hg is generally considered essential to decrease the
onset of glaucomatous optic neuropathy (or, once estab-
lished, prevent its progression). Normal-tension glauco-
ma patients typically require a lower set point of less than
11 mm Hg. In addition, the lack of adjustment further
limits the utilization of any other drugs that may elevate
or decrease IOP as one of their primary or side effects.
[0009] One method for treating glaucoma is to devise
an artificial drainage shunt with a pressure-sensitive
valve that allows aqueous humor to flow from the anterior
chamber of the eye. However, existing valve-regulated
devices are limited. Conventional valves are passive de-
vices that often allow too little or occasionally too much
drainage of aqueous humor. Another disadvantage is the
inability to actively monitor IOP on a long-term basis. In
addition, conventional devices, even when working opti-
mally, cannot be adjusted once in place, which leaves
the patient and the physician at the mercy of pre-existing
valve parameters. Furthermore, these valves may fail
and, therefore, must be removed due to poor control in
terms of proper pressure regulation.

[0010] Therefore,thereisaneedforanautomated sys-
tem that will permit flexible and long-term monitoring and
control of IOP in glaucoma patients. There is also a need
for more efficient and consistent regulation of pressure
for other biomedical or commercial applications. The
present invention is directed to these and other ends.
Document US 2002/052563 discloses a device accord-
ing to the preamble of claim 1.
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SUMMARY OF THE INVENTION

[0011] The invention is defined by the appended
claims.

The present invention provides systems for monitoring
and controlling pressure of a body part, for example IOP,
by automatically measuring the pressure and controlling
a valve and a sensor. Systems of the present invention
permit constant monitoring and control of pressure (e.g.,
IOP), with the pressure set point of the system adjustable
by a physician or a patient. Data from the valve and sen-
sor may be recorded and transmitted to the physician or
patient to determine that the clinically selected pressure
is being maintained and that the valve is functioning prop-
erly.

[0012] The present invention has a number of advan-
tages compared to conventional therapies. There is no
concern about patient compliance, drug side effects or
drug interactions. Control of pressure is maintainable and
not affected by normal physiological changes, or, for that
matter, by changes that may occur due, for example, to
drug administration or changes in pathology. Preferred
embodiments of the present invention are capable of
monitoring their own performance and adjusting for
changes inliquidflowin a body part (e.g., aqueous humor
flow in an eye or cerebrospinal fluid in the brain) and
other variables that might affect pressure in the body part.
The devices of the present invention can, in preferred
embodiments, inform the care-giver of any problems re-
lated to pressure immediately, with the result that any
acute or chronic pressure-mediated damage that might
occur with other devices or drugs may be reduced or
prevented. In addition, the apparatus and systems of the
present invention can accommodate the use of larger
orifices, to prevent device clogging, while avoiding un-
desirable loss of pressure (e.g., IOP) inside a body part.
Preferred systems of the presentinvention may also have
a fail-safe mode for adjusting valve function.

[0013] Systems for automatically monitoring and con-
trolling pressure of a body part (e.g., IOP) are disclosed.
In some embodiments, the systems include an implant-
able tube having a first open end and a second open end,
where the first open end is disposed in the body part
(e.g., an anterior chamber of an eye). The systems also
preferably include an implantable valve coupled with the
tube, the valve having one or more open states and a
closed state. In addition, the systems preferably include
an implantable sensor configured obtain at least one
measurement of pressure within the body part (e.g., IOP),
and an implantable control device coupled with the sen-
sor and the valve. The control device is configured to
receive the pressure measurement and switch the valve
between the one or more open states and the closed
state accordingly. When the valve is in the one or more
open states, the tube drains liquid from the body part
(e.g., aqueous humor from the anterior chamber of an
eye) due to a difference of pressure between the first and
the second open end of the tube. In some embodiments,
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the systems further include an implantable pump config-
ured to deliver drugs from a reservoir into the body part.
[0014] The implantable sensor that is preferably in-
cluded in the systems can be a piezoresistive transducer,
orother types of sensors, for example afiber optic sensor.
In one embodiment, the sensor is further configured to
obtain a temperature measurement, and the control de-
vice is further configured to receive the temperature
measurement and switch the valve based on the pres-
sure and the temperature measurements.

[0015] In some embodiments, the valve can be
switched between the at least one open state and the
closed state by an external magnet. In one embodiment,
the valve include at least one electromagnet, and the
control device switches the valve between the at least
one open state and the closed state by polarizing the at
least one electromagnet. The valve can further include
an implantable sleeve having a first end and a second
end both made from a material thatis reactive to magnetic
force, an implantable blade inside the sleeve having a
first magnetic end and a second magnetic end, and an
additional sensor, such as an optical, proximity, or con-
tact sensor, for verifying the position of the blade. The
position of the blade determines whether the valve is in
the one or more open states or the closed state. In one
embodiment, the valve includes a rotating member hav-
ing one or more orifices. In some embodiments, the valve
has at least two open states and drains fluids within a
body part at different rates in different open states.
[0016] In some embodiments, the control device in-
cludes a wireless communication module for transmitting
information to an external device. The control device may
also include a two-way wireless communication module
for transmitting and receiving information to and from an
external device. In one embodiment, the control device
switches the valve between the one or more open states
and the closed state according to at least one set point
which is configurable by the external device. In some
embodiments, the control device can include a battery
and an electromagnetic induction system configured to
recharge the battery.

[0017] Methods of monitoring and controlling pressure
of a body part (e.g., IOP) are also disclosed. In some
embodiments, the methods include automatically meas-
uring pressure within a body part and automatically de-
termining whether pressure needs to be reduced. This
determination can be based on at least one measure-
ment of pressure and at least one set point. The methods
also include automatically releasing fluids from a body
part (e.g., aqueous humor from an anterior chamber),
thereby reducing pressure of the body part, upon deter-
mining that pressure needs to be reduced. The methods
can further include automatically recording a plurality of
pressure measurements.

[0018] In some embodiments, determining whether
pressure needs to be reduced is performed by automat-
ically comparing the at least one measurement of pres-
sure with a low set point and a high set point. In one
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embodiment, releasing fluids includes automatically re-
leasing fluids from the body part at a first rate upon de-
termining that the at least one measurement is above the
high set point, and automatically releasing fluids from the
body part at a second rate upon determining that the at
least one measurement is below the high set point and
above the low set point, where the first rate is faster than
the second rate.

[0019] Embodiments of the present invention can also
be used to elevate pressure of a body part and/or to ad-
minister drugs to a body part. For example, if intraocular
pressure needed to be chronically elevated, outflow tract
capacity of an eye could be pharmacologically or surgi-
cally reduced, and/or aqueous humor production can be
pharmacologically increased. Then the pressure control
system of the present invention can be used to maintain
IOP at a certain level. The system can also be used to
administer drugs by granting access to an implanted or
remote reservoirin response to changes in pressure with-
in the eye or other cavity or organ.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] The Detailed Description of the Invention, in-
cluding the description of various embodiments of the
invention, will be best understood when read in reference
to the accompanying figures wherein:

Figure 1 is a cross-sectional view depicting a portion
of a human eye and a pressure control system ac-
cording to various embodiments of the present in-
vention;

Figure 2 is a diagram depicting a pressure control
system according to various embodiments of the
present invention;

Figure 3 is a cross-sectional view depicting a pres-
sure sensor, according to various embodiments of
the present invention;

Figure 4 is a top view depicting a pressure sensor,
according to various embodiments of the present in-
vention;

Figure 5a is a perspective view depicting an electro-
magnetic valve, according to various embodiments
of the present invention;

Figure 5b is a top view depicting an electromagnetic
valve, according to various embodiments of the
present invention;

Figure 6 is a block diagram illustrating the layout of
an electronic control device, according to various
embodiments of the present invention;

Figure 7 is a block diagram illustrating the layout of
an electronic control device, according to various
embodiments of the present invention;

Figure 8 is a block diagram depicting a pressure con-
trol system and an external computing device, ac-
cording to various embodiments of the present in-
vention;

Figure 9 is a block diagram depicting a pressure con-
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trol system, according to various embodiments of
the present invention;

Figure 10 is a block diagram depicting a pressure
control system, according to various embodiments
of the present invention;

Figure 11 is a flow chart illustrating the operation of
a pressure control system, according to various em-
bodiments of the present invention;

Figure 12 is a cross-sectional view of a cylindrical
valve, according to various embodiments of the
present invention;

Figure 13 is a top view depicting portions of a valve,
according to various embodiments of the present in-
vention; and

Figure 14 is a flow chart illustrating the operation of
a pressure control system, according to various em-
bodiments of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0021] The present invention provides systems and
methods for monitoring and controlling pressure of a
body part. Pressure control systems of various embodi-
ments of the present invention are described in connec-
tion with Figures 1-10 and 12-13. Methods for controlling
pressure of various embodiments of the present inven-
tion are described in connection with Figures 11 and 14.
[0022] Figure 1 is a cross-sectional view depicting a
portion of a human eye and a pressure control system
118 of various embodiments of the presentinvention. An
anterior chamber 102 of the eye contains aqueous hu-
mor, which normally flows out of the eye through channel
112. In glaucoma patients, this normal flow is impeded,
leading to a buildup of intraocular pressure. To prevent
this, system 118 can be implanted to monitor intraocular
pressure, and to drain aqueous humor from anterior
chamber 102 when desired.

[0023] As shown, system 118 includes atube 116 and
a drainage plate 122 coupled with tube 116. One end of
the tube can be implanted into anterior chamber 102. In
some embodiments, plate 122 is implanted under the
conjunctiva 114 of the eye. Alternatively, plate 122 or
various components of plate 122 can be implanted at
other locations, for example, in the lens 104, in which
case aqueous humor is redirected to a blood vessel bed
or other systems with the capacity to remove it from the
anterior chamber.

[0024] System 118 can also be used in combination
with orinclude a drug delivery system for delivering drugs
to a body part such as anterior chamber 102. For exam-
ple, system 118 can include a pump connected with an
external or internal drug reservoir. When pressure is low,
system 118 can use the pump to deliver drugs to increase
the amount of fluid in the anterior chamber 102.

[0025] Figure 2 is a diagram further illustrating pres-
sure control system 118 of various embodiments of the
present invention. As shown, system 118 includes tube
116, sensor 206, valve 202, and control device 208. Valve
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202 is coupled with tube 116. Sensor 206 is disposed
within tube 116, but can also be positioned elsewhere.
For example, sensor 206 can be built into plate 122. In
some embodiments, valve 202 and control device 208
can both be built into plate 122 and sealed to prevent
leakage. Alternatively, control device 208 may be sepa-
rate from plate 122 and implanted at other positions of a
body part. Two or more suture anchoring loops 204a and
204b are located on plate 122. The anchoring loops 204a
and 204b permit surgical attachment of plate 122 to a
body part (e.g., an eye).

[0026] System 118 includes a power source (not
shown) to provide electric power to sensor 206, valve
202, and control device 208. The power source can be
built into plate 122, and can be, for example, a thin film
lithium-ion battery having a size of 10 mm x 10 mm x
0.75 mm. Such a battery can have, for example, a ca-
pacity of 2 milliamp hours, and a charging rate of 50 times
the discharge rate. Such a battery can also be recharged
100,000 times. System 118 can be designed to have low
power consumption so that it can be operated on the
battery described above, for at least 24 hours without
recharging the battery. Recharging the battery can, for
example, take less than 15 minutes.

[0027] An electromagnetic induction mechanism (not
shown) can be provided as part of control device 208 for
recharging the power source after system 118 is implant-
ed. The induction mechanism can include an induction
coil, which matches an induction coil of an external charg-
ing system. The external charging system can be de-
signed, for example, to transmit 15 milliamps across
about 0.5 inch of air space. The power source, as well
as control device 208, can be made from a flexible ma-
terial.

[0028] The power source can include an electrical
power production device that uses solar (infrared light),
heat, chemical, piezoelectric, and/or combinations of
these or other sources to generate electrical power. De-
pending upon the location of the power source, visible
light can also be used to generate power. It is know in
the art that heat and chemical based technologies can
be used to power low voltage, low current devices.
[0029] Components of system 118 can be made from
flexible and biocompatible materials such as silicone or
plastics. Components of system 118 may also have ce-
ramic, magnetic, and/or metal parts coated in silicone or
plastics. Biological materials, for example, collagen, can
also be used. Components of system 118 can be cast
using silicone liquid and molded. Components of system
118 can also be micromachined from silica or other sub-
strates, and coated with a biocompatible material.
[0030] Components of system 118 can be made in
small sizes. For example, the battery can have a size of
10 mm x 10 mm x 0.75 mm, and control device 208 can
have a size of 10 mm x 10 mm. The overall thickness of
system 118 can be made to be less than 2 mm. Valve
202 can be, for example, 7 mm long and have a diameter
of 1.5 mm. Therefore, plate 122, with control device 208,
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valve 202, and a battery sealed inside, can have a size
of 10 mm x 10 mm x 2 mm. As these components are
made in smaller sizes, system 118 can be made even
smaller. Tube 116, for example, can have an inner diam-
eter of 0.35 mm and an outer diameter of 0.65 mm.
[0031] Various components of system 118, including
sensor 206, valve 202, and control device 208 are de-
scribed in more detail as follows, in connection with Fig-
ures 3-7. Sensor 206 is configured to obtain measure-
ments of pressure of a body part (e.g., IOP). In some
embodiments, sensor 206 can be an electrical or optical
sensor. For example, sensor 206 can be a Wheatstone
Bridge, capacitive, fiber optic sensor. Alternatively, sen-
sor 206 can be a piezoelectric transducer, as illustrated
by Figures 3 and 4.

[0032] Figure 3 is a cross-sectional view of the trans-
ducer, generally at 300, which shows a reference vacuum
310 enclosed by an oxide membrane 306 and a silicon
substrate 312. An etch access hole 302 can be located
at the center of membrane 306. Two polycrystalline sili-
con ("poly") piezoresistors 304a and 304b can be dis-
posed inside membrane 306. A surface passivation and
membrane sealant layer 308 seals membrane 306 from
the above. As shown in Figure 4, which is a top view of
transducer 300, piezoresistors 304a, 304b can be U-
shaped strips disposed at opposite sides of membrane
306.

[0033] Transducer 300 uses the piezoresistive effect
of the poly piezoresistors 304a, 304b to detect the me-
chanical flexure of membrane 306 covering hole 302.
The size of transducer 300 can be made very small, on
the order of hundreds of micrometers or even tens of
micrometers. For example, transducer 300 can be can
be fabricated using micromachining microelectronic fab-
rication techniques, with a size of 0.25 mm x 0.25 mm x
0.25 mm. Such a transducer can also be designed to
give a full scale ("FS") reading of 100 mm Hg, giving an
accuracy of 1% FS and a drift of less than 1% FS peryear.
[0034] Using wire-bonding techniques well known in
the art, wires can be attached to electrodes on transducer
300, connecting transducer 300 with control device 208.
Wires can be coated with Teflon™ materials for electrical
isolation. Transducer 300 can be controlled by control
device 208 to take pressure measurements repeatedly,
and the time intervals between consecutive measure-
ments can be optimized for less power consumption.
[0035] Because ofthe programmable design of system
118, sensor 206 can be recalibrated, which extends the
useful life and accuracy of system 118. In some embod-
iments, sensor 206 can be adjusted to account for cor-
rections due to atmospheric pressure changes (e.g., the
patient diving, swimming, or flying in an airplane). A bar-
ometric sensor (not shown) that has access to atmos-
pheric pressure can be connected to control device 208
for providing atmospheric pressure information.

[0036] In some embodiments, sensor 206 can meas-
ure temperature in addition to pressure. For example,
piezoelectric transducer 300 illustrated in Figures 3 and
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4 can be used for such a purpose. Temperature meas-
urements permit temperature correction of the pressure
sensor as well as detection of abnormal changes in body
temperature. Sensor 206 also can be used to detect
changes in heart rate, because pressure of various body
parts (e.g., IOP) demonstrates a pulsatile component that
follows the heart beat. Therefore, system 118 can be
used to administer drugs based on heart rate, tempera-
ture or blood pressure changes through the use of an
implanted or remote drug reservoir (not shown).

[0037] Figure 5ais aperspective viewillustrating a twin
magnetic stop, electromagnetic valve 202 of various em-
bodiments of the present invention. Valve 202 includes
an outer sleeve 506, which has steel plates 512a, 512b
at the two opposite ends, and an orifice 512 between the
two ends. Two electromagnets 502a, 502b are located
near plates 512a, 512b. A sliding blade 514 with an orifice
516 is positioned inside sleeve 506. Blade 514 can be
an iron armature with permanent magnets 508a, 508b at
the two ends. Magnets 508a, 508b can be, for example,
low gauss, rare earth magnets. Valve 202 can further
include a keyway 520 for alignment between blade 514
and sleeve 506. In some embodiments, a Hall-effect sen-
sor 510 can be placed at one end of sleeve 506 to de-
termine and verify whether valve 202 is in the open state
or the closed state.

[0038] Valve 202 can be opened or closed by changing
the relative position of blade 514 inside sleeve 506. When
blade 514 is at a position so that the two orifices 512,
516 coincide, valve 202 is open. Otherwise, valve 202 is
closed. To close valve 202, electromagnets 502a, 502b
are polarized briefly, for example, a 100 milliseconds
pulse at 20 milliamp. The magnetic field created by the
electromagnets 502a, 502b can pull blade 514 in one
direction, forexample, in the direction of arrow 518a, until
blade 514 contacts plate 512a. When this happens, blade
514 is locked to plate 512a because of the attraction be-
tween magnet 508a and steel plate 512a. The electro-
magnets 502a, 502b do not need to be polarized further
for blade 514 to remain in its position.

[0039] Toopen valve 202, electromagnets 502a, 502b
can be reverse polarized, pulling blade 514 in the direc-
tion of arrow 518b. This pulling force can be sufficiently
high in order to overcome the attraction between magnet
508a and steel plate 512a. Blade 514 then moves in the
direction of arrow 518b, and locks to plate 512b because
of the attraction between magnet 508b and steel plate
512b.

[0040] Insomeembodiments, blade 514 canbe moved
in the direction of arrows 518a, 518b by a magnetic field
created by an external source (not shown), so that valve
202 can be manually opened or closed in case of a device
failure. This feature may also be used to unclog valve
202 when blade 514 is moved back and forth rapidly.
[0041] Various components of valve 202, including
sleeve 506 and blade 514, can be made from or coated
with a biocompatible, self-lubricating material, for exam-
ple a Teflon™ type material. The Teflon™ material will
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reduce friction and clogging inside valve 202. Valve 202
can be, for example, 7 mm long and have a diameter of
1.5 mm. Orifices 512, 516 can have, for example, a di-
ameter of 0.025 inch or larger. This relatively large orifice
size can reduce the likelihood of valve clogging.

[0042] Figure 5b is a top view illustrating an electro-
magnetic valve 550 of various embodiments of the
present invention. Valve 550 includes a conduit 554 and
a valve case 564 which includes a permanent magnet
558 and two stop plates 556a and 556b. One end 562a
of conduit 554 can be placed, for example, in the anterior
chamber of an eye. The other end 562b of conduit 554
can be connected to a drainage plate 552. Permanent
magnet 558 has an orifice 560 (shown in phantom lines)
that permits fluid to pass through valve 550 from one end
562a of conduit 554 to the other end 562b onto drainage
plate 552 when magnet 558 is in an open position (as
shown).

[0043] Stop plates 556a and 556b are made of a fer-
rous material. Stop plates 556a and 556b limit movement
of magnet 558 and serve to hold magnet 558 in either
the open position or a closed position. Coils (not shown)
around the ends of valve case 564 can create a tempo-
rary magnetic field (shown as lightning bolts) to drive per-
manent magnet 558 in the direction of arrow 518a or
arrow 518b to either the open or the closed position. In
the closed position, the body of magnet 558 blocks the
passage of fluid. Magnet 558 can include a keyway (not
shown) so that magnet 558 is properly aligned with valve
case 564, and/or a groove (not shown) to release the
pressure of air trapped by the magnet’s movements.
Valve 550 can also be designed so that magnet 558 can
be driven to move in directions perpendicular to drainage
plate 552, which can facilitate the use of an external mag-
net (not shown) to open or close valve 550 when there
is a failure of the electromagnetic system.

[0044] The presentinvention is not limited to the used
of valves as described above. Other types of valves can
be used, including but not limited to reed valves and
valves having a rotating cam or blade. In some embod-
iments, instead of having only an open state and a closed
state, a valve can have multiple open states, releasing
fluids at different rates. This can be achieved, for exam-
ple, by exposing orifices having varying sizes, as de-
scribed below in connection with Figures 12 and 13.
[0045] Control device 208, shown in Figure 2, can be
coupled with sensor 206 and valve 202. Control device
208 can be implemented in an Application Specific Inte-
grated Circuit ("ASIC"), a microprocessor, a microcon-
troller, or other similar devices. When implemented in a
microprocessor or microcontroller, for example, control
device 208 can run software programs for controlling sys-
tem 118. Control device 208 can be configured to receive
pressure and/ortemperature measurements from sensor
206 using an Input/Output ("1/O") port. Control device 208
also can include other I/O ports for power control of sen-
sor 206, and/or power control of other sensors, for ex-
ample, a Hall-effect sensor for verifying valve state. In
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addition, control device 208 may include other I/O ports
for monitoring and/or recharging the battery, and/or for
controlling valve 202 (e.g., polarizing electromagnets in
valve 202).

[0046] In some embodiments, control device 208 in-
cludes I/O ports for wireless communication with external
devices. Control device 208 may further include circuits
to demodulate signals received from various I/O ports
and to convert the signals into digital signals. Control
device 208 may transmit the various signals, for example,
digital signals containing pressure measurements, to ex-
ternal devices for monitoring purposes. Control device
208 can run, for example, on 5.8 milliamp current at 25
Mhz.

[0047] Figure 6 is a block diagram illustrating an ex-
ample of the electronics layout of control device 208. As
shown, control device 208 can include a processor 602
that performs logic operations for valve control (e.g., logic
operations described below in connection with Figures
11 and 12), or any other logic operations for controlling
the operation of system 118. Control device 208 can in-
clude a power regulation and charging management
module 604 for regulating power supply to various com-
ponents of system 118 (shown in Figure 2) and managing
the recharging of a battery (not shown). In addition, con-
trol device 208 can include a transmitter 606 for wireless
communication with external devices (not shown), and
an induction coil 610 for recharging the battery.

[0048] Figure 7 is a block diagram illustrating another
example of the electronics layout of control device 208.
As shown, control device 208 can include a sensor am-
plifier 702 for amplifying signals from sensor 206 (shown
in Figure 2). Control device 208 can include transceiver
components such as RX amplifier 704 for amplifying re-
ceived radio frequency ("RF") signals, RX demodulator
706 for demodulating received RF signals, and TX mod-
ulator 708 for modulating RF signals to be transmitted.
Control device 208 also can include power regulator 710
for regulating power supply to various components of
system 118 (shown in Figure 2), and battery charge reg-
ulator 716 for regulating the recharging of a battery (not
shown). In addition, control device 208 can include con-
trol logic circuit 714, which can perform logic operations
for valve control (e.g., logic operations described below
in connection with Figures 11 and 12), or any other logic
operations for controlling the operation of system 118.
Control device 208 also can include logic signal condi-
tioning circuit 712, which may include amplification and
filtering components.

[0049] Figure 8 is a block diagram illustrating a pres-
sure control system of various embodiments of the
present invention. Control device 208 communicates
with valve 202 and sensor 206. Control device 208 also
can communicate with an external computing device 802
through a wireless connection. For example, control de-
vice 208 may send pressure measurement data collected
from sensor 206 to computing device 802. In addition,
other types of data, for example, valve state information,
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and/or battery status information, can also be sent to
computing device 802.

[0050] Insome embodiments, the wireless connection
between control device 202 and computing device 802
can be provided by a magnetically coupled, low frequen-
cy differential FM system utilizing multiple sub-carriers,
capable of two-way communication. Alternatively, the
wireless connection can be provided by other kinds of
wireless communication mechanisms well known in the
art, including, but not limited to, infrared light, visible light,
and/or microwave communication systems.

[0051] Computing device 802 can be, for example, a
laptop computer, a desktop computer, a Personal Digital
Assistant ("PDA"), or a specialized data acquisition and
control device. Software running on computing device
802 can be used to record different types of data received
from control device 208. Data can be stored on a hard
disk for future retrieval, analysis, conversion, and/or dis-
play. Software can also be used to control implanted sys-
tem 118. For example, the software may send control
commands to control device 208 (e.g., a signal to turn
on device 208). The software may also send parameters
(e.g., pressure set points) and/or software programs
used by control device 208 in controlling valve 202.
[0052] Figure 9is a block diagram that illustrates con-
trol device 208 of various embodiments of the present
invention. As shown, control device 208 can include, but
not limited to, a transceiver 902, a power source 904, a
valve controller 908, and data storage 906. Data storage
906 can, for example, contain 1 kilobyte of memory, and
can store different types of information. For example,
pressure measurements obtained by sensor 206, system
power information sent by power source 904, and/or
valve state information can be stored. A compression
algorithm can be used to permit storage of measurement
data collected over long periods of time. The information
can also be transmitted to an external computing device,
for example, computing device 802 in Figure 8, through
transceiver 902. In some embodiments, control device
208 does not transmit any data during normal operation,
but an external device 802 may request a data transmis-
sion. Data storage 906 may also contain non-volatile
memory, which can be used to store parameters and/or
programs used for valve control and/or other purposes.
[0053] Figure 10is a block diagram illustrating another
pressure control system of various embodiments of the
present invention. Different from the system in Figure 9,
a portable device 1002, which is an external device that
can be carried with the patient, contains valve controller
908 and data storage 906. Portable device 1002 can
communicate with control device 208 and external com-
puting device 802 through transceiver 1004. External
computing device 802 can be located at a remote loca-
tion, under the monitoring of a physician. Alternatively,
portable device 1002 and/or external computing device
802 can send information received from control device
208 to a remote location through a communications net-
work, for example, the Internet. In some embodiments,
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the functions provided by valve controller 908 and data
storage 906 can be included in the external computing
device 802, eliminating the need for portable device
1002. Valve 202 and sensor 206 can be separated (as
shown) or attached together, depending on the various
applications the pressure control system is used.
[0054] The following describes methods of monitoring
and controlling pressure of a body part (e.g., IOP). In
particular, various methods of the present invention are
described in connection with system 118 depicted in Fig-
ure 1 and 2. System 118 releases pressure by draining
fluids in the body part (e.g., aqueous humor in anterior
chamber 102), using valve 202. In some embodiments,
control device 208 controls valve 202 according to a sin-
gle set point. When pressure rises above the set point,
control device 208 can open valve 202. Fluids then pass-
es through tube 116 and valve 202, due to a pressure
difference between the two sides of valve 202, releasing
pressure inside the body part (e.g., anterior chamber
102). With respect to IOP, the pressure difference varies
depending upon the pressure inside anterior chamber
102, which in a normal individual is 10-15 mm Hg. When
pressure falls below the set point, control device 208 can
close valve 202. Therefore, pressure is maintained at the
set point.

[0055] Alternatively, as illustrated by the flow chart in
Figure 11, pressure control system 118 of various em-
bodiments of the present invention can be used to main-
tain pressure of a body part within a pressure range. At
1102, the pressure range, represented by a low set point
and a high set point, can be set into system 118. At 1104,
sensor 206 of the implanted system 118 measures the
pressure of a body part (e.g., IOP in the anterior chamber
102 of the patient’s eye). At 1106, this pressure meas-
urementis sent to control device 208. At 1108, the control
device 208 compares the measurement to the high set
point. If pressure exceeds the high set point, valve 202
of the system opens at 1110, and fluids is drained from
the body part. Otherwise, the control device 208 com-
pares the measurement to the low set point at 1112. If
pressure is below the low set point, valve 202 closes at
1114. If not, pressure of the body part is within the pres-
sure range, and therefore system 118 does not change
the state of valve 202. System 118 then repeats the cycle
starting from 1104 within a predetermined period of time.
[0056] Therefore, as illustrated in Figure 11, system
118 continuously monitors pressure to ensure that it is
within the pressure range represented by the two set
points originally set into system 118. The pressure range
can be, for example, 6 mm Hg to 18 mm Hg. A large
pressure range may reduce the frequency of valve
switching, and therefore reduce power consumption. In
some embodiments, this pressure range can be changed
using a wireless connection after system 118 has been
implanted, possibly after a determination that a different
pressure range will work better for the particular patient.
[0057] Insomeembodiments, avalve used in pressure
control system 118 can have more than one open state,
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capable of releasing fluids (e.g., aqueous humor) at dif-
ferent rates. An example of such a valve is illustrated in
Figure 12, which is a cross-sectional view of a cylindrical
valve generally at 1200. Valve 1200 includes an inner
chamber 1210 that can rotate in the direction of arrow
1206 inside an outer wall 1208. An inlet tube 1214 and
an outlet tube 1212 extend through wall 1208 to reach
chamber 1210. A plurality of orifices of varying sizes, for
example, orifices 1216a and 1216b, are located on the
wall of chamber 1210. When one or more of the orifices
(e.g., 1216a, 1216b) are aligned with inlet tube 1214,
fluids can flow into inner chamber 1210 can out of outlet
tube 1212, thereby releasing pressure. Depending on
the size of the orifice that is aligned with inlet tube 1214,
fluids can be released at different rates.

[0058] Figure 13 is a diagram illustrating portions of a
valve 1300 of another embodiment of the present inven-
tion. Valve 1300 includes a top plate 1302 having an or-
ifice 1308, and a bottom plate 1304 having a plurality of
orifices (e.g., 1306a, 1306b) with varying sizes. When
top plate 1302 rotates in the direction of arrow 1310, one
or more of orifices (e.g., 1306a, 1306b) on bottom plate
1304 can be aligned with orifice 1308 on the top plate.
Therefore, valve 1300 can also be used to release fluids
(e.g., aqueous humor) at different rates.

[0059] Usingvalves such as 1200 and 1300, fmer con-
trol of pressure (e.g., IOP) can be achieved. In addition,
while an orifice (e.g., 1216a in Figue 12) in a valve can
be used to increase the flow capacity of the valve, it may
also be used to permit a drug to be administered. For
example, an orifice (e.g., 1216a) can be connected with
a pump (not shown) that delivers drugs into the body part
from an implanted drug reservoir (not shown).

[0060] Figure 14 is a flow chart illustrating the opera-
tion of a pressure control system 118 using such a valve
that have more than one open state, according to various
embodiments of the presentinvention. At 1402, three set
points, A, B, and C, with A greater than B and B greater
than C, are set into system 118. At 1404, sensor 206 of
the implanted system 118 measures the pressure of a
body part (e.g., IOP in the anterior chamber 102 of the
patient’s eye). At 1406, this pressure measurement is
sent to control device 208. At 1408, the control device
208 compares the measurement with set point A. If pres-
sure is above set point A, valve 202 of the system can
open fully at 1410, allowing fluids to be drained at the
highest rate. Otherwise, control device 208 compares
the measurement with set point B at 1412. If pressure is
above set point B, valve 202 can open partially (e.g.,
50%) at 1414. If not, control device 208 compares the
measurement with set point C at 1416. If pressure is be-
low set point C, valve 202 closes at 1418. Therefore,
system 118 candrain the body part at different rates when
pressure falls within different ranges.

[0061] Although embodiments of the presentinvention
are described in connection with monitoring and control-
ling intraocular pressure, they may also be used for other
applications. For example, embodiments of the present
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invention can be used to monitor and control intracranial,
intraspinal, and/or inner ear pressure by releasing fluid
in a skull, a spinal cord, or an inner ear to outside drains
orinternal passages. Embodiments of the present inven-
tion can also be used to control pressure in blood steams,
or to permit or restrict access to surgical anastomoses,
which in many situations can suffer from acute or chronic
edema or excessive or restricted (e.g., ischemic) blood
flow conditions. Additionally, embodiments of the present
invention can detect infiltration of IV lines. For example,
a pressure sensor can be placed inline with an IV line. If
the pressure differential becomes smaller, the pressure
control system can indicate increased resistance caused
by fluid being forced into the tissue rather than the low
resistance venous pathway.

[0062] In combination with an implanted pump, em-
bodiments of the presentinvention can be used to control
drugdelivery. For example, based on the pressure meas-
urements obtained by a pressure sensor, the system can
open a valve to release drugs held in an internal or ex-
ternal reservoir into a patient. In addition, opening of a
valve can be based on temperature, heart rate, blood
pressure or other fluid pressure limits recognized by the
system. Application of such a system may include hyper-
tensive crises requiring addition of sodium nitroprusside
or other fast acting agents; addition of agents to control
cardiac arrhythmias or to respond to a reduction in blood
pressure due to heart failure. The present invention can
also be used for other general applications in animals,
plants, and/or mechanical devices where changes in
pressure need to be monitored and/or controlled in a low
pressure, low flow environment. MEMS technology can
be used in various components of the pressure control
system, including but not limited to drug reservoir, valve,
and/or components providing computational and control
function.

[0063] Other embodiments, extensions, and modifica-
tions of the ideas presented above are comprehended
and within the reach of one skilled in the art upon review-
ing the present disclosure. Accordingly, the scope of the
present invention in its various aspects should not be
limited by the examples and embodiments presented
above. The individual aspects of the present invention,
and the entirety of the invention should be regarded so
as to allow for modifications and future developments
within the scope of the present disclosure.

Claims

1. A system for controlling pressure (118) in a body
part, comprising:

an implantable tube (116), having a first open
end and a second open end, the first open end
for being disposed in a body part;

animplantable valve (202) coupled with the tube
(116) and having at least one open state and a
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closed state;

afirstimplantable sensor (206) configured to ob-
tain atleast one measurement of pressure within
the body part; and

animplantable control device (208) coupled with
the valve (202) and the sensor (206), and con-
figured to receive the at least one measurement
and to switch the valve (202) between the at
least one open state and the closed state based
on the at least one measurement,

wherein the tube drains fluids from the body part
when the valve (202) is in the at least one open
state, due to a difference of pressure between
the first and the second open end of the tube,
and characterized in that

the valve (202) comprises

at least one electromagnet (502a),

an implantable sleeve (506) having a first end
(512a) and a second end (512b), both the first
and the second ends being made from a material
that is reactive to magnetic force;

an implantable blade (514) inside the sleeve
having a first magnetic end (508a) and a second
magnetic end (508b), a position of the blade
(514) determining whether the valve (202) is in
the at least one open state or the closed state;
and

a second implantable sensor (510) for verifying
the position of the blade (514),

the control device (208) switching the valve be-
tween the at least one open state and the closed
state by polarizing the at least one electromag-
net (502a).

The system (118) of claim 1, wherein the sensor
comprises a piezoresistive transducer (300).

The system (118) of claim 1, wherein the sensor
comprises a fiber optic sensor.

The system (118) of claim 1, 2 or 3, wherein the valve
(202) can be switched between the atleast one open
state and the closed state by an external magnet.

The system (118) of any preceding claim, wherein
the control device (208) comprises a wireless com-
munication module for transmitting information to an
external device (802).

The system (118) of any one of claims 1 to 4, wherein
the control device (208) comprises a two-way wire-
less communication module for transmitting and re-
ceiving information to and from an external device
(802).

The system (118) of claim 6, wherein the control de-
vice (208) switches the valve (202) between the at
least one open state and the closed state according
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to at least one set point, the at least one set point
being configurable by the external device (802).

The system (118) of any preceding claim, wherein
the control device (208) comprises:

a battery; and
an electromagnetic induction system configured
to recharge the battery.

The system (118) of any preceding claim, wherein
the sensor (206) is further configured to obtain a tem-
perature measurement, and the control device (208)
is further configured to receive the temperature
measurement and switch the valve (202) based on
the pressure and the temperature measurements.

The system (118) of any preceding claim, wherein
the valve (202) has at least two open states and
drains fluids within a body part at different rates in
different open states.

The system (118) of any preceding claim, further
comprising an implantable pump configured to de-
liver drugs into the body part.

Patentanspriiche

1.

System zum Regeln von Druck (118) in einem Kor-
perteil, aufweisend:

einen implantierbaren Schlauch (116) miteinem
ersten offenen Ende und einem zweiten offenen
Ende, wobei das erste offene Ende zur Anord-
nung in einem Korperteil gedacht ist;

ein implantierbares Ventil (202), das mit dem
Schlauch (116) verbunden ist und wenigstens
einen offenen Zustand und einen geschlosse-
nen Zustand hat;

einen ersten implantierbaren Sensor (206), der
dafiir eingerichtet ist, wenigstens einen Druck-
Messwert im Korperteil zu erhalten; und

eine implantierbare Regelvorrichtung (208), die
mit dem Ventil (202) und dem Sensor (206) ver-
bunden und dafiir eingerichtet ist, den wenig-
stens einen Messwert zu empfangen und das
Ventil (202) zwischen dem wenigstens einen of-
fenen Zustand und dem geschlossenen Zu-
stand auf der Basis des wenigstens einen Mess-
werts umzuschalten,

wobei der Schlauch Fluide aus dem Kérperteil,
wenn sich das Ventil (202) in dem wenigstens
einen offenen Zustand befindet, aufgrund einer
Druckdifferenz zwischen dem ersten und dem
zweiten offenen Ende des Schlauch ableitet,
und dadurch gekennzeichnet, dass das Ventil
(202) aufweist:
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wenigstens einen Elektromagneten (502a);
eine implantierbare Hilse (506) mit einem
ersten Ende (512a) und einem zweiten En-
de (512b), wobei sowohl das erste als auch
zweite Ende aus einem Material bestehen,
das auf magnetische Kraft reagiert;

einen implantierbaren Anker (514) inner-
halb der Hilse mit einem ersten magneti-
schen Ende (508a) und einem zweiten ma-
gnetischen Ende (508b), wobei eine Positi-
on des Ankers (514) bestimmt, ob sich das
Ventil (202) in dem wenigstens einem offe-
nen Zustand oder geschlossenem Zustand
befindet; und

einen zweiten implantierbaren Sensor
(510) zum Verifizieren der Position des An-
kers (514);

wobei die Steuervorrichtung (208) das Ven-
til zwischen dem wenigstens einem offenen
Zustand und dem geschlossenen Zustand
durch Polarisieren des wenigstens einen
Elektromagneten (502a) umschaltet.

System (118) nach Anspruch 1, wobei der Sensor
einen piezoresistiven Wandler (300) aufweist.

System (118) nach Anspruch 1, wobei der Sensor
einen faseroptischen Sensor aufweist.

System (118) nach Anspruch 1, 2 oder 3, wobei das
Ventil (202) zwischen dem wenigstens einen offenen
Zustand und dem geschlossenen Zustand durch ei-
nen externen Magneten umgeschaltet werden kann.

System (118) nach einem der vorstehenden Anspri-
che, wobei die Regelvorrichtung (208) ein Drahtlos-
Kommunikationsmodul aufweist, um Information an
eine externe Vorrichtung (802) zu senden.

System (118) nach einem der Anspriiche 1 bis 4,
wobei die Regelvorrichtung (208) ein Zweiwege-
Drahtlos-Kommunikationsmodul zum Senden und
Empfangen von Information an eine und von einer
externen Vorrichtung (802) aufweist.

System (118) nach Anspruch 6, wobei die Regelvor-
richtung (208) das Ventil (202) zwischen dem we-
nigstens einen offenen Zustand und dem geschlos-
senen Zustand gemal wenigstens einem Sollwert
umschaltet, wobei der wenigstens eine Sollwert
durch die externe Vorrichtung (802) einstellbar ist.

System (118) nach einem der vorstehenden Anspri-
che, wobei die Regelvorrichtung (208) aufweist:

eine Batterie; und
ein elektromagnetisches Induktionssystem, das
daflr eingerichtet ist, die Batterie wieder aufzu-
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laden.

System (118) nach einem der vorstehenden Anspri-
che, wobei der Sensor (206) ferner dafiir eingerichtet
ist, eine Temperaturmessung zu erhalten, und die
Regelvorrichtung (208) ferner dafiir eingerichtet ist,
die Temperaturmessung zu empfangen und das
Ventil (202) auf der Basis der Messungen von Druck
und Temperatur umzuschalten.

System (118) nach einem der vorstehenden Anspri-
che, wobei das Ventil (202) wenigstens zwei offene
Zustande hat, und Fluide in einem Kérperteil mit un-
terschiedlichen Raten in unterschiedlichen offenen
Zustanden ableitet.

System (118) nach einem der vorstehenden Anspri-
che, das ferner eine implantierbare Pumpe aufweist,
die daflr eingerichtet ist, Medikamente in das Kor-
perteil zu liefern.

Revendications

1.

Systéme destiné a contrdler la pression (118) dans
une partie du corps, comprenant :

un tube implantable (116), ayant une premiére
extrémité ouverte et une seconde extrémité
ouverte, la premiére extrémité ouverte étant dis-
posée dans une partie du corps ;

une valve implantable (202) raccordée au tube
(116) et ayant au moins un état ouvert et un état
fermé ;

un premier capteur implantable (206) configuré
pour obtenir au moins une mesure de pression
dans la partie du corps ; et

un dispositif de commande implantable (208)
raccordé a la valve (202) et au capteur (206) et
configuré pour recevoir ladite au moins une me-
sure et pour commuter la valve (202) entre ledit
au moins un état ouvert et I'état fermé, sur la
base d’au moins une mesure,

dans lequel le tube draine des fluides depuis la
partie du corps, quand la valve (202) est dans
ledit au moins un état ouvert, du fait d’'une diffé-
rence de pression entre la premiére et la secon-
de extrémités ouvertes du tube et caractérisé
en ce que

la valve (202) comprend

au moins un électro-aimant (502a)

un manchon implantable (506) ayant une pre-
miére extrémité (512a) et une seconde extrémi-
té (512b), la premiére et la seconde extrémités
étant constituées d’'un matériau qui est réactif a
la force magnétique ;

une lame implantable (514) a l'intérieur du man-
chon ayant une premiére extrémité magnétique
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(508a) et une seconde extrémité magnétique
(508b), une position de la lame (514) détermi-
nant si la valve (202) est dans ledit au moins un
état ouvert ou dans I'état fermé et

un second capteur implantable (510) pour véri-
fier la position de la lame (514),

le dispositif de commande (208) commutant la
valve entre ladite au moins un état ouvert et I'état
fermé, en polarisant ledit au moins un électro-
aimant (502a) .

Systéme (118) selon la revendication 1, dans lequel
le capteur comprend un transducteur piézoélectri-
que (300).

Systéme (118) selon la revendication 1, dans lequel
le capteur comprend un capteur a fibres optiques.

Systéme (118) selon larevendication 1, 2 ou 3, dans
lequel la valve (202) peut étre commutée entre ledit
au moins un état ouvert et I'état fermé par un aimant
extérieur.

Systéme (118) selon 'une quelconque des revendi-
cations précédentes, dans lequel le dispositif de
commande (208) comprend un module de commu-
nication sans fil pour transmettre des informations a
un dispositif extérieur (802).

Systéme (118) selon 'une quelconque des revendi-
cations 1 a 4, dans lequel le dispositif de commande
(208) comprend un module de communication sans
fil a deux voies, pour transmettre et recevoir des in-
formations vers et d’un dispositif extérieur (802).

Systéme (118) selon la revendication 6, dans lequel
le dispositif de commande (208) commute la valve
(202) entre ledit au moins un état ouvert et I'état fer-
mé, selon au moins un point de consigne, ledit au
moins un point de consigne étant configurable par
le dispositif extérieur (802).

Systéme (118) selon 'une quelconque des revendi-
cations précédentes, dans lequel le dispositif de
commande (208) comprend :

une batterie, et
un systéme d’induction électromagnétique con-
figuré pour recharger la batterie.

Systéme (118) selon 'une quelconque des revendi-
cations précédentes, dans lequel le capteur (206)
esten outre configuré, de fagon a obtenirune mesure
de température et le dispositif de commande (208)
est en outre configuré de fagon a recevoir la mesure
de température et a commuter la valve (202), sur la
base des mesures de pression et de température.
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10. Systéme (118) selon I'une quelconque des revendi-

11.

cations précédentes, dans lequel la valve (202) a au
moins deux états ouverts, et draine des fluides dans
une partie du corps a différentes vitesses selon les
différents états ouverts.

Systéeme (118) selon I'une quelconque des revendi-
cations précédentes, comprenant en outre une pom-
pe implantable, configurée pour distribuer des mé-
dicaments dans la partie du corps.
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