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1
IMPEDANCE-BASED BLADDER SENSING

TECHNICAL FIELD

The invention relates to implantable medical devices and,
more particularly, implantable sensors.

BACKGROUND

Urinary incontinence, or an inability to control urinary
function, is a common problem afflicting people of all ages,
genders, and races. Various muscles, nerves, organs and con-
duits within the urinary tract cooperate to collect, store and
release urine. A variety of disorders may compromise urinary
tract performance, and contribute to incontinence. Many of
the disorders may be associated with aging, injury or illness.

In some cases, urinary incontinence can be attributed to
improper sphincter function, either in the internal urinary
sphincter or external urinary sphincter. For example, aging
can often result in weakened sphincter muscles, which causes
incontinence. Some patients may also suffer from nerve dis-
orders that prevent proper triggering and operation of the
bladder or sphincter muscles. Nerves running though the
pelvic floor stimulate contractility in the sphincter. A break-
down in communication between the nervous system and the
urinary sphincter can result in urinary incontinence. As used
herein, the term “urinary incontinence” include disorders in
which urination occurs when not desired, such as stress or
urge incontinence, and disorders in which urination does not
occur as desired, such as urinary retention disorder.

Therapies for treating urinary incontinence include deliv-
ery of electrical stimulation and delivery of therapeutic sub-
stances. For example, delivery of electrical stimulation from
an implantable medical device to nerves in the pelvic floor,
such as the sacral and pudendal nerves, may provide an effec-
tive therapy for urinary incontinence. Electrical stimulation
of the sacral nerve may induce sphincter constriction and
thereby close or maintain closure of the urethra at the bladder
neck. In addition, electrical stimulation of the bladder wall
may enhance pelvic floor muscle tone and assist fluid reten-
tion in the bladder or voiding fluid from the bladder.

SUMMARY

In general, the invention is directed to systems and associ-
ated methods for sensing the volume, activity, or other param-
eters of the urinary bladder based on an impedance through
the bladder. Systems according to the invention emit and
receive an electrical signal through the bladder, and deter-
mine the impedance through the bladder based on the signal.
The electrical signal varies as a function of the impedance
through the bladder, which may in turn vary as a function of
volume, activity, or other parameters of the bladder.

Systems according to the invention include at least two
electrodes that respectively emit and receive the electrical
signal. The electrodes are implanted proximate to the wall of
the bladder at respective locations, and may be located sub-
stantially opposite each other relative to a center of the blad-
der. As examples, the electrodes may be coupled to an
implantable medical device (IMD) that is implanted outside
of the bladder by respective leads, or may be coupled to an
implantable module that is attached to the bladder wall. Elec-
trodes coupled to such an implantable module may be formed
on or within a housing of the module, or coupled to the
module by leads. In embodiments that include an implantable
module, the module may wirelessly transmit information
based on the detected impedance, e.g., information related to
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the filling or emptying of the bladder, to one or more of an
implantable medical device or external device, such as an
external programmer.

Some embodiments of the invention include delivering a
therapy to alleviate urinary incontinence, such electrical
stimulation or a therapeutic substance, based on detected
impedance. For example, some embodiments may include an
implantable medical device that delivers a therapy based on
the detected impedance. In some embodiments, an implant-
able module wirelessly transmits information relating to the
detected impedance to an implantable medical device that
delivers the therapy, and the implantable medical device
delivers therapy based on the transmitted information. In
other embodiments, the implantable module transmits the
information to an external programmer, which controls deliv-
ery of therapy by an implantable medical device based on the
information received from the implantable module. In vari-
ous embodiments, the systems may provide closed-loop feed-
back control of the therapy based on the detected impedance,
trigger or terminate the therapy based on the impedance, or
both.

Some embodiments may present information relating to
filling, emptying, volume, activity, or other parameters of the
bladder to a user based on the detected impedance. Systems
according to the invention may include an external program-
mer or other external device with a user interface for present-
ing such information to the user. The external device may
receive information related to the detected impedance from
an implantable medical device or implantable module, and
present information relating to filling, emptying, volume,
activity, or other parameters of the bladder to a user based on
the received information. The implantable medical device or
module may include a memory to store information relating
to the bladder impedance over time, for later retrieval by an
external device. In this manner, systems according to the
invention may provide short- or long-term monitoring of
bladder functioning, e.g., for diagnosis or monitoring of uri-
nary incontinence. Further, systems according to the inven-
tion may provide alerts to the patient relating to the volume of
fullness of the bladder, or incontinence events.

In one embodiment, the invention is directed to a method
comprising emitting an electrical signal from a first electrode
implanted proximate to a wall of a bladder of a patient at a first
location, receiving the electrical signal via a second electrode
implanted proximate to the wall of the bladder at a second
location, and detecting an impedance through the bladder
based on the signal.

In another embodiment, the invention is directed to a sys-
tem comprising a first electrode implanted proximate to a wall
of a bladder of a patient at a first location that emits an
electrical signal, a second electrode implanted proximate to
the wall of the bladder at a second location that receives the
electrical signal, and impedance measurement circuitry that
emits an electrical signal via the first electrode, receives the
electrical signal via the second electrode, and detects an
impedance through the bladder based on the signal.

In another embodiment, the invention is directed to a sys-
tem comprising an implantable module implanted on or
within a wall of a bladder of a patient, a first electrode elec-
trically coupled to the implantable module and located proxi-
mate to a wall of the bladder at a first location, and a second
electrode electrically coupled to the implantable module and
located proximate to the wall of the bladder at a second
location. The implantable module emits an electrical signal
via the first electrode, receives the electrical signal via the
second electrode, and detects an impedance through the blad-
der based on the signal.
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In various embodiments, the invention may provide one or
more advantages. For example, while placing electrodes on or
within the bladder may be more invasive than other sensors,
and particularly, external sensors, it may allow systems
according to the invention to provide more accurate informa-
tion regarding bladder volume, activity, and the like. Placing
electrodes on or within the bladder may also facilitate pH
monitoring in addition to bladder volume and activity moni-
toring, in some embodiments. According to some embodi-
ments, electrodes may be placed in the bladder without sur-
gery, e.g., endoscopically via the urethra as part of an
implantable module.

In some embodiments, therapy delivery may be responsive
to detected bladder fullness levels and/or urinary inconti-
nence events. In addition, in some embodiments, the system
may notify the patient of a filled bladder and urge the patient
to urinate before causing an unintentional voiding event, or
before the fullness of bladder results in pelvic pain, e.g., due
interstitial cystitis. Also, with closed-loop therapy, the system
may generate stimulation parameter adjustments, based on
sensed bladder conditions, to more effectively target the func-
tion of the urinary sphincter muscle or pelvic floor muscle
tone, thereby enhancing therapy efficacy. In some patients,
more effective stimulation via the sacral or pudendal nerves
may actually serve to strengthen the sphincter muscle or
enhance pelvic floor tone, restoring proper operation.

The details of one or more embodiments of the invention
are set forth in the accompanying drawings and the descrip-
tion below. Other features, objects, and advantages of the
invention will be apparent from the description and drawings,
and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram illustrating an example sys-
tem that senses parameters of the bladder based on an imped-
ance through the bladder.

FIG. 2 is an enlarged view of an implantable stimulator
with a lead penetrating a bladder wall to dispose an electrode
within the bladder.

FIG. 3 is a schematic diagram illustrating another example
system that senses parameters of the bladder based on an
impedance through the bladder.

FIG. 4 is a cross-sectional side view of an implantable
module attached to the interior wall of the bladder of a patient.

FIG. 5 is a bottom view of the implantable module of FIG.
4.

FIG. 6 is a cross-sectional side view of a deployment
device during deployment and fixation of the implantable
module of FIG. 4.

FIG. 7 is a cross-sectional side view of an implantable
module placed within the bladder wall of a patient.

FIG. 8 is a schematic diagram illustrating deployment of
the implantable module of FIG. 7.

FIG. 9 is a functional block diagram illustrating various
components of an implantable medical device which delivers
therapy based on a detected impedance through the bladder.

FIG. 10 is a functional block diagram illustrating various
components of an example external programmer.

FIG. 11 is a functional block diagram illustrating various
components of an example implantable module that includes
an electrode.

FIG. 12 is a flow chart illustrating an example technique for
delivery of therapy based on a detected impedance through
the bladder.
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FIG. 13 is a flow chart illustrating another example tech-
nique for delivery of therapy based on a detected impedance
through the bladder.

DETAILED DESCRIPTION

FIG. 1 is a schematic diagram illustrating an example sys-
tem 10 that senses parameters of a bladder 14 of a patient 12
based on a detected impedance through the bladder. As shown
in FIG. 1, system 10 may include an implantable medical
device (IMD) 18 and external programmer 22. System 10
may provide short- or long-term monitoring of bladder func-
tioning or urinary incontinence based on the detected imped-
ance, or use the detected signal as feedback to control delivery
of a therapy for alleviating urinary incontinence.

In the illustrated embodiment, IMD 18 is coupled to first
and second electrodes 26 A and 26B (collectively “electrodes
26”) via a first and second leads 16 A and 16B (collectively
“leads 16”). Leads 16 penetrate the wall of bladder 14, and
locate the electrode proximate to an interior surface of the
wall of the bladder at first and second locations, respectively.
Electrodes 26 are located at respective locations, and may be
located substantially opposite each other relative to the center
of bladder 14. In some embodiments, one or both of leads 16
need not penetrate the wall of bladder 16, and one or both of
electrodes 26 may be located proximate to the exterior surface
ofthe bladder wall. Further, in some embodiments, a common
lead 16 may carry both electrodes 26 to respective locations
proximate to the bladder wall.

IMD 18 may transmit an electrical signal through bladder
14 via leads 16 and electrodes 26. The detected signal varies
as a function of an impedance through bladder 14, which in
turn may vary based on a variety of parameters of the bladder,
including volume, activity, and pH. Accordingly, IMD 18
detects an impedance through bladder 14 based on the signal.
In some embodiments, IMD 18 may transmit information
related to the detected impedance, such as measured samples
or bladder parameter information determined based on the
samples, to external programmer 22.

System 10, e.g., IMD 18 or external programmer 22 may
monitor bladder volume, filing, fill level, emptying, contrac-
tions, and the like based on the detected impedance. A fill
level or rate of volume change may be considered bladder
activity or bladder condition information, as described
herein. Based on the detected impedance, IMD 18 or external
programmer 22 may initiate, terminate or adjust a therapy
delivered by IMD 18. Further, external programmer 22 or
another computing device with a user interface may present
bladder volume, activity or function information to a user,
such as a physician, based on the detected impedance. In
some embodiments, IMD 18 or external programmer 22 may
store information related to the detected impedance or blad-
der parameters derived from the detected impedance for long-
or short-term monitoring of bladder volume, activity or func-
tion, e.g., for evaluation of urinary incontinence or monitor-
ing the efficacy a treatment for urinary incontinence. In some
embodiments, IMD 18 or programmer 22 may provide closed
loop feedback control of delivery of therapy by IMD 18 to
patient 12 based on the detected impedance.

In the illustrated example, IMD 18 is coupled to a stimu-
lation lead 20, which may include one or more electrodes as
is known in the art for delivering electrical stimulation to
patient 12. Lead 20 may be tunneled from IMD 18 to one or
more pelvic floor nerve or muscle sites associated with the
urinary system. For example, stimulation lead 20 may termi-
nate adjacent nerves in the pelvic floor, such as the sacral or
pudendal nerves which innervates the pelvic floor muscles
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including the urinary sphincter. For example, sacral or puden-
dal nerve stimulation may result in an increase in pelvic floor
muscle tone or the contraction of the urinary sphincter, which
keeps urine inside bladder 14. Appropriate nerve stimulation
may assist patient 12 in avoiding urinary incontinence, or
promoting the elimination of urine from bladder 14 when
urination is desired.

In other embodiments, IMD 16 additionally or alterna-
tively delivers one or more therapeutic substances to patient
12 via one or more catheters. Therapeutic substances may
include pharmaceutical, chemical or genetic substances.
Such substances may be delivered to pelvis floor nerves or
muscles associated with urination.

In either case, patient 12 may control the therapy delivered
by IMD 18 via programmer 22. For example, patient 12 may
initiate or terminate delivery of therapy by IMD 18 via pro-
grammer 22. Further, IMD 18 or external programmer 22
may control delivery of therapy based on the bladder param-
eters that affect the impedance through the bladder by initi-
ating, adjusting, or terminating the therapy based on the
impedance detected by IMD 18. For example, IMD 18 or
external programmer 22 may adjust electrical stimulation
parameters such as pulse amplitude, rate and width, and elec-
trode polarity or configuration, based on the detected imped-
ance. As another example, IMD 18 or external programmer
22 may similarly adjust the infusion rate, concentration or
number of substances delivered to patient 12 based on the
detected impedance.

If the detected impedance indicates increased bladder vol-
ume, which may result in increased pressure on the pelvic
floor muscles and urinary sphincter muscle, the IMD or pro-
grammer may increases the intensity of therapy intended to
promote urinary retention. After a voiding event, the IMD or
programmer may terminate or reduce the intensity of the
therapy to conserve power or other resources. In some
embodiments, external programmer 22 may alert patient 12 if
bladder volume reaches a threshold based on the detected
impedance. In response, patient 12 may use programmer to
terminate a therapy intended to promote urinary retention
and/or initiate a therapy intended to promote urination. Alert-
ing the patient when the bladder volume reaches a threshold
may advantageously allow a patient to avoid an incontinence
event, orpelvic pain in cases where the patient has a condition
such that a relatively full bladder causes pelvic pain, such as
interstitial cystitis. In some embodiments, therapy may be
delivered substantially continuously, but at different intensi-
ties based on the detected impedance.

External programmer 22 may be a small, battery-powered,
portable device that accompanies patient 12 throughout a
daily routine. Programmer 22 may have a simple user inter-
face, such as a button or keypad, and a display or lights.
Patient 12 may voluntarily initiate a voiding event, i.e., a
voluntary voiding of bladder 14, via the user interface. In this
case, programmer 22 may transmit a command signal to IMD
18 to temporarily suspend stimulation, and thereby permit
voluntary voiding. In some embodiments, the length of time
for a voiding event may be determined by pressing and hold-
ing down a button for the duration of a voiding event, pressing
abutton a first time to initiate voiding and a second time when
voiding is complete, or by a predetermined length of time
permitted by programmer 22 or IMD 18. In each case, pro-
grammer 22 causes implantable IMD 18 to temporarily sus-
pend stimulation so that voluntary voiding is possible. How-
ever, in other embodiments, suspension of stimulation is not
necessary to facilitate voiding, and stimulation may occur
substantially continuously, with modifications based on the
detected impedance.
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IMD 18 may be surgically implanted at a site in patient 12
near the pelvis. The implantation site may be a subcutaneous
location in the side of the lower abdomen or the side of the
lower back or upper buttocks. One or more electrical stimu-
lation leads 20 may be connected to IMD 18 and surgically or
percutaneously tunneled to place one or more electrodes car-
ried by a distal end of the lead at a desired pelvic nerve or
muscle site, such as a sacral or pudendal nerve site. IMD 18
has a biocompatible housing, which may be formed from
titanium, stainless steel or the like. IMD 18 may be configured
to deliver electrical stimulation pulses with a range of elec-
trical parameter values, such as amplitude, pulse width and
pulse rate, selected to prevent involuntary leakage of urine
from bladder 14.

The invention is not limited to embodiments that include a
therapy-delivering IMD. In some embodiments, as will be
discussed in greater detail below, an implantable sensor mod-
ule may detect impedance and store information relating to
the detected impedance without delivery of therapy, for short
or long-term monitoring of bladder function, e.g., for a uri-
nary incontinence study.

FIG. 2 is an enlarged view of IMD 18 and lead 16A pen-
etrating a bladder wall to dispose electrode 26 A within blad-
der 14 proximate to the interior surface of the bladder wall at
a first location. Although notillustrated in FIG. 2 for diagram-
matic simplicity, lead 16B may similarly penetrate the blad-
der wall to dispose electrode 26B within bladder 14 proxi-
mate to the interior surface of the bladder wall at a second
location. IMD 18 is also electrically coupled to stimulation
lead 20 which, although not shown in the figures, terminates
at a nerve site, such as the sacral nerve that innervates the
urinary sphincter. Stimulating the sacral nerve may, for
example, cause the sphincter to contact and help patient 12
avoid urinary incontinence events. While both leads 20 and 16
carry electrical current, the electrical signals are different
from each other and are generated for different purposes. The
electrical signal carried by leads 16 is emitted into bladder 14
by electrode 26A, and received by electrode 26B on the
opposite side of the wall of bladder 14.

Leads 16 are tunneled through the abdominal cavity of
patient 12 to reach bladder 14. Leads 16 are placed within
respective small holes within bladder wall 28 in order for
electrodes 26 to reside within bladder 14. Electrodes 26 and
leads 16 plug the holes in bladder wall 28 and effectively seal
urine within bladder 14. Electrodes 26 are secured within
bladder wall 28 to prevent the movement of leads 16 as
bladder wall 28 expands and contracts with filling and void-
ing cycles of bladder 14. In addition, leads 16 include either
extra length of lead or a flexible material to allow leads 16 to
move with the changing size of bladder 14. An inflexible or
taught lead 16 could damage the lead, IMD 18 or patient 12.
As described above, the invention is not limited to embodi-
ments in which electrodes 26 are located inside bladder 16. In
some embodiments, leads 16 may attach to the outside of
bladder wall 28, disposing electrodes 26 proximate to or
embedded within the wall, but outside the bladder cavity.

Leads 16 may include fixation elements, such as barbs,
hooks, an expandable, stent-like element, or an expandable
hydrogel element to maintain electrodes 26 in desired posi-
tions, and prevent the electrodes from withdrawing from
bladder 14. An expandable, stent-like or hydrogel element, or
a biological glue, may plug the hole formed by insertion of
electrodes 26 and leads 16 through bladder wall 28. Such
elements or glues may be located inside or outside of bladder
14 when electrodes 26 are positioned within bladder. Leads
16 and electrodes 26 may be advanced into bladder 14 via a
hollow, rigid catheter, needle, or the like, which penetrates
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bladder wall 28, and expansion of a stent-like or hydrogel
element may occur after the catheter or needle is withdrawn.
Leads 16 may be formed to include a helical section that
provides “slack” to allow leads 16 to move with the changing
size of bladder 14.

IMD 18 may be located near bladder 14 or sacral nerve.
Shorter leads 20 and 16 may reduce the risk of patient infec-
tion, tissue disturbance and signal noise. In other embodi-
ments, IMD 18 may wirelessly communicate with a separate
implantable stimulation device located near the sacral nerve
and an implanted sensor module that detects the impedance
through bladder 14. In such embodiments, IMD 18 may be
located in any convenient location that facilitates wireless
communication, and need not be coupled to leads 16, 20.

FIG. 3 is a schematic diagram illustrating an implantable
stimulation system 11, incorporating an IMD 19, and a wire-
less implantable sensor module 17 that detects an impedance
through the bladder. As shown in FIG. 3, system 11 also
includes an IMD 19 coupled to a lead 20, and an external
programmer 22, which are substantially similar to external
programmer 22, IMD 18 and lead 20 described above with
reference to FIGS. 1 and 2. In the illustrated embodiment,
module 17 is implanted inside bladder 14 at a first location,
and includes a first electrode 26 A (not shown in FIG. 3), e.g.,
formed on its housing. The first and second electrodes are
located at first and second positions proximate to the interior
surface of bladder 14 and, as shown in FIG. 3, may be located
substantially opposite each other relative to a center of blad-
der 14. In other embodiments, module 17 and electrodes 26
may be located outside of bladder 14 proximate to the bladder
wall, e.g., attached to the exterior surface of the wall. Further,
in some embodiments, module 17 may be coupled to both
electrodes 26 via respective leads or a common lead, or may
both be formed on or within a housing of the module.

Module 17 may transmit an electrical signal through blad-
der 14 via first and second electrodes 26, and detect an imped-
ance through the bladder based on the signal. Module 17 may
be capable of wireless communication with either or both of
IMD 19 and external programmer 22 for transmission of
information relating to the detected impedance, such as
impedance measurements or bladder parameter values
derived from such measurements. IMD 19 and/or external
programmer 22 may control delivery of therapy by IMD 19
based onthe transmitted information, as discussed above with
reference to FIG. 1. Further, external programmer 22 may
present information relating to bladder filling and emptying
to a user, such as a physician, based on the transmitted infor-
mation, as discussed above with reference to FIG. 1.

IMD 19 may act as an intermediary for communication
between module 17 and external programmer 22. Addition-
ally, module 17,IMD 19, and/or external programmer 22 may
communicate wirelessly to coordinate transmission of the
signal through bladder 14, e.g., to coordinate or request mea-
surements.

As discussed above, some embodiments of the invention
need not include a therapy delivering IMD. In other words, in
some embodiments, module 17 may support purely diagnos-
tic purposes, such as urodynamic study, e.g., by transmission
of information to external programmer 22.

FIG. 4 is a cross-sectional side view of implantable module
17 attached to the interior wall of the bladder of a patient. As
shown in FIG. 4, module 17 includes a housing 30 and elec-
trode 26A formed on, as part of, or within the housing. Mod-
ule 17 is also coupled to electrode 26B by lead 21, as dis-
cussed above. Electrodes 26 may be coupled to a circuitboard
32 within module 17. A power source 34, such as a battery,
may be provided to power circuit board 32 and the compo-
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nents attached thereto. Circuit board 32 may include circuitry
to generate the signal transmitted through bladder 14 via
electrodes 26, and processing electronics and other circuitry
to determine an impedance through the bladder based on the
transmitted signal. In addition, circuit board 32 may include
telemetry circuitry for wireless telemetry with IMD 19, exter-
nal programmer 22, or both.

Power source 34 may take the form of a small rechargeable
or non-rechargeable battery, which may be configured as a
coin cell or pin cell. Different types of batteries or different
battery sizes may be used, depending on the requirements of
a given application. To promote longevity, power source 34
may be rechargeable via induction or ultrasonic energy trans-
mission, and includes an appropriate circuit for recovering
transcutaneously received energy. For example, power source
34 may include a secondary coil and a rectifier circuit for
inductive energy transfer. Power generation or charging elec-
tronics may be carried on circuit board 32. In still other
embodiments, power source 34 may not include any storage
element, and module 17 may be fully powered via transcuta-
neous inductive energy transfer. As a further alternative, IMD
18 or programmer 22 may be configured to apply inductive
power to module 17 whenever detection is desired. In this
case, when inductive power is not applied, module 17 is
asleep. Upon application of inductive power, module 17
wakes up, acquires a sense signal, and transmits the signal to
programmer 22 or IMD 19. Accordingly, IMD 19 or program-
mer 22 determines the sampling rate of module 17 by pow-
ering up the module at desired intervals.

Module housing 30 may be made from a biocompatible
material such as titanium, stainless steel or nitinol, or a poly-
meric material such as silicone or polyurethane. Another
material for fabrication of housing 30 is a two-part epoxy. An
example of a suitable epoxy is a two-part medical implant
epoxy manufactured by Epoxy Technology, Inc., mixed in a
ratio of 10 grams of resin to one gram of activator. In general,
housing 30 contains no external openings, with the exception
of openings to facilitate connection of conducts that are
coupled to electrodes to circuit board 32 within the housing.
The openings may be a hermetically sealed feedthroughs,
allowing housing 30 to protect power source 34 and circuit
board 32 from the environment within bladder 14.

In some embodiments, housing 30 may have a capsule-like
shape with a length in a range of approximately 2 to 15 mm,
awidth in a range of approximately 2 to 10 mm, and a height
in a range of approximately 2 to 10 mm. The capsule-like
shape may produce a circular cross-section, in which case
housing 30 may have a diameter of approximately 3 to 10
mm, rather than width and height dimensions.

Attaching implantable module 17 to the interior bladder
wall 28 of bladder 14 may be accomplished in a variety of
ways, but preferably is completed in a manner that will not
excessively injure bladder 14 or otherwise cause excessive
trauma during implantation. Preferably, attachment should
cause limited inflammation and substantially no adverse
physiological modification, such as tissue infection or a loss
in structural integrity of bladder 14. However, it is desirable
that implantable module 17 also be attached securely to the
attachment site in order to provide an extended period of
measurement without prematurely loosening or detaching
from the intended location.

As an example, housing 30 may define a vacuum cavity 40
and vacuum channel 38. A vacuum is created in vacuum
cavity by a deployment device having a vacuum line in com-
munication with vacuum channel 38. The vacuum draws tis-
sue 44 from bladder wall 28 into vacuum cavity 40. Vacuum
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cavity 40 may be sized to capture a volume of bladder wall
tissue on the order of approximately 1 to 5 mm®.

Once tissue 44 of bladder wall 28 is captured within
vacuum cavity 40, a fastening pin 42 is driven into the cap-
tured tissue to attach sensor housing 30 within bladder 14.
Fastening pin 42 may be made from, for example, stainless
steel, titanium, nitinol, or a high density polymer. The shaft of
pin 42 may be smooth or rough, and the tip may have a sharp
point to allow for easy penetration into tissue. Fastening pin
42 may be driven into housing 30 and tissue 44 of bladder wall
28 under pressure, or upon actuation by a push rod, adminis-
tered by a deployment device. In another embodiment,
implantable module 24 may be attached without the use of a
penetrating rod but with a spring-loaded clip to pinch trapped
bladder wall 28 within cavity 40. A variety of other attach-
ment mechanisms, such as pins, clips, barbs, sutures, helical
screws, surgical adhesives, and the like may be used to attach
housing 30 to bladder wall 28 of bladder 14.

In the example of FIGS. 3 and 4, housing 30 of implantable
module 17 is attached to the interior bladder wall 28 of blad-
der 14 near the side of the bladder. However, the attachment
site for housing 30 could be at any position on bladder wall 28
that does not interfere with bladder function or other organ
function. For example, housing 30 may be placed in the top of
the bladder or near the urethra. In some patients, the most
desirable position may coincide with the least invasive
implantation surgery. Placing housing 30 substantially oppo-
site electrode 26B, as illustrated in FIG. 3, may allow more
accurate determination of changes in bladder 14 size. Module
17 may be surgically implanted using open surgery or laparo-
scopic techniques, or may be endoscopically implanted via
the urethra.

FIG. 5 1s a bottom view of module 17. As discussed above,
housing 30 defines vacuum cavity 40, which comes into con-
tact with bladder wall 28 when attaching module 17 to the
interior surface of bladder wall 28. Electrode 26A is located
on the opposite side of housing 30. However, some embodi-
ments may require electrode 26 A to reside on other surfaces
of housing 30. In addition, module 17 may include multiple
electrodes 26 on more than one surface of housing 30. Addi-
tional electrodes may detect different electrical signals simul-
taneously, provide redundancy if electrode 26 A fails to oper-
ate correctly, or be used to transmit the signal through bladder
without leads 16.

Vacuum cavity 40 holds a portion of tissue from bladder
wall 28 in order to keep housing 30 in contact with the interior
surface of bladder 14. In some embodiments, housing 30 may
contain more than one vacuum cavity to attach to multiple
points along bladder wall 28. For example, one vacuum cavity
on each end of housing 30 may provide secure contact
between the housing and bladder wall 28. In other embodi-
ments, housing 30 may be formed into a different shape than
the illustrated rectangular shape. For example, housing 30
may comprise a circular shape or concave shape to better fit
the curvature of bladder 14.

FIG. 6 is a cross-sectional side view of deployment device
46 used during deployment and fixation of implantable mod-
ule 17. In the example of FIG. 6, deployment device 46
includes a distal head 48. Distal head 48 may be mounted on
an elongated sheath 50 (partially shown in FIG. 6) configured
for laproscopic introduction via a trocar, or endoscopic intro-
duction into patient 12 through the urethra. Deployment
device 46 may be used with other components, such as a gas
distension tube for inflating the pelvic cavity to facilitate
access to bladder 14, and a visualization scope for viewing the
implantation site. In some embodiments, visualization com-
ponents may be integrated with deployment device 46.
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Deployment device may include mechanisms for steering
distal head 48 using a proximal handle, as is known in the art.

As shown in FIG. 6, distal head 48 receives a vacuum line
52 and a positive pressure line 54 via elongated sheath 50.
Vacuum line 52 is coupled to a vacuum outside of patient 12
via a tube or lumen extending along the length of deployment
device 46. Similarly, positive pressure line 54 is coupled to a
positive pressure source (not shown) via a tube or lumen
extending along the length of deployment device 46. Vacuum
line 52 is in fluid communication with vacuum channel 38 and
vacuum cavity 40, and permits the physician to draw a
vacuum and thereby capture tissue 44 of bladder wall 28
within the vacuum cavity. Positive pressure line 54 permits
the physician to apply a pulse of high pressure fluid, such as
aliquid or a gas, to drive fixation pin 42 into module housing
30 and through tissue 44 of bladder wall 28. Pin 42 thereby
fixes sensor housing 30 to external bladder wall 28. In some
embodiments, a membrane mounted over an opening of posi-
tive pressure line 54 may be punctured by pin 42.

Once fixation pin 42 attaches module 24 to the interior
surface of bladder 14, vacuum line 52 is no longer needed.
However, in some embodiments, vacuum line 52 may be used
to detach module 24 from distal head 48 of deployment
device 46. By terminating vacuum pressure, or briefly apply-
ing positive pressure through vacuum line 52, for example,
head 42 may separate from module 24 due to the force of the
air pressure. In this manner, vacuum line 52 may aid in
detachment of module 24 prior to removal of deployment
device 46.

As described previously in FIG. 4, fixation pin 42 punc-
tures bladder wall 28 for fixation of module 24. While the
force of this fixation may vary with patient 12, deployment
device 46 provides adequate force for delivery of pin 42. In an
exemplary embodiment, positive pressure line 54 is com-
pletely sealed and filled with a biocompatible fluid (such as
water, saline solution or air). Sealing the end of positive
pressure line 44 is fixation pin 42 or a head on fixation pin42.

Fixation pin 42 is generally able to move within positive
pressure line 54 much like a piston. Force to push fixation pin
42 through tissue 44 of bladder wall 28 captured in vacuum
cavity 40 is created by application of apulse of increased fluid
pressure within positive pressure line 54. For example, the
physician may control a positive pressure source via control
handle attached to deployment device 46. This simple deliv-
ery method may provide high levels of force, allow multiple
curves and bends in deployment device 46, and enable a
positive pressure line 54 of many shapes and sizes.

In an alternative embodiment, a flexible, but generally
incompressible, wire may be placed within positive pressure
line 54 and used as a push rod to force fixation pin 42 through
the captured tissue 44 of bladder wall 28. This wire presents
compressive force from the control handle of deployment
device 46 directly to fixation pin 42. This method may elimi-
nate any safety risk of pressurized fluids entering patient 12
or, in some embodiments, permit retraction of pin 42 after an
unsuccessful fixation attempt. If attached, the flexible wire
may be attached to pin 42 and pulled back to remove the pin
from tissue 44. The flexible wire may be sheared from fixation
pin 42 for detachment purposes as distal head 48 releases
sensor 24. This detachment may be facilitated by a shearing
element or low shear stress of the wire.

In FIG. 6, deployment device 46 illustrates the attachment
of vacuum line 52 and positive pressure line 54 to one end of
module 24. In some embodiments, deployment device 46
may attach vacuum line 52 and positive pressure line 54 to
their respective channels opening on the top of housing 30
instead ofthe side of the housing. This change inlocation may
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facilitate attachment of module 17 from a variety of locations
or on certain locations on the inside surface of bladder 14.

Deployment device 46 may introduced to patient 12 by a
small incision in the abdomen of the patient. A surgeon may
guide distal head 48 through the abdominal space to a small
incision in the bladder 14. Once at bladder 14, the surgeon
locates the desired spot for attaching module 24 on the inte-
rior surface of the bladder. Module 17 is then pressed up
against bladder wall 28 and the vacuum is initiated to bring
tissue 44 into vacuum cavity 40 before fixation pin 42 is
driven through tissue 44. Deployment device releases module
17 and is removed from patient 12.

In other embodiments, module 17 may be attached to the
interior surface of bladder 14 through open abdominal sut-
gery to precisely locate the attachment point within bladder
14. In this type of procedure, deployment device 46 may or
may not be used to attach module 24 to bladder wall 28. In still
other embodiments, deployment device 46 may be sized and
configured for endoscopic insertion into bladder 14 via the
urethra. In such embodiments, distal head 48 and module 24
may be advanced and steered to a desired implant location on
the interior surface of bladder 14. In some embodiments,
endoscopic implantation via the urethra may avoid the need
for surgical incisions in the patient and, in particular, the
bladder. In some embodiments, deployment device 46 may
include a small endoscopic camera in the distal head 48. The
camera may enable the physician to better guide deployment
device 46 through a small opening in patient 12 to a desired
attachment location on the external surface of bladder 14 in
less time with more accuracy, as is common in endoscopic
surgery. Images may be displayed using video fed to a display
monitor.

In the illustrated embodiment, lead 21 is attached to mod-
ule 17 during implantation of the module. Lead 21 may be
located partially or completely within the cavity formed by
distal head 48, along with module 17, during implantation.
Lead 21 may be initially coiled or otherwise “packaged”
within the cavity, or allowed to freely extend outside of the
cavity during implantation of module 17.

Although shown as attached to a distal side of module 17,
lead 21 may in other embodiments be attached the proximal
side of the module, i.e., proximate to cavity 40 formed by the
housing of the module. In such embodiments, sheath 50 of
delivery device 46 may define a lumen to hold lead during
implantation of module 17. As device 46 is withdrawn after
implantation of module 17, lead 21 may withdraw from the
lumen. In either case, tools may be advanced through a lumen
of device 46 or other trocar or endoscopic device for manipu-
lation of lead 21 and electrode 26B to a desired position, e.g.,
second position, proximate to the bladder wall, and attach-
ment of electrode to the bladder wall at the desired position.
In some embodiments, such tools may be used to introduce
lead into patient 12 and attach lead to module 17 after implan-
tation of the module. Lead 17 may include hooks, barbs,
helical, or screw-like elements for fixation of electrode 26B at
a desired position. In some embodiments, electrode 26B may
be formed to include such fixation elements.

Distal head 48 may be disposable. Disposable devices that
come into contact with patient 12 tissues and fluids greatly
decrease the possibility of infection in implantable devices. In
other embodiments, the entire deployment device 46 may be
manufactured from robust materials intended for multiple
uses. The device would then need to be sterilizable between
uses. In still a further embodiment, the features of distal head
48 may be incorporated into module 24. In this configuration,
module 24 may be larger in size but would include the nec-
essary elements for attachment within the device. After
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attachment, the entire module would detach from the handle
of deployment device 46, reducing the difficulty of removing
the entire deployment device 46, including distal head 48.

After the useful life of implantable module 17 is complete,
or it is no longer needed within patient 12, the module can be
removed from patient 12 in some manner. Alternatively, mod-
ule 17 may simply remain in place. As an example, deploy-
ment device 46 may be reinserted into patient 12, navigated to
bladder 14, and reattached to module 17. Deployment device
46 may then be withdrawn from bladder 14, explanting mod-
ule 17 from patient 12. Alternatively, a surgeon may perform
open abdominal surgery to remove the implanted bladder
module 24 and IMD 18.

FIG. 7 isa cross-sectional side view of another implantable
module 56, which is implanted within bladder wall 28 of
patient 12. Module 56 includes a housing 58 is in the shape of
a rounded capsule and includes a smooth surface. Notably,
due to the different in implantation technique of module 56,
housing 58 need not include a cavity 40 or vacuum channel
38. Other than these differences, housing 58 may be formed
and function substantially similarly to housing 30 of module
17.

Like module 17 of FIGS. 3-6, module 56 includes circuit
board 32, power source 34, and electrode 26 A, and is coupled
to electrode 26B via lead 21. In the illustrated example, hous-
ing 58 is partially embedded in bladder wall 28. Module 56
rests in wall cavity 80 formed within bladder wall 28. Module
56 may have a capsule-like shape, and may have a length of
approximately 2 to 10 mm, a width of approximately 2 to 5
mm, and a thickness of approximately 1 to 5 mm. The cap-
sule-like shape may produce a circular cross-section, in
which case sensor 56 may have a diameter of approximately
1 to 5 mm, rather than width and height dimensions. In some
embodiments, module 56 resides completely within wall cav-
ity 80 and does not protrude out of the interior surface of
bladder wall 28. Lead 21 may protrude though the bladder
wall, or be attached to module at a location that protrudes
though the bladder wall.

FIG. 8 is a schematic diagram illustrating endoscopic
deployment of implantable module 56. Implantable module
56 may be implanted through endoscopic, laparoscopic, or
similar minimally invasive techniques. In some embodi-
ments, a surgeon may make a few small incisions in the
abdomen of patient 12 and guides implantable module 56
within a needle 68 to bladder 14 with the aid of a small
camera. In other embodiments, needle may be advanced
through a lumen of an endoscope or other catheter, through
the urethra and into bladder. Needle 68 may be constructed of
a metal alloy and comprise a hollow cylinder and a pointed
distal end for puncturing bladder wall 28. Needle 68 includes
implantable sensor 56 and a fluid to force the sensor out ofthe
needle. An exemplary fluid may be saline or other biocom-
patible fluid. In some embodiments, needle may also deliver
the fluid prior to module 56 to expand cavity 80 within the
bladder wall so that it may receive module 56. In other
embodiments, needle 68 may comprise a catheter or other
hollow delivery vehicle.

Once needle 68 in positioned at the appropriate location of
bladder 14, the surgeon may force sensor 56 into place.
Removing needle 68 from bladder wall 28 allows the external
tissue of bladder wall 28 to close and surround, or partially
surround, sensor 56. In some embodiments, the surgeon may
suture the insertion hole of bladder wall 28 to promote tissue
healing. The suture may comprise resorbable or non-resorb-
able suture or staples. Care should be taken to avoid unnec-
essary openings within bladder wall 28 to prevent patient 12
from developing infection or other health problems.
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In other embodiments, implantable module 56 may be
implanted through more invasive procedures, such as open
abdominal surgery which exposes bladder 14. In some
embodiments, multiple modules 56 may be placed around
bladder 14 to generate distance information around the entire
bladder.

In some embodiments, implantable module 56 may carry
one or more expandable elements that help to anchor the
sensor within the bladder wall. The expandable elements may
be constructed from a hydrogel material. During implanta-
tion, the expandable elements are in a dehydrated state, in
which the expandable elements are smaller. But when
implanted in the body of a patient, the expandable elements
absorb water from the body tissues and assume a hydrated
state. In the hydrated state, the expandable elements have a
larger perimeter. Expansion of the expandable elements
resists migration of the module 56 within bladder wall 28.
After implantation of module 56 separate tools may be
advanced through the needle or another instrument to
manipulate and place lead at a desired location, as described
above with reference to FIG. 6.

FIG. 9 is a functional block diagram illustrating various
components of IMD 18, which is coupled to an electrodes 26
to transmit an electrical signal through bladder, as described
above. IMD 19 of FIG. 3 may be configured substantially
similar to the example configuration of FIG. 9, except that
IMD 19 is not coupled to a leads 16, and therefore would not
necessarily include impedance measurement circuitry.

In the example of FIG. 9, IMD 18 includes a processor 70,
memory 72, stimulation pulse generator 74, impedance mea-
surement circuitry 76, telemetry interface 78, and power
source 80. Memory 72 may store instructions for execution
by processor 70, stimulation therapy data, such as stimulation
parameter sets and thresholds, functions or look-up tables
used to control therapy delivery based on detected imped-
ance, information describing the electrical signal to be trans-
mitted via electrodes 26, and stored information related to
detected impedance. Information related to detected imped-
ances may be recorded for long-term storage and retrieval by
a user, or used by processor 70 for adjustment of stimulation
parameters, such as amplitude, pulse width or pulse rate.
Memory 72 may include separate memories for storing
instructions, electrical signal information, stimulation
therapy data, and bladder information.

Processor 70 controls stimulation pulse generator 74 to
deliver electrical stimulation therapy via one or more leads
20. Stimulation pulse generator 74 may include voltage or
current sources known in the art for generating stimulation.
An exemplary range of neurostimulation stimulation pulse
parameters likely to be effective in treating incontinence, e.g.,
when applied to the sacral or pudendal nerves, are as follows:

1. Frequency: between approximately 0.5 Hz and 500 Hz,
more preferably between approximately 5 Hz and 250 Hz,
and still more preferably between approximately 10 Hz and
50 Hz.

2. Amplitude: between approximately 0.1 volts and 50
volts, more preferably between approximately 0.5 volts and
20 volts, and still more preferably between approximately 1
volt and 10 volts.

3. Pulse Width: between about 10 microseconds and 5000
microseconds, more preferably between approximately 100
microseconds and 1000 microseconds, and still more prefer-
ably between approximately 180 microseconds and 450
microseconds.

Processor 70 also controls impedance measurement cit-
cuitry 76 to transmit an electrical signal through bladder via
leads 16 and electrodes 26. Processor 70 requests impedance
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measurement circuitry 76 to transmit an electrical signal
whenever a bladder measurement is desired. Impedance mea-
surement circuitry 76 may include a voltage or current source,
and may include an oscillator or the like for producing an
alternating signal, as is known in the art. Impedance measure-
ment circuitry 76 may also include resistors capacitors and
other known circuits and components for measuring the cur-
rent and/or voltage of the signal, as well as processing cir-
cuitry for determining the impedance based on measured
currents and/or voltages. Processor 70 may include any one or
more of a microprocessor, ASIC, DSP, or other digital logic
circuitry. In some embodiments, the processing circuitry of
impedance measurement circuitry 76 that determines an
impedance based on a measured voltage and/or current of a
signal may be the same microprocessor, ASIC, DSP, or other
digital logic circuitry that forms at least part of processor 70.

Processor 70 may interpret the detected impedance, and
determine whether any therapy parameter adjustments should
be made. For example, processor 70 may compare the imped-
ance or a bladder parameter value derived therefrom to one or
more thresholds, and then take action to adjust stimulation
parameters based on the comparison. Processor 70 modifies
parameter values stored in memory 72 in response to the
detected impedance, either independently or in response to
programming changes from external programmer 22. Stimu-
lation pulse generator 74 provides electrical stimulation
according to the stored parameter values via one or more
leads 20 implanted proximate to a pelvic nerve, such as a
sacral or pudendal nerve, or muscle. Processor 70 determines
any parameter adjustments based on the detected impedance,
or bladder parameter values derived therefrom, and loads the
adjustments into memory 72 for use in delivery of stimula-
tion.

The thresholds stored in memory 72 and used to control
delivery of therapy based on impedance may be determined
based on calibration. In some embodiments, the thresholds
may be determined during implantation of IMD 18. For
example, during implantation a surgeon may empty bladder
to identify alower limit threshold impedance value associated
with low bladder volume, and fill the bladder to identify an
upper limit impedance value associated with high bladder
volume. Such lower and upper limits may be associated with
low intensity and high intensity stimulation levels, used to
interpolate intermediate thresholds and stimulation levels.
Further, such thresholds may be identified or adapted over
time based on user input, e.g., via programming device 22,
which may indicate whether the bladder has been emptied or
feels full, or an incontinence event has occurred. Processor
70, or a processor of another computing device, such as
external programmer 22, may determine the thresholds dur-
ing calibration.

As an example, if the impedance indicates a contraction of
bladder 14 without the approval of patient 12, processor 70
may increase the amplitude, pulse width or pulse rate, or
change electrode combination or polarity, of the electrical
stimulation applied by stimulation pulse generator 74 to
increase stimulation intensity, and thereby increase sphincter
closing pressure or pelvic floor tone. If the impedance indi-
cates that bladder size stays constant, processor 70 may
implement a cycle of downward adjustments in stimulation
intensity until bladder contraction is evident, and then incre-
mentally increase the stimulation upward until expansion
begins. In this way, processor 70 converges toward an opti-
mum level of stimulation for purposes of patient comfort and
power efficiency. Although processor 70 1s described as
adjusting stimulation parameters, adjustments alternatively
may be generated by a processor of programmer 22 and
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transmitted to processor 70 via telemetry interface 78 as
parameter or program changes.

Bladder size may change due to a variety of factors, such as
an activity type, activity level or posture of the patient 12.
Hence, for a given set of stimulation parameters, the efficacy
of stimulation may vary in terms of rate of bladder expansion
or contraction, due to changes in the physiological condition
of the patient. For this reason, the continuous or periodic
availability of bladder impedance measurements is highly
desirable.

By monitoring the impedance though bladder, IMD 18 is
able to respond to changes in bladder size with dynamic
adjustments in the stimulation parameters delivered to patient
12. In particular, processor 70 is able to adjust parameters in
order to improve pelvic floor tone or cause constriction of the
urinary sphincter and thereby avoid involuntary leakage. In
some cases, the adjustment may be nearly instantaneous to
prevent leakage. As an example, if patient 12 laughs, coughs,
or bends over, the resulting force on bladder 14 could over-
come the closing pressure of the urinary sphincter. If the
detected impedance indicates an abrupt change in bladder
contraction, however, stimulator 14 can quickly respond by
more vigorously stimulating the sacral nerves to increase
sphincter closing pressure.

In general, if bladder 14 is contracting for an unknown
reason, processor 70 may dynamically increase the level of
therapy to be delivered to prevent or stop the voiding of
bladder 14. Conversely, if bladder 14 is expanding consis-
tently, processor 70 may incrementally reduce stimulation,
e.g., to conserve power resources, until the bladder reaches a
fill stage that correlates with the need to void and, thus, a
possible incontinence event. Increases or reductions in the
level of therapy may include upward or downward adjust-
ments in amplitude (current or voltage), pulse width, or pulse
rate of stimulation pulses delivered to the patient.

Telemetry interface 78 may include circuitry to support
telemetry communication by radio frequency (RF) commu-
nication or proximal induction, as is known in the art. Power
source 80 of IMD 18 may be constructed somewhat similarly
to power source 34. For example, power source 80 may be a
rechargeable or non-rechargeable battery, or alteratively
take the form of a transcutaneous inductive power interface.

FIG. 10 is a functional block diagram illustrating various
components of an example external programmer 22. As illus-
trated in FIG. 10, external programmer 22 may include a
processor 81, memory 83, user interface 85 and telemetry
interface 85. Memory 83 may store program instructions that,
when executed by processor 81, cause processor 81 and exter-
nal programmer 22 to provide the functionality ascribed to the
external programmer herein.

User interface 85 may include a button or keypad, lights, a
speaker, and display, such as a liquid crystal (LCD), light-
emitting diode (LED), or cathode ray tube (CRT) display. As
discussed herein, processor 81 may present information relat-
ing to detected impedance, bladder parameters such as vol-
ume, or bladder filling and emptying via the user interface 85.
Processor 81 may provide alerts related to bladder volume to
patient 12, as described herein, via user interface 85.
Although not shown, external programmer 22 may addition-
ally or alternatively include a data or network interface to
another computing device, to facilitate communication with
the other device, and presentation of information relating to
detected impedance, bladder parameters such as volume, or
bladder filling and emptying via the other device.

Further, processor 81 may receive information related to
detected impedance from IMD 18 or module 17 via telemetry
interface 87, adjust therapy based on the detected impedance
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through communication with IMD 18 or 19 via the telemetry
interface. Telemetry interface 87 may be substantially similar
to telemetry interface 78 described above, providing wireless
communication via an RF or proximal inductive medium.
Patient 12 may indicate an intent to void, and processor 81
may effect a blanking interval for the detected impedance,
either within external programmer 22, or through communi-
cation of the indication to IMD 18, 19 or module 17 via the
telemetry interface. Processor 81 may also request impedance
detection through communication with IMD 18 or module 17
via the telemetry interface.

FIG. 11 is a functional block diagram illustrating various
components of an example implantable module 17. Implant-
able module 56 may be configured substantially similarly to
the example configuration of FIG. 11.

In the example of FIG. 11, implantable module 17 includes
a processor 82, memory 84, impedance measurement cit-
cuitry 86, telemetry interface 88, power source 34 and elec-
trode 26A, and is coupled to electrode 26B by lead 21. Imped-
ance measurement circuitry 86 may be carried on a circuit
board, along with processor 82, memory 84 and telemetry
interface 88. Impedance measurement circuitry 86 transmits
a signal through bladder via electrodes 26, and detects an
impedance through the bladder based on the signal that is
representative of bladder size, volume, pH, or the like. Imped-
ance measurement circuitry 86 may be substantially similar
to impedance measurement circuitry 76 described above with
reference to F1G. 9, and may include processing circuitry that
also forms at least part of processor 82.

Memory 84 stores instructions for execution by processor
82 and impedance information generated by circuitry 86.
Impedance information may then be sent to IMD 19 or exter-
nal programmer 22 for long-term storage or retrieval by a
user. Memory 84 may include separate memories for storing
instructions and bladder impedance information. In addition,
processor 82 and memory 84 may implement loop recorder
functionality in which processor 82 overwrites the oldest
contents within the memory with new data as storage limits
are met, thereby conserving data storage resources within
module 17.

Processor 82 controls telemetry interface 88 to send blad-
der impedance information to IMD 19 or programmer 22 on
acontinuous basis, at periodic intervals, or upon request from
the IMD or programmer. Wireless telemetry may be accom-
plished by radio frequency (RF) communication or proximal
inductive interaction of module 17 with programmer 22 or
IMD 19. Impedance information stored and/or transmitted by
module 17 may include impedance measurement samples, or
bladder parameter values derived from the detected imped-
ance, such as bladder volume values, rate of bladder volume
change values, or pH values. In order to determine bladder
parameters, such as volume, based on detected impedance,
memory 84 may store thresholds or other calibration infor-
mation determined during implantation or adaptively during
use of module 17, as described above with reference to IMD
18 and FIG. 9.

Power source 34 delivers operating power to the compo-
nents of implantable module 17. As mentioned previously,
power source 34 may include a small rechargeable or non-
rechargeable battery and a power generation circuit to pro-
duce the operating power. Recharging may be accomplished
through proximal inductive interaction between an external
charger and an inductive charging coil within module 17. In
some embodiments, power requirements may be small
enough to allow module 17 to utilize patient motion and
implement a kinetic energy-scavenging device to trickle
charge a rechargeable battery. In other embodiments, tradi-
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tional batteries may be used for a limited period of time. As a
further alternative, an external inductive power supply could
transcutaneously power module 17 whenever impedance
measurements are needed or desired.

FIG. 12 is a flow chart illustrating an example technique for
delivery of therapy based on a detected impedance through
the bladder. The detected impedance varies based on the
volume of the bladder, e.g., the distance across the bladder,
and the contents of the bladder, e.g., the urine. As bladder 14
fills with urine, this distance between first and second elec-
trodes 26 increase and can be used to determine the fill state
of the bladder. For example, gradual expansion may indicate
a gradual filling of bladder 14, while a rapid or instantaneous
change may indicate a bladder muscle contraction and the
possibility of imminent, involuntary voiding. In other
embodiments, the impedance of the electrical signal through
bladder 14 may be used to determine the pH of the urine. The
pH may be used to determine other bladder activities such as
filling or patient diet.

IMDs ormodules according to the invention may be able to
sense small changes in the impedance through bladder 14.
These small changes may be representative of distance reso-
lution of less than one millimeter and as great as tens of
centimeters. In some cases, the distance may be directly cor-
related to the actual bladder volume to track the precise
amount and rate of urine being deposited into bladder 14. This
information may be utilized in trend information for diagnos-
ing patient conditions, and/or for modulating a urinary incon-
tinence therapy.

An IMD, separate module, or external programmer may
use the detected impedance to sense a urine fill stage of
bladder 14, which may be indicative of progression toward a
voiding event, or a muscle contraction, which may be indica-
tive of an imminent voiding event. The impedance may be
monitored for rapid or instantaneous changes indicative of
bladder contraction, as well as slow, gradual changes indica-
tive of bladder filling. Rapid and gradual changes may both
indicate progression of the bladder toward an imminent void-
ing event. For example, a decrease in bladder volume may
result in an immediate leakage of urine, while bladder filling
may result in an eventual leakage of urine when the bladder
becomes too full. In both cases, activation or adjustment of
electrical stimulation may be desirable to prevent involuntary
leakage.

Animplantable module, IMD or external programmer may
collect, transmit or respond to samples of the detected imped-
ance, or other information determined by based on the imped-
ance. Examples of other information determined based on the
detected impedance include bladder volume or activity mea-
surements, rate of bladder volume change, pH, or information
indicating a bladder condition, such as a state of fullness, or
contraction. As the fill stage increases, an IMD may apply
progressively greater levels of stimulation to prevent aninvol-
untary voiding event, ie. unintended bladder leakage.
Accordingly, the IMD, either independently or under control
of a programmer, may adjust the stimulation level based on
the increased impedance through the bladder, which indicates
increased bladder volume. The IMD or the programmer may
also take certain actions if the detected signal indicates a
particular fill stage, and may adjust the stimulation level in
steps over a series of sensed fill stages. The stimulation level
may be adjusted in discrete steps, or in proportion to a sensed
fill stage.

For gradual deformation, indicative of a fill stage, the IMD
or programmer may compare the present impedance or fill
level to a threshold level, on an absolute basis. The IMD or
programmer may modify stimulation based upon this abso-
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lute impedance, volume or fill level or upon the rate of the
impedance change or filling. For example, if the rate of filling
increases and the volume of bladder 14 is already increased,
the IMD or programmer may increase stimulation earlier than
would be signaled by the fill level alone. Also, the IMD or
programmer may detect a decreasing volume or rate of vol-
ume change as involuntary leaking, and respond by increas-
ing the intensity of stimulation.

Alternatively, the IMD or programmer may use fill stage
and rate of volume change as a signal of the end of bladder
voiding. A patient may indicate that the bladder is going to be
voided via a programmer, and the IMD or programmer may
temporarily stop a stimulation intended to promote urinary
retention and/or initiate a stimulation intended to promote
urination. The IMD or programmer may monitor the voiding
event based on the detected impedance, and determine when
the bladder is empty or the rate of decreasing bladder volume
has become insignificant. Once this occurs, the IMD may
initiate stimulation that promotes urinary retention again to
avoid any involuntary leakage after the voiding event, and
may terminate the stimulation intended to promote urination.
In other embodiments, stimulation may be delivered substan-
tially continuously through bladder voiding, with modifica-
tions due to voiding or the associated bladder volume change.

As a further alternative, when a patient indicates an intent
to void, e.g., by entry of a voiding command into a program-
mer the IMD or programmer may apply a blanking interval to
module 17, 56. During the blanking interval, module 17, 56
does not generate bladder activity signals, or the IMD or
programmer ignores bladder activity signals. Consequently,
stimulation is not inadvertently adjusted during the blanking
interval due to intentional bladder activity initiated by the
patient for voiding. In either case, the module, IMD and
external programmer may serve to prevent involuntary leak-
age and provide the patient with sufficient time to arrive at a
restroom for voluntary voiding, either directly or by catheter-
ization. In some embodiments, the IMD, module or program-
mer may detect a rapid decrease in bladder volume based on
the detected impedance as voiding or a pre-voiding contrac-
tion, and automatically blank the detected impedance in
response to the detected rapid decrease in order to avoid
inadvertent adjustment of therapy.

Increases in bladder volume may be due to the gradual
addition of urine in the bladder or a contraction of muscle in
the bladder wall. During the increase in size of bladder, an
IMD may provide electrical stimulation to enhance pelvic
floor tone or urinary sphincter function, for example, to keep
urine within the bladder. In some embodiments, if the
detected signal indicates a threshold volume, an external pro-
grammer may signal the patient that the bladder should be
voided. Once the IMD or programmer receives confirmation
from patient that the bladder is to be voided, e.g., by depres-
sion of a button on the programmer, the IMD or programmer
may temporarily cease stimulation, reduce stimulation inten-
sity, or maintain the present level of intensity to allow urine to
exit the bladder. The IMD or programmer may also initiate a
different stimulation intended to promote bladder emptying
based on the confirmation received from the patient.

Alerting a patient that the bladder has reached a threshold
level of fullness may be particularly useful in the case of
spinal cord injury patients, who cannot perceive a sensation of
bladder fullness. In some embodiments, one or more implant-
able modules and an external programmer may be used with-
out an IMD to communicate the current status of the bladder
to the external programmer, which signals the patient as to the
status of the bladder. The external programmer may provide
an LCD, LED lights, other display, audio feedback or tactile
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feedback. The feedback may inform the patient as to how full
bladder is, or if it is time to urinate to avoid an incontinence
event, pelvic pain, or a dangerously high bladder volume that
could result in kidney problems. Moreover, the patient may
utilize such a system for planning the ingestion of solid or
liquid food. For example, if the bladder is becoming full and
bladder voiding is not possible shortly, the patient may stop
any drinking or eating activities to help avoid an incontinence
event.

The IMD or programmer may control stimulation in a way
that is responsive to abrupt indications of bladder activity,
e.g., associated with involuntary bladder contractions. Alter-
natively, or additionally, the IMD or programmer adjusts
stimulation gradually in response to gradual changes in blad-
der volume. In each case, the IMD or programmer may adjust
electrical stimulation parameters, such as amplitude, pulse
widthorpulse rate, to prevent involuntary voiding. In addition
to parameter adjustments, adjustment may involve on and off
cycling of the stimulation in response to sensed impedance
indicative of a particular bladder fill stage. For example,
stimulation may be turned off until the sensed impedance
exceeds a threshold indicative of a particular bladder size,
volume, or fill stage of the bladder, at which time stimulation
is turned on. At the same time, stimulation parameters may be
further adjusted as the sensed bladder size continues to
increase. If an abrupt change in size associated with a bladder
contraction is sensed based on the detected impedance, IMD
18, 19 may respond quickly to increase stimulation intensity
and thereby prevent involuntary voiding.

The example method illustrated by FIG. 12 will be
described with reference to the components of system 11
illustrated in FIG. 3. However, the example method may be
performed by any system according to the invention, includ-
ing system 10 of FIG. 1.

According to the example method, IMD 19 may send a
sense command to module 17 (90). The command may
awaken module 17 or otherwise alert the module to transmit
a signal through bladder 14 via electrodes 26, and detect an
impedance through the bladder based on the signal (92). The
sending ofa sense command may be optional. For example, in
other embodiments, module 17 may automatically detect the
impedance on a periodic basis, and provide related informa-
tion to IMD 19 or programmer 22 on a periodic or polled
basis.

Module 17 subsequently transmits information related to
the detected impedance to IMD 19, e.g., by wireless telem-
etry. Alternatively, the information may be transmitted from
module 17 to external programmer 22. Module 17 may detect
signal by sampling a voltage and/or current, and may deter-
mine an impedance, bladder volume, or other bladder param-
eters based on the sampled voltage or current. In other
embodiments, module 17 may transmit the sampled voltage
or current to IMD 19 or programmer 22 for determination of
an impedance, volume, or other bladder parameters.

Upon receiving such bladder information, IMD 19 may
compare a voltage, current, impedance, volume, or other
bladder parameter to a threshold (94). If, for example, bladder
volume, rate of volume change exceeds a threshold, indicat-
ing an advanced fill level, the IMD may initiate or adjust the
delivered stimulation, e.g., increase stimulation intensity
(96). In some embodiments, threshold comparisons may be
provided for both fill stage and volume change rate. If either
fill stage or volume change rate exceeds an applicable thresh-
old, the stimulation level may be adjusted.

In some embodiments, IMD 19 and programmer 22 may
both receive bladder information from module 17. For
example, IMD 19 may react to instantaneous changes in
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bladder condition, while programmer 22 may react to
changes in bladder condition over a period of time, e.g., trend
data. Alternatively, either of the IMD or programmer may be
configured to react to instantaneous and trending bladder
changes.

In some embodiments, IMD 19 may communicate with
external programmer 22 to check if patient 12 has desired to
void the contents of bladder 14 (98). If patient 12 has signaled
avoiding event, e.g., via external programmer 22, stimulation
may be terminated to enable the patient to urinate (100). After
voiding, stimulation may resume at a previous intensity,
lower intensity, or may remain off until bladder 14 reaches a
particular fill stage, e.g., exceeds a first threshold. In other
embodiments, however, as described above, stimulation may
continue substantially throughout voiding at the same inten-
sity or other parameters, or with adjustments to the intensity
or other parameters.

In some embodiments, module 17 may be used exclusively
for monitoring bladder activity without providing feedback
for stimulation therapy. In this case, the process represented
in FIG. 12 may be much simpler and only include collecting
data and sending collected data to external programmer 22
(90 and 92). Bladder parameters may be monitored continu-
ously, intermittently or at the request of IMD 19 external
programmer 22. These embodiments may be used for disease
diagnosis or condition monitoring and may enable patient 12
to avoid frequent clinic visits and uncomfortable procedures.
In some embodiments, the bladder information related to the
detected signal may form part of an automated voiding diary
that records voluntary voiding events, involuntary voiding
events, and bladder activity levels prior to, contemporaneous
with, of after such an event.

FIG. 13 is a flow chart illustrating an alternative technique
for delivery of therapy based on a detected electrical signal
thatindicates an impedance through the bladder. The example
technique illustrated by FIG. 13 is described with reference to
system 11 of FIG. 3, but may be practiced by any system
according to the invention, including system 10 of FIG. 1.

In some cases, stimulation may be delivered at a level that
prevents unintentional voiding of urine, but permits the
patient to intentionally overcome the stimulation to void
urine. Accordingly, stimulation does not necessarily need to
be stopped for intentional voiding. However, it is desirable
that the stimulation level not be increased in response to a
decrease in bladder volume, e.g., bladder contraction, while
the patient is attempting to void urine. For this reason, it may
be desirable to apply a blanking interval to module 17. The
blanking interval is a period during which module 17 does not
detect the signal emitted through the bladder, or any values
measured by module 17 are ignored by the module, IMD 19,
or programmer 22, so that stimulation is not inadvertently
adjusted in response to bladder contraction associated with an
intentional voiding event.

As shown in FIG. 13, stimulation is delivered by IMD 19
(102). If a patient void command is received (104), e.g.. by
user input to an external programmer 22, the programmer 22
or IMD 19 applies a blanking interval to the bladder imped-
ance detection (106). Alternatively, as described above, the
IMD, module or programmer may automatically detect a
rapid decrease in bladder volume based on the detected
impedance as voiding or a pre-voiding contraction, and auto-
matically apply blanking interval to the detected impedance
in response to the detected rapid decrease. The blanking inter-
val may be a period during which impedance information
transmitted by module 17 is ignored by programmer 22, IMD
19, or both, or impedance detection is not requested by the
programmer or IMD. Alternatively, during the blanking inter-
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val, programmer 22 or IMD 19 may send a wireless command
to actively disable module 17 temporarily.

The blanking interval may extend for a predetermined
period of time known to be sufficient to complete voiding.
Once the voiding time has elapsed (108), programmer 22 or
IMD 19 may again determine whether a patient void com-
mand has be entered (104). Another patient void command
resets the blanking interval.

Ifno patient void command has been received (104), moni-
tor 17 detects the impedance (110) and provides bladder
information based on the impedance to programmer 22 or
IMD 19. The bladder information may be provided on a
periodic or polled basis, and may include a voltage, current,
impedance, volume, rate of volume change, or other signal or
bladder parameters. If the bladder information, such as vol-
ume level, rate of volume change, or both, exceeds an appli-
cable threshold (112), programmer 22 or IMD 19 adjusts the
stimulation level (114), e.g., by adjusting one of more stimu-
lation pulse parameters such as amplitude, pulse width or
pulse rate. The stimulation level is adjusted to a level suffi-
cient to avoid involuntary voiding, i.e., an incontinence event.
Upon delivery of the stimulation therapy with the adjusted
stimulation level, the process continues. In particular, pro-
grammer 22 or IMD 19 may continue to monitor for a patient
void command or adjust stimulation.

Various embodiments of the described invention may
include processors that are realized by microprocessors,
Application-Specific Integrated Circuits (ASIC), Field-Pro-
grammable Gate Arrays (FPGA), or other equivalent inte-
grated or discrete logic circuitry. A processor may also utilize
several different types of data storage media to store com-
puter-readable instructions for device operation. These
memory and storage media types may include any form of
computer-readable media such as magnetic or optical tape or
disks, solid state volatile or non-volatile memory, including
random access memory (RAM), read only memory (ROM),
electronically ~programmable memory (EPROM or
EEPROM), or flash memory. Each storage option may be
chosen depending on the embodiment of the invention.

Many embodiments of the invention have been described.
Various modifications may be made without departing from
the scope of the claims. For example, although the invention
has been generally described in conjunction with implantable
neurostimulation devices, a bladder sensor may also be used
with other implantable medical devices, such as electrical
muscle stimulation devices, functional electrical stimulation
(FES) devices, and implantable drug delivery devices, each of
which may be configured to treat incontinence or other con-
ditions or disorders. Further, although electrodes an implant-
able modules have been primarily illustrated herein as located
within the bladder, such modules and electrodes may be
located outside the bladder, e.g., attached to an outer surface
of the bladder wall.

In some embodiments, an IMD 18, 19, module 17 or exter-
nal programmer 22 may include additional patient physi-
ological sensors, and signals provided by such sensors may be
used in addition to the detected impedance to control delivery
of therapy for treating incontinence or blanking the detected
impedance signal in the manners described herein. For
example, an IMD, module or external programmer may
include an accelerometer that indicates the gross level of
patient activity or whether the patient is involved in particular
activities. Based on high activity or particular activities, such
as laughing, an IMD or external programmer may increase
therapy intensity to avoid incontinence events that may result
from such high activities or particular activities. On the other
hand, such high activity or particular activities may affect the
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detected impedance and render it unreliable as an indicator of
bladder parameters. In such cases, an IMD, module or pro-
grammer may blank the detected impedance in the manners
described herein based on the accelerometer signal. These
and other embodiments are within the scope of the following
claims.
The invention claimed is:
1. A method comprising:
emitting an electrical signal from a first electrode
implanted proximate to a wall ofa bladder ofa patient at
a first location;

receiving the electrical signal via a second electrode
implanted proximate to the wall of the bladder at a
second location; and

detecting an impedance between the first electrode and

second electrode through the bladder based on at least
one parameter of the signal,

wherein the first and second electrodes are located within a

volume defined by an inner surface of the wall of the
bladder.

2. The method of claim 1, wherein the first and second
electrodes are located substantially opposite each other rela-
tive to a center of the bladder.

3. The method of claim 1, further comprising controlling
delivery of a therapy to the patient based on the detected
impedance to alleviate urinary incontinence.

4. The method of claim 3, wherein controlling delivery of
a therapy comprises controlling delivery of electrical stimu-
lation to at least one of a pelvic floor nerve or a pelvic floor
muscle.

5. The method of claim 3, wherein controlling delivery of
a therapy comprises:

determining whether the bladder has reached a threshold

level of fullness based on the detected impedance; and
one of initiating, terminating, or modifying the therapy
based on the determination.

6. The method of claim 3, wherein controlling delivery of
a therapy comprises:

determining whether the bladder is contracting based on

the detected impedance; and

one of initiating, terminating, or modifying the therapy

based on the determination.

7. The method of claim 3, wherein controlling delivery of
a therapy comprises controlling delivery of the therapy from
an implantable medical device to the patient.

8. The method of claim 7, wherein the first and second
electrodes are electrically coupled to the implantable medical
device via respective leads that attach to the wall of the
bladder.

9. The method of claim 7, wherein the first and second
electrodes are electrically coupled to an implantable module
that is separate from the implantable medical device.

10. The method of claim 1, further comprising presenting
information relating to at least one of filling or emptying of
the bladder to a user based on the detected impedance.

11. The method of claim 10, further comprising determin-
ing whether the bladder has reached a threshold level of
fullness based on the detected impedance, wherein presenting
information to a user comprising alerting the user that the
bladder has reached the threshold level of fullness based on
the determination.

12. The method of claim 10, further comprising storing
information relating to the impedance over a period of time,
wherein presenting information relating to at least one of
filling or emptying of the bladder comprises presenting infor-
mation relating to at least one of filling or emptying of the
bladder based on the stored information.
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13. The method of claim 1, wherein the first and second
electrodes are electrically coupled to an implantable module
that is implanted on or within the bladder wall.
14. The method of claim 13, further comprising endoscopi-
cally implanting the implantable module.
15. The method of claim 1, wherein the at least one param-
eter of the signal comprises at least one of voltage of the signal
or current of the signal.
16. The method of claim 1, wherein the at least one param-
eter of the signal is detected using the first and second elec-
trode.
17. A system comprising:
a first electrode configured to be implanted proximate to a
wall of a bladder of a patient at a first location;

asecond electrode configured to be implanted proximate to
the wall of the bladder at a second location; and

impedance measurement circuitry electrically coupled to
the first and second electrodes that emits an electrical
signal via the first electrode, receives the electrical sig-
nal via the second electrode, and detects an impedance
between the first electrode and second electrode through
the bladder based on at least one parameter of the signal,

wherein the first and second electrodes are configured to be
implanted within a volume defined by aninner surface of
the wall of the bladder.

18. The system of claim 17, wherein the first and second
locations are located substantially opposite each other rela-
tive to a center of the bladder.

19. The system of claim 17, further comprising an implant-
able medical device that delivers a therapy to the patient based
on the detected impedance to alleviate urinary incontinence.

20. The system of claim 19, wherein the implantable medi-
cal device delivers electrical stimulation to at least one of a
pelvic floor nerve or a pelvic floor muscle based on the
detected impedance.

21. The system of claim 19, further comprising a processor
that determines whether the bladder has reached a threshold
level of fullness based on the detected impedance, and one of
initiates, terminates, or modifies the delivery of therapy by the
implantable medical device based on the determination.

22. The system of claim 19, further comprising a processor
that determines whether the bladder is contracting based on
the detected impedance, and one of initiates, terminates, or
modifies the delivery of therapy by the implantable medical
device based on the determination.

23. The system of claim 19, wherein the implantable medi-
cal device comprises the impedance measurement circuitry,
the system further comprising first and second leads config-
ured to be attached to the bladder wall that electrically couple
first and second electrodes, respectively, to the implantable
medical device.

24. The system of claim 19, further comprising an implant-
able module that is separate from the implantable medical
device and comprises the impedance measurement circuitry,
wherein the first and second electrodes are electrically
coupled to the implantable module.

25. The system of claim 17, further comprising a user
interface that presents information relating to at least one of
filling or emptying of the bladder to a user based on the
detected impedance.

26. The system of claim 25, further comprising a processor
that determines whether the bladder has reached a threshold
level of fullness based on the detected impedance, and alerts
the user that the bladder has reached the threshold level of
fullness via the user interface based on the determination.
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27. The system of claim 26, further comprising:

a memory to store information relating to the impedance
over a period of time; and

a processor that presents information to a user relating to at
least one of filling or emptying of the bladder via the user
interface based on the stored information.

28. The system of claim 17, wherein the at least one param-
eter of the signal comprises at least one of voltage of the signal
or current of the signal.

29. The system of claim 17, wherein the at least one param-
eter of the signal is detected by the impendence measurement
circuit via the first and second electrode.

30. A system comprising;

an implantable module configured to be implanted on or
within a wall of a bladder of a patient;

a first electrode electrically coupled to the implantable
module and configured to be located proximate to the
wall of the bladder at a first location; and

a second electrode electrically coupled to the implantable
module and configured to be located proximate to the
wall of the bladder at a second location, wherein the
implantable module emits an electrical signal via the
first electrode, detects the electrical signal via the second
electrode, and detects an impedance between the first
and second electrodes through the bladder based on at
least one parameter of the signal,

wherein the first and second electrodes are configured to be
implanted within a volume defined by aninner surface of
the wall of the bladder.

31. The system of claim 30, wherein the implantable mod-
ule comprises a housing, and at least one of the first electrode
or second electrode 1s formed on or within the housing.

32. The system of claim 30, wherein a lead electrically
couples at least one of the first electrode or the second elec-
trode to the implantable module.

33. The system of claim 30, wherein the implantable mod-
ule comprises a housing and the housing comprises a fixation
structure configured to affix the housing to the interior surface
of the bladder.

34. The system of claim 30, wherein the implantable mod-
ule comprises a housing, and the housing comprises a vacuum
cavity configured to capture a portion of the interior surface of
the bladder and a fixation element configured to penetrate the
captured portion.

35. The system of claim 30, wherein the implantable mod-
ule comprises a housing sized for endoscopic implantation on
the internal surface of the bladder via a urethra of the patient.

36. The system of claim 30, wherein the implantable mod-
ule comprises wireless telemetry circuitry, and transmits
information via the telemetry circuitry based on the detected
impedance.

37. The system of claim 36, further comprising an implant-
able medical device, wherein the implantable medical device
receives the information transmitted by implantable module,
and delivers a therapy to alleviate urinary incontinence based
on the information.

38. The system of claim 36, further comprising:

an external programmer; and

an implantable medical device that delivers a therapy to
treat urinary incontinence, wherein the external pro-
grammer receives the information transmitted by the
implantable module and controls delivery of the therapy
by the implantable medical device based on the infor-
mation.

39. The system of claim 36, further comprising an external

programmer that receives the information transmitted by the
implantable module, and presents information relating to at



US 9,061,146 B2

25

least one of filling or emptying of the bladder to at least one of
the patient or another user based on the information transmit-
ted by the implantable module.

40. The system of claim 30, wherein the implantable mod-
ule comprises a memory to store the information relating to
the detected impedance.

41. The system of claim 30, wherein the at least one param-
eter of the signal comprises at least one of voltage of the signal
or current of the signal.

42. The system of claim 30, wherein the at least one param-
eter of the signal is detected by the implantable module via the
first and second electrodes.
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