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(57) ABSTRACT

The present disclosure relates generally to using detected
bladder events for the diagnosis of urinary incontinence or
the treatment of lower urinary tract dystunction. A system
includes a sensing device comprising a pressure sensor to
directly detect a pressure within a bladder. The sensing
device 1s adapted to be located within the bladder. The sys-
tem also includes a signal processing device to: receive a
signal indicating the detected pressure within the bladder;
detect a bladder event based the detected pressure within
the signal; and characterize the bladder event as a bladder
contraction event or a non-contraction event. The character-
1zation of the bladder event can be used 1n the diagnosis of
urmary mcontience or the treatment of lower urmary tract
dysfunction.
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BLADDER EVENT DETECTION FOR
DIAGNOSIS OF URINARY INCONTINENCE
OR TREATMENT OF LOWER URINARY
TRACT DYSFUNCTION

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This 1s a Continuation Patent Application that
claims priority to U.S. Pat. Application No. 16/360,126,
filed Mar. 21, 2019 that claims priority to U.S. Pat. Applica-
tion No. 15/142,704, filed Apr. 29, 2016, which claims the
benefit of U.S. Provisional Pat. Application No. 62/154,350,
filed Apr. 29, 2015, entitled SYSTEMS AND METHODS
FOR CONDITIONAL BLADDER STIMULATION
BASED ON AN INPUT FROM A BLADDER PRESSURE
SENSOR, and U.S. Provisional Pat. Application No. 62/
193,238, filed Jul. 16, 2015, entitled SYSTEMS AND
METHODS FOR CONDITIONAL BLADDER STIMU-
LATION BASED ON AN INPUT FROM A BLADDER

PRESSURE SENSOR. The subject matter of these applica-
tions 1s mcorporated heremn by reference 1n their entirety.

GOVERNMENT SUPPORT

[0002] This mnvention was made with government support
under 1101 RX000443-01 awarded by the Rehabilitation
R&D Service, Department of Veterans Affairs. The govern-
ment has certain rights 1n the mvention.

TECHNICAL FIELD

[0003] The present disclosure relates generally to the diag-
nosis of urmary mcontinence and the treatment of lower
urinary tract dysfunction and, more specifically, to systems
and methods that can categorize detected bladder events,
which can be used for the diagnosis of urinary incontinence
or the treatment of lower urinary tract dysfunction.

BACKGROUND

%

[0004] Unmnary mcontinence 1s a condition affecting 200
million people worldwide that significantly reduces quality
of life. Diagnosis of urinary incontinence can range from a
simple clinical evaluation based on history and a physical
exam to more complex tests, such as a clinical urodynamaics
examination, to determine 1if the patient has stress urmary
incontimence or urgency urinary incontinence due to over-
active bladder or neurogenic detrusor overactivity. Diagno-
s1s of lower urinary tract dysfunction with urodynamics has
historically relied on data acquired from two or more sen-
sors using nonphysiologically fast cystometric filling.
Extended ambulatory urodynamics testing can provide
more data collected at physiologically normal fill rates.
However, this two-sensor system provides an inconvenient
and uncomfortable solution for extended ambulatory urody-
namics testing. An alternative method of measuring bladder
activity over extended durations at natural fill rates would
improve diagnosis of urinary incontience.

[0005] For treatment of urmary dystunctions, electrical
stimulation has been shown to etfectively mhibit unwanted
bladder contractions in both spinal cord mjury patients and
neurally intact patients. Currently, state-oi-the-art electrical
stimulation has focused on open-loop neuromodulation.
However, this open-loop stimulation 1s not 1deal because
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the neural pathways could become habituated to continuous
stimulation of sensory nerves, potentially reducing the
effectiveness of stimulation over time. Stimulation settings
may need to be adjusted over time, typically by the clinician.
In addition, mdividuals with neurogenic detrusor overactiv-
ity require feedback of bladder activity 1n the absence of
sensation to determine when to empty their bladders, and
those with sensation may not wish for stimulation to be con-
tinually active. Accordingly, closed-loop control would
improve such neuromodulation, but the closed-loop control
requires feedback to determine bladder activity.

SUMMARY

[0006] The present disclosure relates generally to the diag-
nosis of urinary incontinence or the treatment of lower urin-
ary tract dysfunction and, more specifically, to systems and
methods that can categorize detected bladder events, which
can be used for the diagnosis of urmary incontinence or the
treatment of lower unnary tract dystfunction. The systems
and methods can categorize bladder events detected by a
single sensor (¢.g., a bladder pressure sensor) mn real time.
For example, the bladder events can be categorized mto
three types: bladder contraction resulting 1 voluntary void-
ing, bladder contraction without voluntary voiding, and a
non-contraction event that would change bladder pressure,
such as a cough. The diagnosis and treatment can be facili-
tated based on the automated categorization of the bladder
events.

[0007] In one aspect, the present disclosure mncludes a sys-
tem that can categorize detected bladder events. The system
can 1nclude a sensing device that can include a pressure sen-
sor to directly detect a pressure within the bladder. The sen-
sing device can be adapted to be located within the bladder.
The system can also mclude a signal processing device to:
receive a signal mdicating the detected pressure within the
bladder; detect a bladder event based the detected pressure
within the signal; and characterize the bladder event as a
contraction event or a non-contraction event.

[0008] In another aspect, the present disclosure mncludes a
method for categorizing detected bladder events. The
method can be performed by a signal processing device
comprising a processor. The method can mclude receving
a signal indicating a pressure detected within the bladder
from a sensing device, comprising a pressure sensor, located
within the bladder. The method can also include detecting a
bladder event based on the detected pressure within the sig-
nal. The method can also mclude characterizing the bladder
event as a contraction event or a non-contraction event.
[0009] In a further aspect, the present disclosure includes a
sensor device implantable within a bladder wall. The sensor
device includes at least a pressure sensor to detect a pressure
within the bladder, a battery that 1s rechargeable by a radio
frequency (RF) signal, and an inductive antenna to receive
the RF signal for recharging and to transmit a signal com-
prising the detected pressure. The sensor device can be con-
figured to transmit the signal to a signal processing device to
detect and categorize one or more bladder events within the

signal.
BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The foregoing and other features of the present dis-
closure will become apparent to those skilled 1n the art to
which the present disclosure relates upon reading the fol-
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lowing description with reference to the accompanying
drawings, 1n which:

[0011] FIG. 1 1s a block diagram showing a system that
can categorize detected bladder events 1 accordance with

an aspect of the present disclosure;
[0012] FIG. 2 1s a block diagram showing an external sen-

sing device that can be employed by the system 1n FIG. 1;
[0013] FIG. 3 1s a block diagram showing an example neu-

romodulation device that can be signaled by the system 1n

F1G. 1;
[0014] FIG. 4 1s a process flow diagram illustrating a

method for categorizing detected bladder events according

to another aspect of the present disclosure;
[0015] FIG. 5 1s a process flow diagram illustrating a

method for individualized conditional bladder stimulation
according to yet another aspect of the present disclosure;
[0016] FIG. 6 1s a diagrammatic showing of an algorithm

for categorizing detected bladder events;
[0017] FIGS. 7TA-7C shows plots of example Conditional

Stimulation (CS) Scores for various parameter
combinations;
[0018] FIG. 8 shows plots that facilitate the detection of

artifacts due to abdominal pressure changes;
[0019] FIG. 9A and FIG. 9B show plots of sample outputs

of the algorithm shown 1n FIG. 6;
[0020] FIGS. 10A-10D show graphs of accuracy, false

positive rate, duty cycle deviation, and resulting CS scores
for the algorithm shown mm FIG. 6 compared to five addi-

tional algorithms; and
[0021] FIG. 11 shows graphs of detection latencies of the

algorithm shown i FIG. 6 compared to five additional
algorithms.

DETAILED DESCRIPTION

I. Definitions

[0022] Inthe context of the present disclosure, the smngular
forms “a,” “an” and ““the” can also mclude the plural forms,
unless the context clearly indicates otherwise.

[0023] The terms “comprises” and/or “comprising,” as
used herein, can specity the presence of stated features,
steps, operations, elements, and/or components, but do not
preclude the presence or addition of one or more other fea-
tures, steps, operations, elements, components, and/or
oToups.

[0024] As used herein, the term “and/or” can include any
and all combiations of one or more of the associated listed
1tems.

[0025] Additionally, although the terms “first,” “second,”
etc. may be used herem to describe various elements, these
clements should not be limited by these terms. These terms
are only used to distinguish one element from another. Thus,
a “first” element discussed below could also be termed a
“second” element without departing from the teachings of
the present disclosure. The sequence of operations (or acts/
steps) 1s not limited to the order presented 1n the claims or
figures unless specifically indicated otherwise.

[0026] As used herein, the term “sensing device” can refer
to a device that can detect a property of a subject’s bladder.
In some 1nstances, at least a portion of the sensmng device
can be mmplanted within a wall of the subject’s bladder to
detect the property of the subject’s bladder. The sensing
device can include a sensor specific to the property that 1s
detected. In some examples, the sensing device can include
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an implantable pressure sensor, such as a bridge-type circuit,
to detect a pressure within the bladder. In this example, the
sensing device can also include additional components, such
as a transmitter, a battery, a drift cancellation circuit, or the
like. The sensing device including the pressure sensor can
be mmplanted within a wall of the patient’s bladder. In
another example, the sensing device can include an implan-
table pressure sensor and another external sensor (e.g., an
accelerometer, such as a three-axis accelerometer). While
the pressure sensor can be implanted within the wall of the
bladder, the external sensor can be located external to the
subject’s body.

[0027] As used heremn, the term “signal processing
device” can refer to a device that includes at least a proces-
sor to perform signal processing on a signal including the
detected pressure and detect a bladder event based on the
processed signal. For example, the signal processing device
can be a real-time computing platform, such as an applica-
tion specific mtegrated circuit (ASIC), an embedded circuit
running software, custom programmable hardware, or soft-
ware on a conventional computing platform, such as a per-
sonal computer, a tablet computer, a smartphone, or the like.
In some 1nstances, the signal processing device can be
implantable. In other mstances, the signal processing device
can be external. In still other instances, the signal processing
device can be at least partially implanted and at least par-
tially external.

[0028] As used herein, the term “bladder event” can refer
to a detectable change 1 the bladder pressure. The detected
bladder event can be characterized as a contraction event or
a non-contraction event. For example, the contraction event
can be further classified as a voiding contraction event (e.g.,
due to a neural signal) or a non-voiding contraction event
(e.g., due to a non-neural event, like coughing, laughing,
change 1n posture, or the like). In some 1nstances, the non-
contraction event can mclude an artifact.

[0029] As used herein, the term “voiding contraction” can
refer to a contraction of the detrusor muscle of the bladder,
which generates an urge to urmate. In some 1nstances, 1f not
stopped, the bladder contraction can force urine out of the
bladder and/or cause pain.

[0030] As used herein, the term “signal processing” can
refer to one or more techniques that can improve the accu-
racy and reliability of an 1mput signal (e.g., the signal from
the pressure sensor). For example, the signal processing can
include one or more techmques often applied to biomedical
signals to condition the signal, including digital filtering,
multi-level wavelet approximations, and the like.

[0031] As used herem, the term “thresholding procedure”
can refer to a multi-resolution, context-aware wavelet ana-
lysis procedure that efficiently considers local and global
trends 1 the signal. In some 1nstances, the thresholding pro-
cedure can include a set of tunable parameters. In other
instances, the thresholding procedure can include pattern
matching.

[0032] As used herein, the term “tunable parameter” can
refer to an adjustable variable that has a documented effect
on behavior that can be adjusted for a specific patient. In
some 1nstances, the tunable parameter can be part of a set
of tunable parameters.

[0033] As used herein, the term “neuromodulation device”
can refer to a device that can stimulate one or more nerves to
control over-active bladder and/or incontinence. In some
instances, the stimulation can be an electrical stimulation.
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For example, the stimulation can be “conditional” so that the
sttmulation occurs based upon detection of a bladder
contraction.

[0034] As used herein, the term “subject” can refer to any
warm-blooded organism including, but not limited to, a
human bemg, a pig, a rat, a mouse, a dog, a cat, a goat, a
sheep, a horse, a monkey, an ape, a rabbit, a cow, etc. The
terms “patient” and “subject” can be used interchangeably
herein.

II. Overview

[0035] The present disclosure relates generally to the diag-
nosis of urmary mcontinence and the treatment of lower
urinary tract dysfunction and, more specifically, to systems
and methods that can categorize detected bladder events,
which can be used for the diagnosis of urinary incontinence
or the treatment of lower urmary tract dysfunction. For
example, the detected bladder events can be classified 1nto
different categories, including contraction event and non-
contraction event. The systems and methods described
herem require only a single sensor (e.g., a pressure sensor
implanted into the bladder wall) to record the signal that 1s
used to detect and categorize the bladder events. This smgle
sensor 1s less mvasive than traditional solutions that gener-
ally rely on two pressure sensors and/or two catheters to
record bladder events, making the previous solutions
uncomfortable, impractical, and, often, non-physiological.
[0036] The systems and methods described herein can
accomplish the categorization of the bladder events with a
high degree of accuracy and a low false positive rate. The
systems and methods described herein utilize signal proces-
sing technmiques often applied to biomedical signals to detect
and categorize the bladder events from the signal recorded
by the single sensor. For example, digital filtering and multi-
level wavelet approximations can be used to condition the
input before applying a multi-resolution context-aware
thresholding technmique that etficiently considers local and
olobal trends 1n the signal to facilitate categorizing the blad-
der events. The context-aware thresholding technmique can
utilize one or more tunable parameters that can be tuned to
the mdividual subject to achieve an optimal result for the
individual subject.

I11. Systems

[0037] One aspect of the present disclosure can mclude a
system 10 (FIG. 1) that can categorize detected bladder
events, which can be used for the diagnosis of urinary imcon-
tinence or the treatment of lower urinary tract dysfunction.
The system 10 can include a smgle sensing device 12 that
can detect a property of the bladder (e.g., a pressure within
the bladder) and transmat a signal that includes the detected
property and a signal processing device 14, which can detect
and categorize the detected bladder events from the signal.
For example, the bladder events can be categorized as a con-
traction event (which can be further classified as a voiding
event or a non-voiding event) or a non-contraction event.
Notably, the system 10 does not require a second sensing
device and can categorize the detected bladder events from
a smgle sensing device 12.

[0038] 'The sensing device 12 can be an 1n vivo sensor that
can be mmplanted within body tissue or a fluid-filled cavity.
In some nstances, the sensing device 12 can be implantable
within a subject’s bladder. For example, the sensing device

Apr. 20, 2023

12 can be mmplantable within a wall of the bladder where
lumen pressure 1s transduced. Accordingly, the sensing
device 12 can be made of a biocompatible material, coated
with a biocompatible material, and/or housed within a bio-
compatible material. The sensing device 12 can be deliv-
cred, 1 some 1nstances, mnto the bladder by a cytoscope.
Accordingly, the sensing device 12 can be at least partially
hermetically sealed and si1zed and dimensioned to facilitate
the delivery by a 24-French cytoscope (€.g., measuring no
larger than 3.5 X 7 x 15 mm). The sensing device 12 can also
be s1zed and dimensioned to erosion and migration through
the bladder muscle.

[0039] The sensing device 12 can include at least a pres-
sure sensor 16, a wireless transcerver 18, and a rechargeable
battery 20. The pressure sensor 16 can mclude at least a
bridge-type configuration to detect changes 1n the pressure
of the bladder. For example, the pressure sensor 16 can be
implemented by electrical resistors, piezoresistive compo-
nents, resistors mmplemented on a MEMS device, or the
like. The pressure sensor 16 can be included 1 a circuit
with components accounting for offset or drift cancellation.
The wareless transceiver 18 can send a signal including the
detected pressure to the signal processing device 14. The
rechargeable battery 20 can provide power to the pressure
sensor 16, the wireless transceiver 18, and/or additional
components of the sensing device 12. In some 1nstances,
the rechargeable battery 20 can provide power without
being recharged for at least 12 hours. In other instances,
the rechargeable battery 20 can provide power without
beimng recharged for at least 24 hours. In still other instances,
the rechargeable battery 20 can provide power without
bemng recharged for at least 48 hours. For example, the
rechargeable battery 20 can be recharged based on a
recerved radio frequency (RF) signal. The wireless transcei-
ver 18 can recerve the RF signal and facilitate recharging the
rechargeable battery 20.

[0040] The sensmg device 12 can send a signal reflective
of the detected pressure to the signal processing device 14.
The signal processing device 14 can include a transceiver 22
(that includes at least a recerver) to recerve the transmitted
signal. The signal processing device 14 also mcludes a pro-
cessor 24 that can process the transmitted signal to accom-
plish the characterization of the bladder events. For exam-
ple, a signal processing unit (SP) 26 of the signal processing
device 14 can utilize signal processing techmiques often
apphied to biomedical signals to condition the signal from
the sensing device 12. The signal processing techniques
can remove noise (€.g., background electrical noise, biolo-
gical noise, and the like) from the biological signal. For
example, the signal processing techniques can include digi-
tal filtermg, multi-level wavelet approximations, etc. The
signals are conditioned by the signal processing techniques
before a characterization unit (DC) 28 of the signal proces-
sing device 14 applies a multi-resolution context-aware
thresholding technmique to the signal. The multi-resolution
context-aware thresholding technique can be used to char-
acterize a detected bladder event as a contraction event
(which can be further characterized as a voiding contraction

or a non-voiding contraction) or a non-contraction event.
[0041] For example, the multi-resolution context-aware

thresholding technique can efficiently consider local and/or
global trends 1 the signal prior to making a decision
whether or not to stimulate. The multi-resolution context-
aware thresholding techmque can be customized for an 1ndi-
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vidual patient. The multi-resolution context-aware thresh-
olding technmique can depend on one or more tunable para-
meters that can be tuned for the individual patient, achieving
the highest level of accuracy possible for the patient. The
tunable parameters can each exhibit a documented etfect
on behavior of the signal processing device 14 with regard
to when 1t recommends stimulating the bladder. The tunable
parameters can be adjusted and stored in the memory of the
signal processing device 14. For example, the tunable para-
meters can be adjusted and sent via a wireless signal to the
signal processing device 14. Examples of the tunable para-
meters can include a window size, a sensitivity, or the like.
[0042] Retferring now to FIG. 2, illustrated 1s an example
of a system 30 that can include an external sensing device 32
to aid 1n the event detection by the signal processing device
14. The external sensing device 32 can be located on or near
the abdomen of the subject. The external sensing device 32,
1n some 1nstances, can mclude a three-axis accelerometer to
detect external motion (e.g., of the abdomen). The signal
from the sensing device 12 can be correlated to a signal
from the external sensing device 32 by the signal processing
device 14. Based on the correlated signal, the signal proces-
sing device 14 can characterize a detected bladder event as a
contraction event or a non-contraction event. For example,
the signal from the external sensing device 32 can indicate
movement of the abdomen during a non-contraction event,
but no movement of the abdomen during a contraction
event. The signal processing device 14 can reject the non-
contraction ¢vent from further processing.

[0043] FIG. 3 shows a conditional stimulation system 34,
which 1s an example application that can use the categorized
bladder events. The conditional stimulation system 34
includes a smgle sensmg device 12 (e.g., a pressure sensor
located within a subject’s bladder) and a signal processing
device 14. The signal processing device 14 can signal a neu-
romodulation device 36 (e.g., mcluding an electrical stimu-
lator, a magnetic stimulator, or the like) to deliver a stimula-
tion. The stimulation can be used to prevent voiding and/or
to prevent leakage depending on the event characterization.
In some 1nstances, the signal processing device 14 can also
configure one or more parameters of the stimulation based
on the detected pressure so that the stimulation 1s patient-
specilfic.

[0044] The signal processing device 14 can send a signal
to the stimulator of the neuromodulation device 36 indicat-
ing a need for stimulation (e.g., based on one or more results
of the multi-resolution context-aware thresholding proce-
dure). The signal, 1n some examples, can also include one
or more parameters for the stimulation. In some mstances,
the signal sent from the signal processing device 14 to the
stimulator of the neuromodulation device 36 can be a digital
signal. For example, the digital signal can be transmutted
wirelessly, sent through a wireless transmitter of the signal
processing device 14 to a wireless recerver of the stimulator
of the neuromodulation device 36. The stimulator of the
neuromodulation device 36 can provide an electrical signal
for bladder stimulation based on a signal from the signal
processing device 14 indicating that a condition has
occurred 1n the bladder that necessitates the stimulation.

IV. Methods

[0045] Another aspect of the present disclosure can
include methods that can be used for the diagnosis of urmary
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incontinence or the treatment of lower urinary tract dystunc-
tion. One example of a method 40 for categorizing detected
bladder events for the diagnosis of urinary incontinence or
the treatment of lower urinary tract dysfunction 1s shown 1n
FIG. 4. Another example of a method 50 for individualized

conditional bladder stimulation 1s shown in FIG. 5.
[0046] The methods 40 and 50 are illustrated as process

flow diagrams with flowchart illustrations, which can be
implemented by an ASIC and/or by a general purpose com-
puter processor. For purposes of sitmplicity, the methods 40
and 50 are shown and described as bemng executed serally;
however, 1t 18 to be understood and appreciated that the pre-
sent disclosure 1s not limited by the illustrated order as some
steps could occur 1n different orders and/or concurrently
with other steps shown and described herein. Moreover,
not all illustrated aspects may be required to implement
the methods 40 and 50.

[0047] FIG. 4 1llustrates a method 40 for categorizing
detected bladder events. The categorized bladder events
can be utilized for the diagnosis of urinary mcontinence or
the treatment of lower urinary tract dysfunction. The method
40 can be performed, for example, by the system 10 shown
in FIG. 1.

[0048] At 42, a signal can be received (e.g., by a signal
processing device 14) indicating a pressure detected within
a bladder (e.g., from a sensing device 12 including a pres-
sure sensor 16). For example, the sensing device can be
implanted within a wall of the bladder. The pressure sensor
can detect changes 1n the pressure corresponding to various
bladder events (e.g., contraction events or non-contraction
events). These changes can be included 1n the signal.
[0049] The signal can be wirelessly transmitted from the
sensing device and recerved by the signal processing device.
In some mstances, the signal processing device can perform
one or more pre-processing techniques on the signal before
bladder events are detected. The pre-processing techniques
can include those technmiques that are often applied to bio-
medical signals to condition the biomedical signals for
further processing. One example pre-processing technique
can 1nclude filtering the signal (e.g., via a digital low pass
filter). For example, the low pass filtering can include a
exponential moving average with a certain low pass cutoft
frequency.

[0050] At 44, a bladder event can be detected (e.g., by a
signal processing device 14) based on the detected pressure
within the signal. The signal can undergo a multilevel dis-
crete wavelet decomposition procedure. The multi-level
wavelet decomposition can extract frequencies of interest
corresponding to the bladder event. The wavelets can be
constructed to mmimize the number of filter coeftficients
required to approximate a given signal, reducing the compu-
tational burden of the method 40.

[0051] At 46, the bladder event can be characterized (e.g.,
by a signal processing device 14) as a contraction event or a
non-contraction event. The characterization can be based on
an adaptive thresholding and classification procedure. For
example, the adaptive thresholding can include a multi-reso-
lution context-aware thresholding technique that efficiently
considers local and global trends 1n the signal to facilitate
the classification. The thresholding procedure can be custo-
mized for an individual patient, depending on one or more
tunable parameters to achieve the highest level of accuracy
possible for the patient. For example, the tunable parameters
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can be adjusted and sent via a wireless signal to the signal
processing device.

[0052] 'The output of the method 40 can include the clas-
sifted events (e.g., either contraction events - which can be
further classified as voiding contractions or non-voiding
contractions - or non-contraction events). The output can
be used 1n the diagnosis of urinary incontinence or the treat-
ment of lower unnary tract dysfunction.

[0053] For example, the treatment of lower urmnary tract
dystunction can include conditional bladder stimulation to
block voiding or to prevent leakage when the bladder event
18 characterized as the contraction event, In some 1nstances,
one or more parameters of the stimulation can be configured

based on the detected pressure.
[0054] FIG. 5 shows a method S0 for individualized con-

ditional bladder stimulation. The method S0 can be exe-
cuted, for example, by the system 34 of FIG. 3. At 52, ong
or more tunable parameters of a thresholding procedure can
be adjusted based on one or more characteristics of the
patient. Adjusting the tunable parameters for the patient cre-
ates a bladder stimulation mechanism that 1s geared to the
patient rather than geared for a population of patients.
Accordingly, the thresholding procedure can be adapted to
different patients through the configuration of multiple tun-
Ing parameters.

[0055] At 54, a signal from a sensing device within the
patient’s bladder can be received. The sensing device can
include a pressure sensor. In some instances, the sensing
device can also include a three-axis accelerometer, which
can be used to reject pressure signals associated with one
or more artifacts (e.g., a motion artifact). This can facilitate
the detection of bladder contractions without the need for an
abdominal pressure sensor. At 56, based on the thresholding
procedure, 1t can be determined whether the bladder has
contracted. This determination can be used to decide
whether to stimulate the bladder. At 58, a stimulator can
be alerted to stimulate the bladder when the bladder has
contracted. For example, the alert can be a digital signal
triggered by a result of the thresholding procedure.

V. Experimental

[0056] The followmng experiment shows a real-time,
highly accurate bladder event detection system that does
not require a reference sensor.

Methods

Vesical Pressure Signal Processing

[0057] The basic algorithm structure includes three stages:
inmitial filtering, wavelet transtorm, and adaptive threshold-
ing (FIG. 6). The signal 1s mitially filtered using an expo-
nential moving average (EMA), with a low pass cutott fre-
quency of 0.01 Hz. EMA filtering 1s chosen because it
allows the system to operate 1n an almost predictive manner
by assuming that repeated spikes 1n pressure can potentially
result m a true bladder contraction. For a hardware imple-
mentation, the computation 1s 1nexpensive, requiring very
few operations and a single umit of delay, enabling real-
time operation. Furthermore, by filtering close to DC,
changes 1n pressure are effectively limited to those caused
by passive stretching of the bladder. Contractions, which
occur at higher frequencies, are sustained, and while shightly
attenuated, remain present in the output. The output of the
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EMA 1s then processed by applymng a multilevel discrete
wavelet transtorm. The Daubechies 4 wavelet was chosen
as the basis function for use 1n the algorithm. This wavelet
was chosen for 1ts performance at extracting frequencies of
interest for this application and 1its ease of implementation.
Furthermore, the wavelets are constructed to mimimize the
number of filter coeflicients required to approximate a given
signal, reducing the computational burden on hardware
implementation.

[0058] In clinical urodynamics, the etfects of artifacts are
negligible as patient motion and activity level are controlled,
and a global threshold can work well for detecting bladder
contractions. However, for ambulatory urodynamics with-
out an abdominal reference sensor, a fixed threshold 1s vul-
nerable to patient movement and sensor drift. Thus, an adap-
tive threshold, which considers local trends 1n the data, may
be more robust 1n a real-world, ambulatory setting. Two sta-
tistical methods of adaptive thresholding were mvestigated,
which consider either the mean and standard deviation or the
quantiles within a given window size.

[0059] Using standard-deviation-based thresholding, the
algorithm labels a contraction when the approximation of
the vesical pressure rises two standard dewviations above
the window mean. Similarly, artifacts are considered to
occur when the detail coetficients, or outputs from the high
pass filters, rise by the same amount. At this stage the origi-
nal signal 1s heavily processed. Therefore, any residual arti-
facts will cause spikes 1n the detail coefficients, enabling
detection. Since the bladder pressure approximation does
not change significantly between subsequent windows, the
mean need not be recomputed for each sample, providing a
trade off between power savings and accuracy in hardware
implementation.

[0060] Using the quantile-based adaptive thresholding, the
values 1 the window are sorted by rank order. Samples 1n
cither the approximation or detail coethicients exceeding a
threshold percentile are considered bladder events or arti-
facts, where the threshold percentile may be adjusted by
the physician. Since the list remains partially sorted, new
samples can be rapidly inserted into the list. Furthermore,
separate significance threshold values for approximation
and detail coetlicients allow algorithm tuning based on the
desired detection and false positive rates.

Algorithm Optimization and Output

[0061] The ability to optimize algorithm performance for
a specific user 1s crucial to the successful implementation of
the framework. To enable user-specific optimization, we
introduced a set of tunable imnput parameters 1nto the system.
To provide this level of flexibility, the tunable parameters
included (1) sample butfer length, (2) approximmation coetfi-
cient sensitivity, and (3) detail coeflicient sensitivity. The
sample buffer length refers to the time 1n seconds of history
to retain, while the approximation and detail coeflicient sen-
sitivity refer to the percentile required for a new 1mput value
to be classified as the start of a contraction or artifact, for
approximation and detail coetlicients, respectively. A high
value for the sample buffer length could result 1n a prohibi-
tively large history buffer. At each level of the discrete
wavelet transform, however, the data rate 1s halved, so 1t 15
possible to store a longer history with fewer samples while
retaming the general trend of the signal. Furthermore, mn a
hardware mmplementation, this reduces the area overhead,
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delay, and power consumption for computing the local
threshold. The second and third parameters atfect the prob-
ability that the algorithm will attribute pressure increases to
actual bladder contractions or artifacts, and they can be ndi-
vidually adjusted to achieve the desired performance.

[0062] Three quantifiable metrics were defined from the
output of the algorithm: (1) the success or failure of event
detection (X), effectively the true positive rate; (2) the num-
ber of false positives detected per contraction event (Y), and
the duty cycle of the stimulator, which measures the time the
stimulator 1s on divided by the total duration of the record-
ing (7). Together, these metrics aggregate the effectiveness
of the algorithm at detecting an unwanted bladder event with
sufficiently short delay to prevent the unwanted event with
electrical stimulation. A cost function was defined, termed
the Conditional Sttmulation Score (CS Score), which com-
bies these three metrics to tune the algorithm and to com-

pare performance to other algorithms:

CS_S 2 _[ 2 [
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[0063] Due to the importance of a high detection rate, the
percentage of true positives (X) 1s squared 1n order to pena-
lize mmput parameters resulting in a value below 1, while
perfect detection remains unchanged. False positives (y)
and duty cycle deviation (z) are linear terms weighted such
that every 5 false positives and every £50% deviation from
the 1deal duty cycle result in an equivalent decrease 1n CS

Apr. 20, 2023

cially with noisy or real-world data, and so values ranging
from O to 20 have been chosen to demonstrate the etffect that
a high number of false positives will have on the algorithm
SCOre.

Human Data Acquisition

[0065] Urodynamic examinations providing vesical and
abdominal pressure data were collected from a total of 64
tracings from 14 human subjects sampled at 100 Hz. Note
that these data were not collected for the purpose of devel-
oping this algorithm, and the sampling rate was chosen or
set by the clinical equipment for the particular needs. Sub-
jects had neurogenic detrusor overactivity and 2-9 cysto-
metric fills were completed. These clinical tests were con-
ducted at the Louis Stokes Cleveland Department of
Veterans Aftfairs in Cleveland, OH (IRB #12023-H12). All
procedures followed protocols that were reviewed and
approved by the Institutional Review Board and followed
standard clinical practices.

[0066] Pressures were recorded as part of clinically stan-
dard urodynamics test, which involves filling the bladder
with saline to observe its behavior. Briefly, a dual lumen
intraurethral catheter was 1nserted, with one lumen used to
infuse saline into the bladder at approximately 50 ml/min,
depending on the clinical scenario, and the other lumen used
to measure continuous vesical pressure via an external flui-
dic transducer. In addition, an anorectal balloon catheter was
mserted to similarly measure continuous abdominal pres-
sure; continuous detrusor pressure was calculated as the dif-
ference between the vesical and rectal pressures. Filling was
continued until a reflex bladder contraction was evoked.
which usually resulted 1 voiding around the urethral cathe-
ter. After each cystometric fill the bladder was completely
emptied.

Algorithm Evaluation

[0067] To evaluate the etficacy of the CAT algorithm clas-
sitying bladder contractions, and to compare to other meth-
ods, the algorithms were implemented mm Matlab (Math-
works, Natick, MA) and tested with the recorded
urodynamics data from human subjects. A summary of the
algorithms tested 1s provided i Table 1.

TABLE 1

Summary of the Six Algonithms Tested

Type Name

Static Static Detrusor Thresholding
(Global Detrusor Thresholding
Global Vesical Thresholding
Hybrid Hybrid Detrusor Thresholding
Adap-  Adaptive Vesical Thresholding
trve Context Aware Thresholding

Score. Additionally, combining these terms allows the sys-
tem to compensate for either (1) a high number of short
duration false positives (1.€. high vy, low z), or (2) a small
number of high duration false positives (1.€. low y, high z),
which result 1n scoring penalties regardless.

[0064] Example CS Scores for various parameter combi-
nations are shown i FIG. 7. Algorithms may have the
potential for a significant number of false positives, espe-

Abb. Tuned? Inputs Description

SDT No 0 Static Threshold on P,

GDT Yes 1 Static Threshold on P,

GVT Yes 1 Static Threshold on P,

HDT No 0 Moving average + static threshold on P,,;
AVT Yes 2 Moving threshold on P,

CAT Yes 3 Moving threshold on approximation of P,

[0068] Three other methods besides those from literature
(SDT and HDT), and the proposed method (CAT), are also
included for comparison purposes. Global Detrusor Thresh-
olding (GDT) and Global Vesical Thresholding (GVT),
which are dertved from SDT, are used to demonstrate how
a static thresholding method may be viable on either detru-
sor (GDT) or vesical (GVT) pressures 1f the threshold 1s

tuned to an mdividual. Adaptive Vesical Thresholding
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(AVT), which 1s a variant of CAT, does not include an inter-
mediate Discrete Wavelet Transform (DWT), and 1s used to
demonstrate the effect of performing thresholding on the
wavelet coetlicients rather than the time domain signal.

[0069] During testing, a real-time environment was simu-
lated 1n which the algorithms were limited to accessing data
on the time course 1n which 1t was produced, without access
to future data. Then, for each algorithm, the CS Score was
calculated to compare their performances. Algorithms were
tuned using two methods. Firstly, they were tuned to ¢ach
individual using only the first of the available urodynamics
tracings; parameters generated from each traming set were
applied to the same individual. Secondly, algorithms were
tuned to a subset of 14 tracings, one from each patient, and

applied to the entire dataset.
[0070] For both traming methods, the onset of a contrac-

tion was 1dentified by mspection. Each recorded cystometric
fill contamned exactly one voiding contraction, thus any
events detected outside of this range were considered to be
false positives. To etfectively inhibit an unwanted contrac-
tion, stimulation must occur well betore the leak point pres-
sure 18 reached; therefore, 1t was assumed that contractions
must be detected within 1 second for effective stimulation,
and any events detected after this time were considered
missed events.

Algorithm Tuning

[0071] While SDT and HDT were mmplemented as
described 1n the literature, the other methods were tuned to
individuals by modifying parameters to maximize the CS
Score for that algorithm. These parameters include the low
pass filter cutoff frequency (for all tuned algorithms), as
well as algonthm-specific parameters: static threshold
(GDT and GVT), history butfer length (AVT and CAT), sen-
siivity  (AVT), and approximation/detail sensitivities
(CAT). Thresholds between -50 and 50 cmH20 were tested
tor GDT and GVT. Windows ranging from 5 to 120 sec-
ond<> were tested for both AVT and CAT Sensitivities
between 0 and 1 were tested for AVT sensitivity, and both
approximation and detail coetlicients for CAT. These para-
meters were found to have a significant i1mpact on the per-
formance of each algorithm, with per-subject detection
accuracies ranging from 0 to 100%, false positive rates ran-
omg from none to hundreds, and CS Scores ranging from
negative tens to nearly pertect scores. The algorithm was
considered tuned when a parameter combination resulting
in the largest CS Score was found. Similarly, a global tuning
method was explored, where parameters were tuned based
on a subset of the data and applied to the remainder. Here, a
more robust algorithm would still perform well, though not
as well as with individualized tuning.

[0072] In practice, the sudden and repeated application of
conditional stimulation could cause patient discomfort, so
parameter optimization must seek to (1) maximize detection
accuracy, (2) mimimize false positives, (3) mmimize detec-
tion latency between contraction onset and event detection,
and (4) mmimize the stimulator duty cycle. Failure to select
appropriate parameters can result 1 oversensitivity to noise
or other low amplitude pressure fluctuations. With optimally
chosen parameters, a reliable and robust algorithm will have
consistently high detection rates while similarly limiting the
number of false positives.
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[0073] Resulting CS Scores were analyzed using Tukey’s
parrwise comparison (p < 0.05) to determine 1f CAT 1s more
effective than the other methods for detecting bladder con-
tractions. Data from tuned methods and untuned methods
were pooled to determine 1f tuning can 1mprove efficacy.
Finally, data from static methods (GDT, GVT) and adaptive
methods (AVT, CAT) were pooled and tested to determine 1f
adaptive methods are more effective than the static methods.

Results

Context Aware Thresholding (CAT)

[0074] Bladder pressure 1s a smooth signal relative to
pressures caused by abdominal pressures, and slopes 1n an
appropriately sized window can be approximated well with
linear functions. Most artifacts due to abdominal pressure
changes, such as those mmitiated by coughs, laughs, and
sneezes, generally present as abrupt, transient spikes 1 the
vesical pressure, and thus appear 1n the detail coetlicients, as
shown 1n FIG. 8, where they were analyzed as potential arti-
facts. While simple changes 1n posture could have an effect
on the vesical pressure, these types of slowly changing pres-
sure artifacts were not tested 1n this study because they were
not rehiably present i the data set.

[0075] FIG. 9 shows sample outputs from the CAT algo-
rithm, specifically contraction detection (FIG. 9(a)) well
before the contraction onset or leak point pressure (dashed
line) and artifact detection (FIG. 9(b)), which were not clas-
sified as contractions due to the higher rate of pressure
increase. Finally, FIG. 9(¢) gives an example of the denois-
ing capabilities of wavelets, which demonstrates how adap-
tive thresholding i the wavelet domam can improve the
specificity of the detection algorithm.

Algorithm Comparisons

[0076] Three static methods (SDT, GDT, GVT) were
tested usmg ditferent threshold values. With SDT, the
same threshold of 10 cmH20 was used for each urodynamic
tracing, while GDT and GV'T were both tuned to individuals.
Similarly, three adaptive methods (HDT, AV, CAT) were
tested. Algorithms were compared, testing the contraction
detection rate, false positive rate, duty cycle deviation, and
overall CS Score (FIG. 10). Results for both individualized

and global tuming are summarized m Tables 11 and 111

TABLE 11
Summary of Results for Individualized Tuning
Type Method True Pos. (%) False Pos. Score
Static SDT 0.76 £ 0.2 21.6 £22.5 -0.19 +£ 0.8
GDT 0.70 +£ 0.2 0.6 £ 0.5 0.50 £ 02
GVT 0.71 = 0.3 0.4 +03 0.56 £ 0.2
Hybnd HDT 0.75 £ 0.3 18.6 + 15.9 0.03 £ 0.8
Adaptive AVT 0.85 £ 0.1 14+13 0.78 £0.1
CAT 0.97 + 0.1 13+£10 0.82 £ 0.1
TABLE III

Summary of Results with Global Tuning

Type Method  True Pos. (% ) False Pos (%0) Score

Static SDT 076 £+ 0.2 21.6 £22.5 -0.19 +£ 0.8
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TABLE III-continued

Summary of Results with Global Tuning

Type Method  True Pos. (% ) False Pos (%) Score
GDT 0.88 + 0.3 226+ 24 0.54 + 0.3
GVT 090 +£0.3 2.04 £2 .4 0.51 £ 0.3

Hybrid HDT 075+ 0.3 18.6 £ 159 0.03 + 0.8

Adaptive AVT 084 +£04 8.10 £7.9 0.65+ 0.3
CAT 0.96 + 0.2 924 +£7.3 0.75+ 0.2

[0077] As a hybrid of static and adaptive methods, HDT
did not perform significantly better than either of the static
methods, despite having a moving threshold. Conversely,
AVT and CAT both demonstrated significant improvements
1in detection accuracy (95% and 97%, respectively) over sta-
tic methods, though the false positive rates increased
slightly when compared with GDT and GV'1T. For most tra-
cigs, operating i the wavelet domain resulted in fewer
false positives while maimntaining a high degree of accuracy.
[0078] From a latency perspective, the CS Score accounts
only for whether or not detection occurred within 1 second
of contraction; the precise latency 1s not used for scoring.
Therefore, 1t 1s important to note the differences 1 detection
latency between the algorithms, as shown 1n FIG. 11 for a
subset of detections. Note that negative latencies represent
detection prior to contraction onset. CAT 1s more likely to
detect contraction onset a short time 1n advance, reducing
the possibility of overstimulation.

[0079] Using Tukey’s pairwise comparisons, we found
that a significant difference existed between the two meth-
ods not tuned to mdividuals (SDT, HDT) and the four that
were (GDT, GVT, AVT, and CAT). Among tuned methods, a
significant difference existed between the two purely static
methods (GDT, GVT) and the purely adaptive methods
(AVT, CAT). From this, we concluded that tuning the algo-
rithm to an mdividual can improve performance even for a
static method. Compared with AVT, the addition of the
DW'T improves CAT by providing two signal outputs for
event detection, reducing the occurrence of false positives,
and allowing for more efficient hardware implementation.
[0080] From the above description, those skilled in the art
will perceive mmprovements, changes and modifications.
Such improvements, changes and modifications are within
the skill of one 1n the art and are mtended to be covered by
the appended claims.

What 1s claimed 1s:
1. A system comprising:
a non-transitory memory storing mstructions; and
aprocessor to execute the mstructions stored 1 the memory
to at least:
filter a signal indicating a pressure detected within a
patient’s bladder with a low-pass filter with a cutofl
frequency tuned for the patient to provide a filtered
signal;
apply a multi-level discrete wavelet transtorm to the fil-
tered signal to provide a transtformed signal 1n a wave-
let domain;
apply an adaptive thresholding procedure to the trans-
formed signal 1n the wavelet domain to detect a blad-

der event, and
characterize the bladder event as a voiding contraction

event, a non-voiding contraction event, or a non-con-
traction event based on at least one property of the
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bladder event according to one or more tunable para-
meters customized for the patient.

2. The system of claim 1, further comprising the sensing
device,

wherein the sensing device comprises a circuit comprising

a bridge-type pressure sensor adapted to directly detecta
pressure within the patient’s bladder.

3. The system of claim 2, wherein the sensing device 1s con-
figured to be within the patient’s bladder.

4. The system of claim 2, wherein the sensing device further
comprises a wireless transcerver adapted to transmait the signal
indicating the pressure within the patient’s bladder.

S. The system of claim 2, wherein the sensing device turther
comprises a battery adapted to provide power to the pressure
SENSOT.

6. The system of claim 1, wherein the memory and the pro-
cessor are embodied 1n a signal processing device.

7. The system of claim 6, whereimn the signal processing
device further comprises a wireless transceiver adapted to
recerve the signal indicating the pressure detected within the
patient’s bladder.

8. The system of claim 6, wherem the signal processing
device 1s adapted to be implantable within the patient or exter-
nal to the patient.

9. The system of claim 6, wherein the signal processing
device 1s an application-specific integrated circuit (ASIC),
an embedded circuit running software, a custom programma-
ble hardware, or software on a hardware computing device.

10. The system of claim 1, wherein the bladder event 1s
characterized as the non-contraction event based on a correla-
tion between the pressure and another signal from an external
SENSOT.

11. A method comprising;:

recerving, by a signal processing device comprising a pro-

cessor, a signal indicating a pressure detected within a
patient’s bladder from a sensing device

applying, by the signal processing device, a low pass filter

to the signal with a cutoff frequency toremove noise from
the signal, wherein the cutoff frequency 1s tuned for the
patient;

applying, by the signal processing device, a multi-level dis-

crete wavelet transform to the filtered signal to provide a
transformed signal 1n a wavelet domain;

applying, by the signal processing device, an adaptive

thresholding procedure to the transformed signal 1n the

wavelet domain to detect a bladder event; and
characterizing the bladder event as a voiding contraction

event, anon-voiding contraction event, or a non-contrac-

tion event.
12. The method of claim 11, wherein the signal indicating
the pressure 1s transmitted from a sensing device within the

patient’s bladder.
13. The method of claim 12, wherein the sensing device

comprises a circuit comprising a bridge-type a pressure sensor
adapted to directly detect the pressure within the patient’s

bladder.

14. The method of claim 12, wherein the sensing device
comprises a wireless transcerver adapted to transmait the signal
indicating the pressure within the patient’s bladder.

15. The method of claim 12, wherein the sensing device
comprises a battery adapted to provide power to the pressure
SeNSOoT.

16. The method of claim 11, wherein the bladder event 18
characterized as the non-contraction event based correlating
the pressure and another signal from an external sensor.
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17. The method of claim 11, further comprising customiz-
ing the one or more tunable parameters for the patient.

18. The method of claim 11, further comprising continu-
ously applying the adaptive thresholding procedure to detect
additional bladder events.

19. The method of claim 18, wherein the adaptive thresh-
olding procedure 1s updated with new parameters specific to
the patient based on the characterizing.

20. The method of claim 18, wherein the characterizing 1s
based on a value that 1s continually recomputed.

w % % % w
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