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DEVICES, SYSTEMS, AND METHODS FOR MONITORING BLADDER FUNCTION

BACKGROUND

Urinary incontinence occurs in both men and women and is associated with weakened or tense
(e.g., hypertonic) pelvic floor (PF) muscles. Many common factors contribute to the weakening or
tightening of the pelvic floor muscles in women, such as pregnancy, vaginal childbirth, pelvic surgery,
aging, genetic predisposition, neurological disease, and weight gain. For men, urinary incontinence is
often caused by an enlarged prostate. Furthermore, urinary incontinence is often divided into three types:
stress urinary incontinence (SUI), urgency urinary incontinence, and mixed incontinence.

Current methods for diagnosing urinary incontinence include the monitoring of bladder function by
using urodynamic testing and/or voiding diaries. However, these methodologies often provide incomplete
information about the nature of the bladder function, do not always effectively differentiate between the
various types of urinary incontinence, and can be subject to human error. Although urodynamic testing
can be used to evaluate changes in bladder pressures and in leakage due to pressure gradients,
urodynamic testing systems are not able to identify or evaluate muscle motion or motion in the system
due to Valsalva. For example, a woman may exhibit symptoms of a hypermobile urethra, a condition
associated with stress urinary incontinence, but this would not be captured by urodynamic testing. Also,
the contraction of pelvic floor muscles, critical in the prevention of stress urinary incontinence or calming
of a detrusor-contraction initiated urgency symptom, are not captured in the current urodynamic testing
system.

Intrinsic sphincter deficiency (ISD) is another cause of urinary incontinence. The diagnosis of
ISD is commonly made by assessing urodynamic parameters (low leak point pressures or closure
pressure of the urethra (MUCP)). The absolute values of these parameters needed to make a diagnosis
of ISD are uncertain.

Accordingly, new devices, systems, and methods are needed for monitoring bladder function in

order to accurately monitor, diagnose, and treat urinary incontinence.

SUMMARY OF THE INVENTION

In a first aspect, featured is a urodynamic catheter including one or more positional sensors. The
catheter may include a plurality (e.g., 2 to 50, e.g., 2 to 20) of positional sensors (e.g., MEMS
accelerometers) located along a length of the device.

Also featured is a system including a urodynamic catheter and an intravaginal or intrarectal
device. The urodynamic catheter and/or the intravaginal and intrarectal device may include one or more
positional and/or other sensors. The intravaginal or intrarectal device may include a plurality (e.g., 2 to
50, e.g., 2 to 20) of positional sensors (e.g., MEMS accelerometers) and/or other sensor located along a
length of the device. The intravaginal or intrarectal device may include substantially ring-shaped main
body having an outer edge configured to contact a vaginal wall, vaginal fornix, or rectum, and a tether
connected to the main body. The length of the intravaginal or intrarectal device may be about 2 cm to
about 50 cm.

The urodynamic catheter, intravaginal device, and/or intrarectal device may include a transmitter

and/or receiver (e.g., radio frequency transmitter or receiver) for communicating data to an electronic
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device. The transmitter and/or receiver can wirelessly communicate the data to the electronic device
(e.g., with a Bluetooth, ISM (industrial, scientific and medical) band radio and/or Wi-Fi enabled electronic
device). The electronic device may include a display, such as a graphical user interface, e.g., with a
touch user interface. The electronic device may be a computer, tablet, smartphone, or smart watch.

Also featured is a method of evaluating a bladder function of a subject by performing one or more
urodynamic measurements with the urodynamic catheter or system of any of the above aspects. The one
or more urodynamic measurements may include measuring one or more of position, movement,
pressure, and flow. The pressure measurements may further include measuring one or more of
intraabdominal pressure, detrusor pressure, and/or intravesicular pressure.

Also featured is a method of diarizing a bladder function (e.g., filling, emptying, capacity,
sensation, compliance, leaking, urinary frequency, void duration, and evidence of Valsalva voiding) of a
subject with the urodynamic catheter or system of any of the above aspects, or an intravaginal or
intrarectal device comprising one or more positional and/or other sensors. The method includes
monitoring the bladder function with the urodynamic catheter, intravaginal device and/or intrarectal device
and obtaining positional and/or other data from the one or more positional and/or other sensors of the
catheter, intravaginal, or intrarectal device. The method may further include processing the data from the
one or more positional and/or other sensors to determine an occurrence of the bladder function and
recording the occurrence of the bladder function based on the processed data. The positional data may
include one or both of sensor angle and time. Other sensor data may include measurements of other
parameters over time.

Also featured is a kit including the urodynamic catheter of the above aspects and an intravaginal
device or intrarectal device including one or more positional and/or other sensors. The kit may optionally
include instructions for use. In some embodiments, the urodynamic catheter does not include any
positional sensors. The kit may be configured for use as an automated voiding diary.

In some embodiments of any of the above aspects, the urodynamic catheter does not include one

or more positional sensors.

DEFINITIONS

As used herein, the singular form “a,” “an,” and “the” includes plural references unless indicated
otherwise.

As used herein, the terms “about” and “approximately” mean +/- 10% of the recited value.

As used herein, the term “in proximity to” and “proximal” refers to a location near a tissue surface
(e.g., about 0.01-5 mm from, or adjacent to, the tissue surface, e.g., surrounding the cervix or vaginal cuff
of a subject).

As used herein, the term “feedback” or “biofeedback” refers to information that can be used to
train an individual to change physiological activity (e.g., pelvic floor muscle function) for the purpose of
improving health and performance (e.g., treating, reducing, and/or preventing the occurrence of or the
symptoms of a pelvic floor disorder (PFD)). (Bio)Feedback may also include information collected by a
device of the invention during daily monitoring, e.g., in substantially real-time, while a user performs her
daily activities. The information can be reviewed substantially in real-time or can be accessed for review

at a later time. Instruments, such as a device of the invention, can be used to measure physiological
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activity, such as muscle activity (e.g., movement and pressure), pressure (e.g., bladder or vaginal
pressure), muscle quality, and vaginal canal pH, temperature, and humidity, and to provide this
information as biofeedback to the individual. Instruments, such as a device of the invention, can also be
used to measure the level of a molecule, e.g., the level of a hormone and/or the level of a toxin, and to
provide this information as biofeedback to the individual. The presentation of this information to the
individual can be by a visual, audible, or tactile signal, and can support a desired physiological change
(e.g., improved pelvic floor muscle strength, control, and quality).

As used herein, the term “calibration period” refers to the process of determining a baseline set of
measurements from the sensors positioned within a device described herein during a period of use of the
device by an individual, such that the baseline set of measurements characterize the health (e.g.,
strength, muscle quality, condition) of the individual’s pelvic floor muscles prior to or at the start of a
treatment program. The baseline set of measurements collected during the calibration period can be
used to calculate and/or determine the progress of an individual through a treatment program.

As used herein, the term “diagnosis” refers to the identification or classification of a disease or
condition (e.g., a pelvic floor disorder). For example, “diagnosis” may refer to identification of a particular
type of urinary incontinence.

A “disorder” is any condition that would benefit from treatment including, but not limited to,
chronic and acute disorders or diseases, including those pathological conditions which predispose the
subject to the disorder in question.

As used herein, the term “monitoring” refers to a use of an intraurethral, intrarectal, or intravaginal
device of the invention to collect, track, and/or store data, e.g., data obtained from sensor(s) of a device
described herein. The monitoring occurs, e.g., when the device is positioned within the vaginal cavity,
rectum, or urethra of a user and/or when the device is used during a diagnhostic or treatment period.

As used herein, the terms “pelvic floor lift” and “PFL” refers to a movement of the pelvic floor
(e.g., the muscle fibers of the levator ani (e.g., the pubococcygeus, ileococcygeus, coccygeus, and
puborectalis muscles, as well as movement of perineal muscles and anal sphincter) and the associated
connective tissues which span the area in a spherical form from the pubic bone anteriorly to the sacrum
posteriorly and to the adjoining bony structure joining these two bones, which is characterized by an
upward movement (e.g., a lifting movement, such as a movement in the cranial direction) of the pelvic
floor. The movement of the pelvic floor during a PFL is a distinctly-described component of the collective
action of the entire pelvic floor (e.g., the levator ani, urethral and anal sphincters, bulbocavernosus,
ischiocavernosus, superficial tranverse perineal muscles) whereby the combined lifting and
circumferentially-directed squeezing action is produced when all muscles are activated simultaneously. A
PFL may involve the selective engagement of the levator ani component of the pelvic floor.

As used herein, the terms “pelvic floor relaxation” and “PFR” refers to a movement of the pelvic
floor (e.g., the muscle fibers of the levator ani (e.g., the pubococcygeus, ileococecygeus, coccygeus, and
puborectalis muscles) and the associated connective tissues which span the area in a spherical form from
the pubic bone anteriorly to the sacrum posteriorly and to the adjoining bony structure joining these two
bones), which is characterized by a relaxation (e.g., a downward movement, such as a movement in the

caudal direction) of the pelvic floor. The movement of the pelvic floor during a PFR is distinct from the
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concentric contraction (e.g., shortening contraction) of the PFL, and represents the lengthening or
relaxation of the muscle fibers.

As used herein, “real-time” refers to the actual time during which an event, such as a daily
activity, occurs.

As used herein, “sensor data” refers to measurements (e.g., any one or more of measurements
of pelvic floor muscle movement, pelvic floor muscle quality, pelvic floor muscle strength, pressure, and
measurements of other conditions, such as pH, temperature, and/or moisture (e.g., in the vagina)), which
characterize an individual’s pelvic floor health and are obtained by a sensor(s), as described herein, of an
intraurethral, intrarectal, or intravaginal device of the invention. Sensor data may also be collected that
relate a pelvic floor movement to, e.g., urinary or fecal incontinence or urge. These data can be used,
e.g., to diagnose urinary or fecal incontinence.

As used herein, “radio frequency” refers to electromagnetic waves that have a frequency in the
range from 108 Hz to 102 Hz.

As used herein, a “subject,” “patient,” or “individual” is a human.

As used herein, the terms “reducing” and “inhibiting” are defined as the ability to cause an overall
decrease of about 10%, 20%, 30%, 40%, 50%, 60%, 70%, 75%, 80%, 85%, 90%, 95%, or more in a
measurable metric. Reduce or inhibit can refer, for example, to the symptoms of the pelvic floor disorder
(PFD) being treated.

As used herein, the term “treating” refers to providing a therapy to a subject in need thereof (e.g.,
to treat or reduce the likelihood of urinary or fecal incontinence, or urge associated therewith), in
particular in conjunction with the use of a device (e.g., a urodynamic catheter, intravaginal device, or
intrarectal device), system, or method described herein. To “treat disease” or use for “therapeutic
treatment” includes administering treatment to a subject already suffering from a disease to improve or
stabilize the subject’s condition. To “prevent” or “reduce the likelihood of developing” disease refers to
prophylactic treatment of a subject who is not yet ill or symptomatic, but who is susceptible to, or
otherwise at risk of, a particular disease, such as a urinary or fecal incontinence.

As used herein, “female urogenital system” refers to the organ system of the female reproductive
system, which includes, e.g., the Bartholin's glands, cervix, clitoris, clitoral frenulum, clitoral glans (glans
clitoridis), clitoral hood, fallopian tubes, labia, labia majora, labia minora, frenulum of labia minora,
ovaries, skene's gland, uterus, vagina, and vulva; the urinary system, which includes, e.g., the kidneys,
ureters, bladder, and the urethra; and the surrounding and supporting nerves and musculature.

As used herein, “male urogenital system” refers to the organ system of the male reproductive
system, which includes, e.g., the bladder, pubic bone, external urethral sphincter, penis, corpus,
cavernosum, glans penis, foreskin, urethral opening, sigmoid colon, rectum, seminal vesicle, ejaculatory
duct, prostate gland, Cowper’s glad, anus, vas deferens, epididymis, testis, and scrotum, kidneys,
ureters, bladder, and the urethra; and the surrounding and supporting nerves and musculature.

As used herein, “vaginal cuff” refers to the sutured tissue at the top of the vaginal canal remaining
after removal of the cervix (e.g., during a hysterectomy).

As used herein, “urinary incontinence” refers to the leaking of urine from the bladder.
Incontinence can range from leaking just a few drops of urine to complete emptying of the bladder.

Urinary incontinence can be divided into three main types: stress urinary incontinence (SUI), urgency
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urinary incontinence, and mixed incontinence. Stress urinary incontinence is leaking urine when
coughing, laughing, or sneezing. Leaks can also happen when a woman walks, runs, or exercises.
Urgency urinary incontinence is a sudden strong urge to urinate that is hard to stop. Women with this
type of urinary incontinence may leak urine on the way to the bathroom. Mixed incontinence combines
symptoms of both stress and urgency urinary incontinence.

As used herein, “pelvic floor” refers to the muscular area at the base of the abdomen attached to
the pelvis.

As used herein, “pelvic floor disorders” or “PFDs” refers to disorders affecting the muscles and
tissues that support the pelvic organs. These disorders may result in loss of control of the bladder or
bowels or may cause one or more pelvic organs to drop downward, resulting in prolapse.

As used herein, “urodynamic catheter” refers to urethral catheter configured for use in performing

one or more urodynamic measurements. The catheter may have multiple (e.g., 2 or 3) lumens.

BRIEF DESCRIPTION OF THE DRAWINGS

The application file contains at least one drawing executed in color. Copies of this patent or
patent application with color drawings will be provided by the Office upon request and payment of the
necessary fee.

FIG. 1 is a schematic drawing of a two-lumen urodynamic catheter with a plurality of positional
sensors (e.g., MEMs accelerometers) 200 positioned along a length of the device.

FIG. 2 is a graph plotting urodynamic measurements. The graph shows, on the ordinate, flow,
electromyography, detrusor pressure, vesicular pressure, abdominal pressure, and volume, and, on the
abscissa, time.

FIG. 3 is a schematic drawing showing an intravaginal device 100 that has a main body 110
(which may have, e.g., a ring form or an incomplete ring form), tether 10, and transmitter/receiver box
500. Tether 10 may be non-detachable from main body 110 or, if detachable from main body 110, is
configured for easy removal. Intravaginal device 100 contains circuit board 700, either in main body 110
or tether 10, which connects sensor(s) 200 (e.g., accelerometers, such as MEMS sensors), battery 800,
microcontroller 900, internal transmitter/receiver 1000, data storage component 1100, sensory output
component 1200, wireless communication antennae 1300, authentication chip 1400 (e.g., an Apple
product authentication chip), and ON/OFF switch 1600. Intravaginal device 100 may also contain molded
wing 300 for the reduction of rotation and slippage of the device within the vaginal canal of the individual.
Intravaginal device 100 may also contain energy transmitters 210 (shown as hatched boxes) either on
main body 110 or ring 10. Any of the above components may or may not be present on intravaginal
device 100 (e.g., energy transmitters 210, such as RF transmitters are optional).

FIG. 4 is a schematic drawing showing intravaginal device 100 with main body 110 and tether 10.
Main body 110 as shown contains 5 sensors 200 (e.g., accelerometers, such as MEMS sensors) and
tether 10 as shown contains 8 sensors 200. One sensor 200 is shared by both main body 110 and tether
10.

FIGS. 5A-5D are schematic drawings showing a vaginal angle (6v) and a fornix angle (Br)
referenced relative to intravaginal device 100 (e.g., when inserted into a vaginal canal of a subject).

When positioned in a vaginal canal of a subject, sensor pair 1 of intravaginal device 100 shown in FIG. 5A
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would reside in the anterior fornix, while the sensors of sensor pair 2 each would reside in a lateral fornix.
A single remaining sensor, sensor 3, would reside in the posterior fornix, this last being also part of the
tether. FIG. 5B shows the anterior fornix sensors, labeled A9 and A12, the sensors in the lateral fornices,
labeled A10 and A11, and the single posterior fornix sensor, labeled A8, which is shared by main body
110 and tether 10. Sensors exclusively on tether 10 are labeled A1-A7. The vaginal angle (8v) is defined
as the angle between the line of the tether (essentially demarcating the long axis of the vagina) and the
line contained in a plane parallel to the virtual plane of the introitus, hereafter designated the “horizon.”
The fornix angle (Br) is defined as the angle between the line connecting the anterior and posterior
fornices (the anterior and posterior points of the main body) and the line of the horizon. FIG. 5C shows
(1) that each sensor of the tether may be connected by a best-fit line and (2) the positions of the two
sensors in the anterior fornix may be averaged; similarly, the positions of the sensors in the lateral
fornices may be averaged, and a best fit line may be drawn from the posterior fornix to the anterior fornix.
The vaginal angle (Bv) and fornix angle (6r) are shown in both FIGS. 5C and 5D. In FIG. 5D, the points
(“nodes”) shown in FIG. 5C are labeled S1-S10. The sensors depicted are, e.g., accelerometers, such as
MEMS sensors.

FIG. 6 is a graph plotting, on the ordinate, the sensor angle for sensors S1-S8 (degrees) of the
intravaginal device of FIGS. 4 and 5, and, on the abscissa, time (seconds) during which a subject
performed a series of maneuvers as indicated by the vertical lines (pelvic floor relaxation, Valsalva
maneuver, pelvic floor lift, sustained pelvic floor lift (hold), and serially repeated pelvic floor lift (repeat)).
Sensor 5 showed the largest change in sensor angle during maneuvers. The sensor data were
generated using MEMS sensors.

FIGS. 7A-7B are a set of graphs plotting, on the ordinate, sensor angle composite scores (Y1 and
Y2) obtained using the intravaginal device of FIGS. 4 and 5 and, on the abscissa, time (seconds) during
which a subject performed a series of maneuvers as indicated by the vertical lines (pelvic floor relaxation,
Valsalva maneuver, pelvic floor lift, sustained pelvic floor lift (hold), and serially repeated pelvic floor lift
(repeat)). FIG. 7A shows the sensor angle plotted as a function of time, and FIG. 7B shows the first
derivative with respect to time of the data in FIG. 7A, showing a change in the sensor angle as a function
of time.

FIG. 8 is a graph showing the change in sensor angle for each sensor obtained using the
intravaginal device of FIGS. 4 and 5 in 10 different subjects. Each bar represents a change in sensor
angle (angle during lift — angle during relaxation) for each of sensors S1-S10 for each subject. The
horizontal lines indicate the mean sensor angle for a given sensor. S4-S6 provide the strongest, and
most consistent signal to noise ratio, magnitude, and directionality. The sensor providing the strongest
signal and the vaginal length is indicated for each subject. For three subjects, the “Trained” label reflects
that the subjects exhibit indicia indicating the absence of a pelvic floor disorder.

FIG. 9 is an image of a magnetic resonance imaging (MRI)} scan of the levator ani and external
anal sphincter muscle groups in the pelvic floor. Shown in the scan and labelled are the pubovisceral
muscle (PVM) (e.g., pubococcygeal muscle (PCM)), the iliococcygeus muscle (ICM), the puborectal
muscle (PRM), and the external anal sphincter muscle (EAS). The sacrococcygeal inferior public point
(SCIPP) line is drawn in the midsagittal plane and transposed to all parasagittal slides. The orientations

)

(angles) of the muscle fibers are indicated by the lines drawn on top of the muscle group, and are
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measured relative to the horizontal line. Fiber directions were marked and evaluated in respect of the
individual SCIPP line and expressed as the angle to the average horizontal line, which is 34 ¢ below the
SCIPP line. Fiber orientations subtending an angle clockwise to the horizontal line have a negative sign,
while those with an angle counter-clockwise to the horizontal line have a positive sign. The intravaginal
device with ring, tether, and multiple accelerometers spaced along a length of the device is overlaid on
the MRI scan.

FIG. 10 is a schematic drawing showing the levator ani and external anal sphincter muscle
groups in the pelvic floor. The thick arrow displays the mean direction to the horizontal line in a two-
dimensional graphic. The dashed line is the horizontal line from which the angles are measured. Angles
above the horizontal line have a positive sign and those below the horizontal line a negative sign. On
MRI, the PVM was found medial to the PRM. The intravaginal device with ring, tether, and multiple
accelerometers spaced along a length of the device is overlaid on the image.

FIG. 11 is a schematic drawing showing the levator ani and external anal sphincter muscle
groups in the pelvic floor. The thick arrows show the average direction of the lines of action of the PVM
and PRM muscles relative to the horizontal with a theoretical 1 N force. The thin lines indicate the portion
of each force related to a closing and lifting function. The intravaginal device with ring, tether, and

multiple accelerometers spaced along a length of the device is overlaid on the image.

DETAILED DESCRIPTION OF THE INVENTION

The invention features devices, systems, and methods for diagnosing urinary incontinence and
monitoring bladder function in a subject (e.g., a male or female subject) by using a urodynamic catheter
containing one or more positional sensors alone or in combination with an intravaginal or intrarectal
device containing one or more positional sensors.

The urodynamic catheter can be used to monitor pelvic floor movements of a subject using one
or more sensors (e.g., accelerometers) during urodynamic testing in order to more accurately monitor
bladder function. Furthermore, the devices and systems can be used to create automated or digitized
bladder diaries that provide more robust quantitative data regarding bladder function. The system may
also include peripheral devices including a computer processing unit configured to collect data from the
sensors on the urodynamic catheter, or the intravaginal or intrarectal device, and transform the data into
useful physiological indicia representative of a diagnostic or treatment status of the subject. The data
may then be presented to the subject or another individual (e.g., a health care provider) to provide
feedback or alerts regarding the physiological indicia. The peripheral device may be configured with one
or more algorithms that analyzes positional data from the sensors of the device(s) or system. The
devices and systems described herein may be configured to provide monitoring of the overall health
status of a subject’s urogenital system and pelvic floor (e.g., the muscle fibers of the levator ani, e.g., the
pubococcygeus, ileococcygeus, coccygeus, puborectalis muscles and associated connective tissues) in
substantially real-time, e.g., while the subject is undergoing urodynamic testing or while the subject
performs daily activities. The device(s) and system can be configured to assess the pelvic floor
movements of the subject to identify movements that correlate with urodynamic measurements. The
devices and methods can be used to accurately diagnose incontinence (e.g., stress, urge, or mixed

urinary incontinence) using information from the devices, and a proper course of treatment for the subject
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can be identified, allowing the subject to achieve therapeutic goals, such as reduced urinary incontinence,
occurrence, and/or severity.

The devices and systems described herein may also be used alone or in combination with a
peripheral device that is configured to receive sensor data from the urodynamic catheter, or an
intravaginal or intrarectal device, to monitor (e.g., with one or more sensors as described herein) the
overall urodynamic status of the subject’'s urogenital system and pelvic floor while a clinician conducts
urodynamic testing or while the subject performs his or her daily activities. The peripheral device may be
configured with a processing unit that can transform or utilize sensor data received from the catheter,
intrarectal, and/or intravaginal device during urodynamic testing or urinary/voiding episodes to provide
feedback to the subject (or a health care provider) to determine an appropriate diagnosis and/or course of

tfreatment.

Urodynamic Catheter

Featured is a urodynamic catheter, as described herein, having an elongated main body and one
or more positional sensors (e.g., MEMS accelerometers) positioned along a length thereof. The
urodynamic catheter can be used alone or as part of a system for monitoring pelvic floor movements,
e.g., during, before, or after urodynamic testing or for producing a voiding diary. The urodynamic catheter
is configured for insertion into the urethra of a subject (e.g., male or female subject), such that the one or
more positional sensors provide a positional readout of the spatial orientation of the subject’s urethra.

The position of the urethra provides a readout that acts as a proxy for the pelvic floor and the spatial
arrangement of the pelvic floor organs, including the urethra. For a male subject, the urodynamic
catheter orientation can provide information on the position of the prostate. The urodynamic catheter may
also include one or more additional sensors, such as movement, pressure, and/or flow sensors. The
urodynamic catheter may be structurally configured of any suitable geometry to fit within a subject’s
urethra. The urodynamic catheter may have multiple, e.g., 2 lumens. One lumen may be for filling the
bladder and one lumen may be for measuring pressure (FIG. 1).

Exemplary urodynamic catheters that can be modified to produce the urodynamic catheter
described herein are described, for example, in US Patent Nos. 6,447,462 and US 5,984,879, and in US
Publication Nos. US20060122488, US20030097039, US20060276712, US20060281992, and
US20170258345, the disclosures of which are hereby incorporated by reference in their entirety.

The urodynamic catheter may include at least one thin-walled, circumferentially-extending balloon
proximate the distal, or subject end thereof which communicates pressure external to the balloon
proximally to a transducer external to the subject's body through a small-volume, closed air column. The
catheter can be inserted with the at least one balloon in a collapsed state and expanded after entry of the
catheter into the subject's bladder, or vagina, or rectum during a multi-channel cystometry procedure.

The urodynamic catheter includes at least one pressure lumen extending distally from a proximal
end of an outer tubing and having an outlet terminating within the confines of a small-diameter balloon
circumferentially surrounding the outer tubing at or near the distal end thereof. After insertion into a
subject’s body, the proximal end of the pressure lumen can be connected by a disposable connector to a
housing incorporating a transducer and the air column extending between the balloon and the transducer

can be subsequently closed and charged with a small volume (e.g., 1-100 pL, e.g., 5 pL, 10 pL, 15 pL, 20

8



10

15

20

25

30

35

40

WO 2020/092343 PCT/US2019/058527

uL, 25 L, 30 pL, 40 pL, 50 pL, 60 L, 70 pL, 80 uL, 90 pL, or 100 uL) of fluid (e.g., air or water).
Charging may be effectuated by an air volume displacement within the closed air column to minimize
dead space therein after closure thereof. In one embodiment of the invention, two balloons independently
chargeable may be employed, one proximate the distal end of the catheter and the other separated by a
distance (e.g., 1-100 cm, e.g.,2cm, 3 ¢cm,4cm,5¢cm, 6 cm, 7 cm, 8 cm, 9 cm, 10 cm, 20 cm, 30 cm, 40
cm, 50 cm, 60 cm, 70 cm, 80 ¢cm, 90 cm, 100 cm) proximally therefrom.

The balloon of the urodynamic catheter may have a small diameter (e.g., 0.01 — 0.5 inch, e.g.,
0.02 inch, 0.03 inch, 0.04 inch, 0.05 inch, 0.06 inch, 0.07 inch, 0.08 inch, 0.09 inch, 0.1 inch, 0.2 inch, 0.3
inch, 0.4 inch, 0.5 inch, e.g., 0.160 inch) when fully inflated and length (e.g., 0.01 — 0.5 inch, e.g., 0.02
inch, 0.03 inch, 0.04 inch, 0.05 inch, 0.06 inch, 0.07 inch, 0.08 inch, 0.09 inch, 0.1 inch, 0.2 inch, 0.3 inch,
0.4 inch, or 0.5 inch) when inflated for enhanced coupling of urethral pressure. The balloon may be
extremely thin-walled (e.g., 0.0002-0.0010 inch, e.g., 0.0004 inch, 0.0006 inch, 0.0008 inch, or 0.0010
inch), resulting in pliability so that wrinkles do not provide excessive force or pressure that may interfere
with measurement. This provides ideal fluid pressure transmission through the balloon membrane.
Moreover, the balloon volume may be heat-stabilized by using a heat-shrink material to allow shrinkage of
the balloon to a fixed volume and attachment to the outer tubing by heat-shrink of the balloon end cuffs
using a hot air stream, thereby avoiding the need for separate heat-shrink tubing hoops or adhesives at
the balloon ends and providing an extremely smooth transition between the outer tubing and balloon on
the catheter exterior. A small inner diameter (e.g., about 0.005-0.008 inch) pressure lumen about 18-24
(e.g., 19, 20, 21, 22, 23, or 24) inches long leading to the balloon provides a low internal volume relative
to the balloon volume within the closed air column, ensuring acceptable frequency response and
providing a relatively wide measurement range (e.g., between 0 and 250 cm H20}).

The catheter may be sized according to the French catheter scale, where each gauge has an
external diameter of 1/3 mm. The 7 French catheter has an outer diameter of 2.333 mm, and
construction thereof provides flexibility for easy insertion and added subject comfort and safety. Use of
pressure lumen tubing of a different, higher durometer in comparison to the outer tubing provides a soft
outer jacket and a rounded catheter distal end in combination with more rigid, less kink-prone pressure
lumen tubing inside the outer tubing to achieve precision, small-bore pressure lines with a lower risk of
perforation due to stiffness and less tendency to set in position when curled in a packaging pouch during
shipment and storage prior to use. Moreover, the pressure lumen tubing is not affixed to the outer tubing
except at a balloon location at a distal end of the pressure lumen tubing and where the pressure lumen
tubing exits the outer tubing, promoting a flexible catheter with lower kink risk and minimizing contribution
of the pressure lumen tubing to overall catheter stiffness. Similarly, a fill tube extending from the proximal
end of the outer tubing to proximate a port at the distal end thereof is only secured distally to the outer
tubing in the vicinity of pressure lumen tubing affixation and more proximally at an exit point of the
pressure lumen tubing from the outer tubing.

The urodynamic catheter includes one or more (e.g., 1, 2,3,4,5,6,7, 8,9, 10, 20, or more)
sensors that are configured to detect a muscle movement, e.g., a PFL and/or a PFR. In some instances,
the sensors may be configured to detect a muscle movement, e.g., a PFL and/or a PFR, in substantially
real-time. In some instances, the one or more sensors may be selected from the group consisting of a

movement sensor, an orientation sensor, an accelerometer, a gyroscope, a micro-electro-mechanical

9



10

15

20

25

30

35

40

WO 2020/092343 PCT/US2019/058527

systems (MEMS) sensor (e.g., MEMS accelerometer), a G-sensor, a tilt sensor, a rotation sensor, a
pressure sensor, a temperature sensor, a moisture sensor, an electromyography (EMG) sensor, a light
detecting sensor, such as a LiDAR sensor, an EIM sensor, and combinations thereof.

Two or more sensors, as described herein, may be placed around the longitudinal axis of the
catheter, e.g., in a circle or a spiral around the central-axis of the main body and/or tether of the catheter,
approximately at £ 1°,2°,3° 4°,5°,6° 7° 8° 9° 10° 20° 30° 40° 50°, 60°, 70°, 80°, 90°, 100°, 110°,
120°,130°, 140°, 150°, 160°, 170°, 180°, 190°, 200°, 210°, 220°, 230°, 240°, 250°, 260°, or 270° relative
to each other. Alternatively, or additionally, two or more sensors, as described herein, may be placed
approximately 0.001 mm, 0.01 mm, 0.1 mm, 0.5 mm, 1 mm, 2 mm, 3 mm, 4 mm, 5 mm, 6 mm, 7 mm, 8
mm, 9 mm, 10 mm, 20 mm, 30 mm, 40 mm, 50 mm, 60 mm, 70 mm, 80 mm, 90 mm, 100 mm, 125 mm,
150 mm, 175 mm, 200 mm, 225 mm, 250 mm, 275 mm, 300 mm, 325 mm, 350 mm, or more apart, e.g.,
along the of the catheter. In some instances, the two or more sensors, as described herein, may be
placed along the central-axis of catheter. In some instances, the two or more sensors, as described
herein, may be placed such that they are not on the central-axis, e.g., such that they are offset from the
central axis of the catheter. A sensor(s) can be positioned on the surface of the catheter, such that all or
a portion of the sensor(s), makes direct contact with the tissues of the urethra. In some instances, the
sensor(s) can be positioned about 0.001 mm, 0.01 mm, 0.1 mm, 0.2 mm, 0.3 mm, 0.4 mm, 0.5 mm, 0.6
mm, 0.7 mm, 0.8 mm, 0.9 mm, 1 mm, 1.5 mm, 2 mm, 2.5 mm, 3 mm, 3.5 mm, 4 mm, 4.5 mm, 5 mm, or
more below the exterior surface (e.g., the surface that makes direct contact with the tissues of the
urethra) of the catheter. In some instances, the sensor can be positioned such that about 0.001 mm, 0.01
mm, 0.1 mm, 0.2 mm, 0.3 mm, 0.4 mm, 0.5 mm, 0.6 mm, 0.7 mm, 0.8 mm, 0.9 mm, 1 mm, 1.5 mm, 2
mm, 2.5 mm, 3 mm, 3.5 mm, 4 mm, 4.5 mm, 5 mm, or more of the sensor protrudes from the exterior
surface of the catheter. Alternatively, the sensors can be positioned within the catheter, such that the
sensor does not directly contact the urethra, but are positioned to detect motion as during a pelvic floor
movement. The sensor(s) may be evenly or unevenly positioned at intervals on or within the catheter.
The sensors within the catheter may be positioned such that when the catheter is inserted into a subject
the sensors face the ventral direction (e.g., anterior direction).

The catheter can also include a transmitter and/or receiver for communicating wirelessly or via a
detachable cable with an electronic device (e.g., a peripheral device, such as a handheld or portable
device or a computer, such as a smartphone, tablet, or laptop). Alternatively, the transmitter and receiver
may be located in an external housing and connected to the catheter wirelessly or by a detachable cable.
The transmitter and receiver can be connected directly or indirectly to the microcontroller, sensor(s),
and/or circuit board. The transmitter and receiver can be configured for use with a Bluetooth-, ISM-, Wi-
Fi-, and/or RF-enabled electronic device. Information collected by the sensor(s) may be communicated
(e.g., downloaded, transferred) to the electronic device wirelessly by the transmitter and/or receiver
and/or by using the detachable cable. The electronic device can include a user interface. The user
interface can be programmed to display data and/or to provide instructions for use of the catheter. The
catheter further includes a power source (e.g., a battery). The power source can be used to operate one

or more components of the device, such as the sensor(s), transmitter, receiver, and the circuit board.
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Methods of urodynamic evaluation

A urodynamic evaluation can be used to identify the type and magnitude of incontinence
experienced by a subject. The evaluation can be conducted in combination with other physiological
indicia obtained from the subject, such as from a physical examination or from a disclosed or documented
history. A urodynamic evaluation may be performed with the devices, systems, and kits described herein.
Exemplary urodynamic tests are uroflowmetry, postvoid residual measurement, cystometric test, leak
point pressure measurement, pressure flow study, electromyography, and video urodynamic tests.
Urodynamic testing may include measurements of bladder pressure, e.g., in comparison with a reference
abdominal pressure obtained by a rectal or vaginal probe, as well as measurements of urethral pressure
in comparison to bladder pressure. Stress urinary incontinence (SUI) may be diagnosed during filling of
the bladder, as is detrusor incontinence (DI). SUI is notable for a loss of urine in response to laughter,
coughing, or other provocative influence, while DI is associated with involuntary, marked, periodic
detrusor contractions initiating voiding. Hypermobility and ISD may be identified by the use of two
different conventional diagnostic methods, the urethral pressure profile (UPP), and the Valsalva leak point
pressure study (VLPP study). The UPP measures urethral pressure versus bladder pressure as a
catheter is withdrawn from the bladder through the urethra. The VLPP study fills the bladder to one or
more selected volumes, at which point the subject bears down slowly as if voiding to a point where
leakage occurs past the catheter or a selected bladder pressure differential over the baseline pressure is
reached.

Urodynamic evaluations are employed to obtain quantitative data regarding the bladder. The
bladder filling study, also known as filling cystometry, measures the relationship of bladder pressure to
volume of contained fluid. Bladder capacity and compliancy (the ability of the bladder to accommodate
increasing volumes) is measured, as is the desire to void from a subjective, urgency standpoint. Finally,
detrusor stability, or the ability of that muscle group to remain relaxed during filling of the bladder, even
under the aforementioned types of provocation, is quantified.

Multi-channel cystometry may be employed to correct measured bladder pressure to obtain a true
bladder pressure by subtracting abdominal pressure. Bladder pressure may be measured through a
sensing element or port at the distal end of a catheter inserted into the bladder through the urethra, while
abdominal pressure is measured by a sensing element at the distal end of a catheter inserted into the
rectum or vagina of the subject. The difference in the two readings, the magnitudes of which are
quantified as units of cm H20, is characterized as detrusor pressure. Monitoring the relationship between
observed bladder pressure and abdominal pressure during filling of the bladder, including response to
provocation, results in a cystometrogram documenting quantitative bladder function.

Multichannel urodynamic testing assesses bladder function in both the filling and emptying
phases. The testing is usually performed by placing pressure sensing catheters into the subject’s
bladder/urethra (two sensors along the length of a catheter, one intended for the urethra, the other in the
bladder), and also into the vagina or rectum (a surrogate for abdominal pressure). In addition, surface
electromyography (sEMG) pads may be added (or periurethral electrode) to evaluate periurethral muscle
activity. The bladder is then filled via the catheter with notation of bladder capacity, sensation, and
compliance. Once filled, provocative maneuvers are performed to determine leakage due to stress

urinary incontinence (leak point pressure), or to evaluate the closure pressure of the urethra (MUCP).
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The pressure tracings (e.g., time vs. pressure) may be used to identify detrusor (bladder muscle)
overactivity, which may be consistent with urgency incontinence or neurogenic bladder. Furthermore,
voiding (bladder emptying) is evaluated, observing the pressure required to empty the bladder, the nature
of the urine stream (e.g., intermittent or continuous), and the velocity of the stream. These evaluations
may be used together to make such diagnoses as detrusor overactivity, heurogenic bladder, stress
incontinence, intrinsic sphincter deficiency, sphincteric dyssynergia, urinary retention,
decreased/increased compliance, inadequate detrusor contraction.

Positional sensors (e.g., accelerometers) within the urodynamic catheter (e.g., in the urethral
portion) allow the detection of urethral motion during bladder filling, emptying, and Valsalva. This may
provide simultaneous and accurate diagnosis of urethral hypermobility by precisely measuring the angle
change of the urethra during bladder filling, emptying, and Valsalva. With the use of pattern recognition,
the angle change related to filling and voiding of the bladder may be identified, as well as the angle
change related to Valsalva in order provide an accurate diagnosis of stress urinary incontinence by
quantifying an angle change during these events and correlating the angle change indicia to an angle
change that occurs in a subject with urethral hypermobility or ISD, thereby diagnosing these conditions in
the subject.

Positional sensors (e.g., accelerometers) within the urodynamic catheter may also be used to
identify the motion of the pelvic floor in response to a detrusor contraction or Valsalva. Visualizing these
patterns may confirm the presence of the suppression of urgency via pelvic floor muscle contraction.
Current urodynamic testing is not capable of detecting whether subjects with urgency incontinence
experience urge-suppression with pelvic floor muscle contraction. The addition of positional sensors to a
urodynamic catheter, as described herein, reveals a more complete understanding of the source of the
urgency incontinence (detrusor overactivity vs. inactive or underactive urge suppression). This additional
understanding can be used to guide therapeutic decision-making, such as suggesting pharmaceutical
therapy for detrusor overactivity or physical therapy for inactive or underactive pelvic floor muscles.

Understanding the muscle contractions associated with Valsalva may help to clarify the nature of
and effectiveness of pelvic floor muscle contractions to stop leakage due to increased intraabdominal
pressure.

The “knack” is an anticipatory pelvic floor muscle squeeze that prevents stress incontinence.
Understanding a subject’s timing of the knack may reveal the effect of pelvic floor muscle activity during

leakage and how pelvic floor muscle training can help reduce or eliminate leakage due to SUI.

Pelvic floor disorders

The devices, systems, and kits of the invention may be used to monitor and diagnose pelvic floor
disorders. Pelvic floor disorders include urinary tract disorders, which are disorders that impart difficulties
in bladder storage, or incontinence, which includes an inability of the body to control the discharge of
urine. Types and prevalence of incontinence among ambulatory adult women include stress urinary
incontinence (SUI), detrusor instability (urge incontinence), mixed incontinence (stress and urge), and
other incontinence (overflow, neurogenic). The prevalence of detrusor muscle instability and of mixed

incontinence has been observed to increase with age of the subject sample. Male subjects may
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experience similar incontinence problems, which are often associated with an enlarged prostate gland.
Males also have urine retention issues due to the prostate.

SUI may be characterized by involuntary loss of urine occurring when, in the absence of a
detrusor contraction, intravesical pressure exceeds maximum urethral pressure. Stress urinary
incontinence may include accidental loss of urine resulting from laughing, sneezing, coughing, or standing
up, as any such exertion causes increased abdominal pressure, as transmitted to the bladder and the
urine contained therein, to exceed the resistance to flow generated by the urethra, and principally the
urethral sphincter. Sl may be further categorized as hypermobility of the bladder neck and intrinsic
sphincteric deficiency (ISD).

Hypermobility of the bladder neck may result from descent of the pelvic floor and may be
attributed to weakened pelvic floor muscles and connective tissue. This may be observed in combination
with nerve damage to the external genitalia resulting from childbirth, but may also occur in younger
women who have not given birth. In a hormal position, the bladder is supported by the pelvic muscles,
which prevent increases in abdominal pressure from exceeding urethral pressure. When the pelvic
muscles are weakened or damaged, the bladder neck is abnormally displaced during abdominal stress
and the urethral sphincter closure pressure becomes inadequate to maintain continence. Loss of urine
due to hypermobility-related Sl typically occurs in a periodic manner and the volume of urine may be
proportional to the severity of the condition.

ISD is a severe form of stress incontinence which may occur due to an intrinsic deficiency of the
urethral closure mechanism or due to a dysfunctional urethra where the bladder neck is open at rest.
Severe I1SD results in continuous leakage of urine or leakage responsive to only minimal subject exertion.
In ISD, the bladder neck may be fixed, or hypermobile. ISD occurs in a significant number of instances
due to urethral scarring from past incontinence surgeries, but may result from other causes. Only a small

number of subjects exhibit stress incontinence attributable to ISD.

Methods of diagnosis

Depending on the specific urinary disorder, a urodynamic catheter can be used to identify and/or
diagnose the specific disorder during urodynamic testing. A subject with overactive bladder may exhibit
decreased overall range of motion (e.g., limited range of angle change), with frequent small lifts in
sensors S4-S6. Patterns of motion in the proximal sensors (e.g., S9 and S10) may correspond to
episodes of urinary urgency with or without incontinence. A subject with urgency incontinence may
exhibit decreased overall range of motion (e.g., limited overall range of angle change) with patterns
suggestive of frequent small voids (e.g., frequent short relaxation patterns). Patterns of motion in
proximal sensors (e.g., S9 and $10) may correspond to episodes of urinary urgency with or without
incontinence. A subject with fecal incontinence may exhibit decreased overall range of motion (e.g.,
limited range of angle change) with frequent prolonged increases in angle change (representing attempts
to retain stool and/or refrain from loss of stool). Alternatively, the subject with fecal incontinence may
exhibit increased overall range of motion, which may be particularly noticeable on the posterior vaginal
wall during bearing down, but with a corresponding decreased horizontal motion during voluntary pelvic
floor movement contraction. A subject with constipation may exhibit limited overall range of motion (e.g.,

limited range of angle change) as compared to population means, with evidence of prolonged Valsalva
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(e.g., small decreases in angle change). By identifying the angle change patterns associated with each
specific disorder, one (e.g., a clinician) can diagnose the subject as having a particular disorder and
select an appropriate therapy for the subject.

Some subjects will undergo an initial testing phase in order to detect patterns of angle change
(e.g. from specific sensors, e.g., associated with specific activities) in combination with the urodynamic
testing. These patterns and angle changes may be compared to those observed before a diagnosis or
treatment to determine any changes associated therewith.

Trends and patterns of angle changes of the sensors (e.g., MEMS accelerometers) observed
during urodynamic testing may be predicted based on the positions, movements, and relative orientation
of the various levator ani and anal sphincter muscle groups, as is discussed below (see also, e.g., FIGS.
9-11). The orientation of these muscle groups are described, for example, in Betschart et al. (Int.
Urogynecol. J. 25: 1263-1268, 2014), the disclosure of which is hereby incorporated by reference in its

entirety.

Methods of detecting a pelvic floor movement

The positional sensors of the urodynamic catheter can be used to track pelvic floor movements
(e.g., pelvic floor lift, pelvic floor relaxation, Valsalva maneuver, sustained pelvic floor lift, and serially
repeated pelvic floor lift). Trends and patterns of angle changes of the sensors (e.g., MEMS
accelerometers) observed during urodynamic testing or voiding may be predicted based on the positions,
movements, and relative orientation of the various levator ani and anal sphincter muscle groups (FIGS. 9-
11). For example, in the intravaginal device, sensors S4-S6 (FIG. 5B) provide consistent signal to noise
ratio, magnitude, and directionality (FIG. 8). Sensor S6 also provides a strong signal to noise ratio, but
the directionality may vary in different subjects. While these data are generated using an intravaginal
device, the same type of data may be generated by the urodynamic catheter described herein. One can
use the data generated from one or more of these sensors in an algorithm that uses the sensor data to
track the angle change over the course of daily activity in order to monitor different pelvic floor
movements. The sensor data can be processed and displayed to the subject or others via a graphical
user interface. For example, a text message, email, alert via an application running on a subject’s
peripheral device (e.g., smartphone) can be sent to the subject or another individual. The microcontroller
can store the computed data, e.g., using a non-transitory storage medium. An algorithm can be used that
defines one or more (e.g., 1,2, 3,4, 5, 6, 7, 8,9, 10 or more) parameters that constitute a composite
score of one or more (e.g., 1,2, 3,4,5,6,7,8,9, 10 or more) sensor angle measurements. An algorithm
can be used to track the change in angle of a single sensor or multiple sensors during a treatment or
monitoring period (e.g., during a pelvic floor movement). A first time derivative of the angle vs. time can
be used to indicate a positive or negative change in angle with respect to time. A positive angle change
may indicate the start time or magnitude of a pelvic floor movement (e.g., lift) while a negative angle
change may indicate the end time or magnitude of decline (e.g., relaxation) of a pelvic floor movement. A
second time derivative can be produced and used to indicate a local maximum or minimum that denotes
when a movement is beginning or ending (e.g., the rate of change of the angle with respect to time is
zero). Additionally, the algorithm may be used to detect any pelvic floor movements that are indicative of

the presence of the pelvic floor disorder or symptoms thereof.
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Each MEMS accelerometer emits a signal corresponding to the position and sensor angle relative
to the horizon. The angle data from each sensor may be plotted as a function of time (see, e.g., FIG. 6,
which shows MEMS sensor data generated using an intravaginal device as described herein). A
composite score may then be calculated from a summation of one or more of the sensor angles. The
algorithm may include, for example, calculating a moving average or filtered composite score to reduce
noise and minimize false positives. The filtered composite scores may be plotted versus time (see, e.g.,
FIG. 7A, which shows MEMS sensor data generated using an intravaginal device as described herein)
and a derivative of these data may be plotted as a change in sensor angle versus time (see, €.g., FIG.
7B, which shows MEMS sensor data generated using an intravaginal device as described herein). When
the change in sensor angle versus time exceeds a predetermined threshold (e.g., 1, 29, 39, 49, 52, 10°,
159, 209, 259, 309, 359, 409, 459, e.g., about 18°) it may be determined that a pelvic floor movement
occurs. The predetermined threshold may be determined empirically from data collected from different
subjects. The start of the pelvic floor lift may be determined at or about the instant that the time derivative
of the composite score of the filtered composite score exceeds the predetermined threshold. The peak
values (e.g., Y_max) of the moving averages may indicate the magnitude of a pelvic floor movement
(e.g., a lift). The change in the composite score from the start to the end of the movement may be
defined as a A. When the composite score of filtered average drops below a value of the difference of the
maximum score and the half maximum value of the A (e.g., Y drops below Y_max - 0.5 x AY) it may be
determined that a pelvic floor movement has ended. The coefficient before the A may be determined
empirically and may vary, e.g., from 0.1 t0 1.0 (e.g., 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0).
The start and finish times of the movement may also be identified when the second derivative of the
sensor angle with respect to time reaches zero (see, e.g., FIG. 7B). Any of the data or indicia generated
by the urodynamic catheter may then be presented to the subject. Furthermore, these indicia may be

used to diagnose a subject and can be used to dictate an appropriate course of therapy.

Intravaginal Device

An intravaginal device, as described herein, having a main body and/or a tether, can be used as
part of a system for monitoring pelvic floor movements during, before, or after urodynamic testing.
Alternatively, the intravaginal device can be used alone or in combination with a urodynamics catheter
and/or an intrarectal device for producing a voiding diary. The device can be inserted into the vagina of a
female subject, such that the intravaginal device is positioned proximal to the cervix or vaginal cuff. The
intravaginal device contains one or more positional sensors (e.g., MEMS accelerometers) and/or other
sensors. The positional and/or other sensors provide sensitive positional and/or other information that
may be used to sensitively monitor pelvic floor movements and/or to assess the pelvic floor architecture
or other health aspect of a subject.

In particular, the intravaginal device can be used during urodynamic testing in combination with
the urodynamic catheter to detect patterns of angle change. For example, specific sensors in the
intravaginal device can be monitored during the urodynamic testing to assess patterns and angle
changes in the pelvic floor as a proxy for assessing the physiology of the pelvic floor muscles. The

patterns and angle changes can be compared to those observed before a diagnosis or treatment in the
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tested subject or in subjects having a known pelvic floor disorder (e.g., urinary incontinence) in order to
accurately diagnosis the pelvic floor disorder in the tested subject.

Trends and patterns of angle changes of the sensors (e.g., MEMS accelerometers) observed in
the urodynamics catheter and the intravaginal device during urodynamic testing may be used to diagnosis
or predict a disease state based on the positions, movements, and relative orientation of the pelvic floor
muscles (e.g., the various levator ani and anal sphincter muscle groups) and/or the pelvic floor organs or
to assess the efficacy of a chosen therapy in the subject.

Exemplary intravaginal devices, systems, and methods for training, visualizing, and diagnosing
the health state of pelvic floor muscles of a subject have been extensively described in PCT Application
No. PCT/US2018/057811, International Publication No. W0O2018023037 and in U.S. Application Nos.
62/577,811, 62/625,301, and 62/657,585, the disclosures of which are hereby incorporated by reference.

The intravaginal device has a main body with an outer edge configured to contact all or a portion
of the vaginal wall surrounding the cervix or vaginal cuff and has an internal diameter sized to
approximately circumferentially surround a cervix or a vaginal cuff. The internal and external diameter of
the intravaginal device may be approximately equivalent, with the difference in their length being
attributable to the thickness of the material used to fabricate the intravaginal device. The internal and/or
external diameter may be about 20 mm to about 80 mm (e.g., about 20, 25, 30, 35, 40, 45, 50, 55, 60, 65,
70, 75, or 80 mmy) in length. In some instances, the internal diameter of the intravaginal device may be
smaller than the external diameter. In some instances, the intravaginal device can be fabricated with a
tether (e.g., a flexible cord or ribbon) that can be optionally attached, e.g., by a removable or permanent
connection, to the main body of the intravaginal device, The tether can have a length of up to about 14
cmeg.,1,2,3,4,5,6,7,8,9,10, 11,12, 13, or 14 cm) and a width of about 1 to about 10 mm (e.g., 1,
2,3,4,5,6,7,8,9,or 10 mm). Different form factors of the device include a ring (round or oval), a ring
with a tether, and an incomplete ring (e.g., a horseshoe configuration).

The outer edge of the main body of the intravaginal device may be configured to apply pressure,
tension, adhesion, and/or suction to the vaginal wall to hold the position of the intravaginal device at a
location proximal to the cervix or vaginal cuff of the individual. The pressure, tension, adhesion, and/or
suction applied to the vaginal wall by the outer edge of the intravaginal device is of a sufficient strength to
limit slippage, repositioning, or displacement of the intravaginal device from the vaginal canal of
individual.

Additionally, the main body of the intravaginal device may include one or more (e.g., 1,2, 3, 4, 5,
6, 7, 8, 9, 10, or more) features for the purpose of stabilizing, orienting, and/or positioning the device
within the body of the individual. The feature may be selected from the group consisting of a coating, a
protrusion, and a texture. In some instances, the feature is a coating (e.g., a surface coating) containing
one or moreone (e.g., 1,2, 3,4, 5,6, 7, 8,9, 10, or more) biomaterials. The retention features may be
applied as in the devices shown or they can be applied as features to other devices described herein, The
retention features may be useful for a device of the invention that is designed to remain inside a woman’s
vagina for an extended period of time (e.g., at least 10 minutes, 20 minutes, 30 minutes, 40 minutes, 50
minutes, 1 hour, 2 hours, 3 hours, 4 hours, 5 hours, 6 hours, 12 hours, 24 hours, 2 days, 3 days, 4 days,
5 days, 6 days, 1 week, 2 weeks, 3 weeks, 4 weeks, 1 month, 2 months, 3 months, 4 months, 5 months,

6 months, 7 months, 8 months, 9 months, 10 months, 11 months, 12 months).
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The intravaginal device includes one or more (e.g., 1,2, 3, 4,5, 6, 7, 8, 9, 10, 20, or more)
sensors within the main body (e.g., the substantially ring shaped form) and/or the tether that are
configured to detect a muscle movement, e.g., a PFL and/or a PFR. In some instances, the sensor may
be configured to detect a muscle movement, e.g., a PFL and/or a PFR, in substantially real-time. In some
instances, the sensors (e.g., 1,2, 3,4, 5, 6,7, 8,9, 10, 20, or more sensors) may be selected from the
group consisting of a movement sensor, an orientation sensor, an accelerometer, a gyroscope, a micro-
electro-mechanical systems (MEMS) sensor (e.g., MEMS accelerometer), a G-sensor, a tilt sensor, a
rotation sensor, a pressure sensor, a light detecting sensor, such as a LiDAR sensor, an EIM sensor, and
combinations thereof. The device may also include a light generating component for use with the light
detecting sensor, such as a LiDAR sensor. The device may also include an electrode for use with the
EIM sensor. Additionally, the intravaginal device may include one or more sensors (e.g., 1, 2, 3, 4, 5, 6,
7, 8,9,10, 20, or more sensors) configured to detect, e.g., a level of or change in the level of muscle
strength, muscle quality, a biomolecule (e.g., a hormone and/or a toxin), pH, temperature, and/or
humidity.

In some instances, the sensors may be positioned in an arrangement similar to or in an
arrangement different from those described in, e.g., International Publication Nos. WO2015103629A1,
WO02016067023A1, and WO2016042310A1; U.S. Publication Nos. US20150032030A1,
US20140066813A1, US20150151122A1, US20150133832A1, US20160008664A1, and
US20150196802A1; and U.S. Patent Nos. US8983627, US7955241, US7645220, US7628744,
US7957794, US6264582, and US6816744, each of which is incorporated by reference herein. For
example, two or more sensors, as described herein, may be placed around the longitudinal axis of the
intravaginal device, e.g., in a circle or a spiral around the central-axis of the main body and/or tether of
the intravaginal device, approximately at + 1°, 2°, 3¢, 4°,5°, 6°,7°,8° 9° 10°, 20°, 30° 40°, 50°, 60°, 70°,
80°,90°,100°, 110°, 120°, 130°, 140°, 150°, 160°, 170°, 180°, 190°, 200°, 210°, 220°, 230°, 240°, 250°,
260°, or 270° relative 1o each other. Alternatively, or additionally, two or more sensors, as described
herein, may be placed approximately 0.001 mm, 0.01 mm, 0.1 mm, 0.5 mm, 1 mm, 2 mm, 3 mm, 4 mm, 5
mm, 6 mm, 7 mm, 8 mm, 9 mm, 10 mm, 20 mm, 30 mm, 40 mm, 50 mm, 60 mm, 70 mm, 80 mm, 90 mm,
100 mm, 125 mm, 150 mm, 175 mm, 200 mm, 225 mm, 250 mm, 275 mm, 300 mm, 325 mm, 350 mm, or
more apart, e.g., along the circumference of the main body and/or along the length of the tether of the
intravaginal device. In some instances, the two or more sensors, as described herein, may be placed
along the central-axis of the main body and/or tether of the intravaginal device. In some instances, the
two or more sensors, as described herein, may be placed such that they are not on the central-axis, e.g.,
such that they are offset from the central axis of the main body and/or tether of the intravaginal device. In
particular instances, such as when sensors are positioned within the tether, the main body may not
contain a sensor. In other instances, when sensors are positioned within the tether the main body may
also contain one or more (e.g., 1,2, 3,4,5,6,7, 8,9, 10, 20, or more) sensors. In some instances, the
sensor is an accelerometer, such as a multiple-axis accelerometer. In other instances, the sensor is a
gyroscope, such as a multiple-axis gyroscope. In yet other instances, the sensor is a MEMS sensor.
Additionally, the intravaginal device may further include one or more (e.g., 1,2, 3,4,5,6, 7, 8,9, 10, 20,
or more) additional sensors within the main body and/ or the tether selected from the group consisting of

a pressure sensor, a muscle quality sensor, a muscle strength sensor, a biomolecule sensor (e.g., a
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hormone sensor and/or a toxin sensor), a temperature sensor, a moisture sensor, a humidity sensor, an
electromyography (EMG) sensor, and a pH sensor. A sensor(s) can be positioned on the surface of the
intravaginal device (e.g., on the surface of the main body and/or tether), such that all or a portion of the
sensor(s), makes direct contact with the tissues of the vaginal walls and/or cervix or vaginal cuff of an
individual. In some instances, the sensor(s) can be positioned about 0.001 mm, 0.01 mm, 0.1 mm, 0.2
mm, 0.3 mm, 0.4 mm, 0.5 mm, 0.6 mm, 0.7 mm, 0.8 mm, 0.9 mm, 1 mm, 1.5 mm, 2 mm, 2.5 mm, 3 mm,
3.5 mm, 4 mm, 4.5 mm, 5 mm, or more below the exterior surface (e.g., the surface that makes direct
contact with the tissues of the vaginal walls and/or cervix or vaginal cuff of an individual) of the
intravaginal device (e.g., the main body and/or tether of the intravaginal device). In some instances, the
sensor can be positioned such that about 0.001 mm, 0.01 mm, 0.1 mm, 0.2 mm, 0.3 mm, 0.4 mm, 0.5
mm, 0.6 mm, 0.7 mm, 0.8 mm, 0.9 mm, 1 mm, 1.5 mm,2mm, 25 mm, 3mm, 3.5 mm, 4 mm, 4.5 mm, 5
mm, or more of the sensor protrudes from the exterior surface of the intravaginal device (e.g., the main
body and/or tether of the intravaginal device). Alternatively, the sensors can be positioned within the
intravaginal device (e.g., within the main body and/or tether), such that the sensor does not directly
contact the vaginal walls and/or cervix or vaginal cuff of an individual, but are positioned to detect motion
as the user conducts a PFL or PFR. The sensor(s) may be evenly or unevenly positioned at intervals on
or within the intravaginal device. The sensors within the intravaginal device (e.g., within the main body
and/or tether) may be positioned such that when the intravaginal device is inserted into a user the
sensors face the ventral direction (e.g., anterior direction).

The tether can be up to about20 cm (e.g., 1,2,3,4,5,6,7,8,9,10, 11,12, 13, 14, 15, 16, 17,
18, 19, or 20 cm) in length and may be divided along its length into segments contain sensors. Sensors
can be positioned along the length of the tether at even or uneven intervals, e.g., at an interval of about 1
to about 140 mm (e.g., 1,2, 3,4, 5,6,7, 8,9, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, or
140 mm). The location of a sensor within the tether may be identified on the outside of the device by the
presence of indicia (e.g., a protrusion, symbol, writing, and/or etching) on the surface of the tether.

The intravaginal device (e.g., main body (e.g., the substantially ring shaped form) and/or tether)
further includes a microcontroller within the substantially ring shaped form that is configured for receiving
data from the sensor(s). The microcontroller may also be configured, or can include a separate
component, for non-transiently storing data from the sensor(s). The microcontroller maybe connected to
the sensor(s), e.g., by a wire and/or a circuit board. The wire and circuit board may be flexible or rigid.

The intravaginal device can also include a transmitter and receiver within main body (e.g., the
substantially ring shaped form) and/or tether form for communicating wirelessly or via a detachable cable
with an electronic device (e.g., a peripheral device, such as a handheld or portable device or a computer,
such as a smartphone, tablet, or laptop). Alternatively, the transmitter and receiver may be located in an
external housing and connected to the intravaginal device wirelessly or by a detachable cable. The
transmitter and receiver can be connected directly or indirectly to the microcontroller, sensor(s), and/or
circuit board. The transmitter and receiver can be configured for use with a Bluetooth-, ISM-, and/or Wi-
Fi-, and/or RF-enabled electronic device. Information collected by the sensor(s) may be communicated
(e.g., downloaded, transferred) to the electronic device wirelessly by the transmitter and receiver and/or

by using the detachable cable.
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Additionally, the intravaginal device can include a peripheral device, which may be configured
with a processing unit that can transform or utilize sensor data received from the intravaginal device when
a subject performs a pelvic floor movement, such as during a daily activity (e.g., activity that alters (e.g.,
increases and/or decreases) the overall health of her urogenital system and/or pelvic floor), to provide
feedback to the subject regarding whether the detected activity affects her health status or is indicative of
treatment of, or a need for treatment for, Ul and/or FI. For example, the peripheral device can process
the sensor data to produce a baseline that can be used for comparison to sensor data obtained at a
future time to provide feedback to the subject (e.g., an alert) regarding whether activities she she
performs are beneficial or detrimental to her health status or whether the pelvic floor movements are
indicative of treatment of, or a need for treatment for, Ul. In addition, or alternatively, the peripheral
device can process the sensor data and compare the result to a previously established or predetermined
baseline and based on the comparison can provide feedback to the subject (e.g., an alert) regarding
whether activities performed are beneficial or detrimental to her health status or whether the pelvic floor
movements are indicative of treatment of, or a need for treatment for Ul.

Additionally, the electronic device can include a user interface. The user interface can be
programmed to display data and/or to provide instructions for use of the intravaginal device. The
intravaginal device further includes a power source (e.g., a battery). The power source can be used to
operate one or more components of the device, such as the sensor(s), transmitter, receiver, and the
circuit board. In some instances, the power source is positioned within the substantially ring shaped form
of the intravaginal device and connected to the component(s) by a wire and/or by a circuit board.

An exemplary intravaginal device of the invention is depicted in FIGS. 3 and 4. FIG. 3 depicts
intravaginal device 100 with main body 110 and tether 10. Tether 10 may contain, for example, 1-20
sensors 200 (e.g., 1,2,3,4,5,6,7,8,9, 10,11, 12,13, 14, 15, 16, 17, 18, 19, 20 or more sensors 200).
Main body 110 may also contain, for example, 1-20 sensors 200 (e.g., 1,2, 3,4,5,6,7,8,9,10, 11,12,
13,14, 15,16,17,18, 19, 20 or more sensors) and 1-20 (e.g., 1,2, 3,4, 5,6, 7,8,9,10, 11, 12, 13, 14,
15,16, 17, 18, 19, 20 or more) energy transmitters 210 (e.g., RF, laser, electrical stimulation). Tether 10
or main body 110 may be flat or oblong. The sensors in tether 10 may be MEMS sensors. Tether 10
may also contain a Bluetooth chip and/or an Apple chip or other wireless compatible chipset. Main body
110 may be configured to administer at least one (e.g., 1, 2, 3, 4, 5, or more) pharmaceutical agent to the
vaginal tissues for the treatment of a PFD, a vaginal disorder, or the symptoms thereof, or other disease
or condition. In some instances, tether 10 may be similarly configured to administer a pharmaceutical
agent to the vaginal tissues. Configuring tether 10, which may be detachable from main body 110, for
pharmaceutical administration would provide the user the option of being able to replace and/or exchange
the tether as needed, e.g., when the pharmaceutical agent has been depleted, when a different
pharmaceutical agent is required, or when a different dosage is required, without the need to discard
main body 110. Tether 10 may have gradations or ruler markings to visualize how deep intravaginal
device 100 is within the vagina. In any of the embodiments described herein, the tether may be optionally
absent.

Intravaginal device 100 contains at least one sensor 200 within tether 10 for monitoring pelvic
floor muscle movement. As depicted in FIG. 3, intravaginal device 100 contains circuit board 700 within

main body 110. Circuit board 700 can be a flexible circuit board that connects multiple components of
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intravaginal device 100 to each other, such as sensor 200, battery 800, microcontroller 900,
transmitter/receiver 1000, data storage unit 1100, sensory output component 1200, wireless
communication antennae 1300, ON/OFF switch 1600, and authentication chip 1400 (FIG. 3, inset).
Circuit board 700 can alternatively be connected to sensor 200 by a wire. Circuit board 700 and all its
connected components may alternatively be positioned in tether 10. Intravaginal device 100 may be
configured with additional sensors and/or delivery modules.

Intravaginal device 100 can be inserted into the vagina of a subject and deployed at a position in
proximity to the cervix, vaginal fornix, or vaginal cuff, substantially parallel to the surface of the upper
vagina adjacent to the pelvic floor, manually or by using an insertion tool. Intravaginal device 100 may
also contain molded wing 300 for stabilizing the device at a position in proximity to the cervix or vaginal
cuff of a subject (FIG. 3). Tether 10 may also be in the form of a detachable cable that can be used to
connect intravaginal device 100 to transmitter/receiver box 500 and to assist in the removal of intravaginal
device 100 from a subject.

In certain embodiments, intravaginal device 10 contains 8 or fewer (e.g., 4 or 5) sensors 200 in
tether 10 and 5 or fewer sensors 200 in main body 110. One sensor may be shared by both the tether
and main body (FIG. 4). The angle between the plane connecting the anterior and posterior aspects of
the main body 110 and tether 10 may vary from 0° - 180° (e.g., 109, 209, 309, 40°, 50 ¢, 609, 709, 80¢, 90°,
1009, 110°, 120°, 130°, 140°, 1509, 160°, 170°, 180%. The circumference of main body 110 may be from
about 10 cm to about 50 cm (e.g., 15 cm, 20 cm, 25 cm, 30 cm, 35 c¢cm, 40 cm, 45 cm, or 50 cm) or may
be 27.6 cm. The length of tether 10 may be from about 1 cm to about 50 cm (e.g.,2cm, 3 ¢cm, 4cm, 5
cm, 10 cm, 15 cm, 20 cm, 25 ¢cm, 30 cm, 35 cm, 40 cm, 45 cm) or may be 25.5 ¢cm long. The sensors
200 may be spaced about 0.5 cm to about 5 ¢cm (e.g., 1¢cm, 1.5¢cm, 2cm, 2.5¢cm, 3cm, 3.5¢cm, 4 cm, or
4.5 cm) or may be spaced about 1.6 cm apart. At least one sensor 200 may be placed on tether 10 cm or

less (e.g., 9¢cm,8cm, 7cm, 6 cm, 5 ¢cm, 4 cm, 3 ¢cm, 2 ¢cm, or 1 ¢cm) from main body 110.

Intrarectal Device

Also featured is an intrarectal device that can be used, e.g., as a system with a urodynamic
catheter described herein. The intrarectal device described herein, which has an elongated main body,
can be used as part of a system for monitoring pelvic floor movements during, before, or after urodynamic
testing or for producing a voiding diary, either alone or in combination with a urodynamic catheter or
intravaginal device. Exemplary intrarectal devices are described, for example, in US Publication Nos.
US20170281072 and US20170303843, the disclosures of which are hereby incorporated by reference in
their entirety.

The device can be inserted into the rectum of a subject (e.g., male or female subject), such that
the one or more positional sensors provide a positional readout of the spatial orientation of the subject’s
rectum. The position of the rectum provides a readout that acts as a proxy for the position of the pelvic
floor and the spatial arrangement of the pelvic floor organs, including the urethra and prostate. The
intrarectal device may include a plurality of positional sensors (e.g., MEMs accelerometers) positioned
along a length of the device. The intrarectal device may also include one or more additional sensors,
such as movement and/or pressure sensors. The intrarectal device may be structurally configured of any

suitable geometry to fit within a subject’s rectum.
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The intrarectal device can be used during urodynamic testing in combination with the urodynamic
catheter to detect patterns of angle change. For example, specific sensors in the intrarectal device can
be monitored during the urodynamic testing to assess patterns and angle changes in the pelvic floor as a
proxy for assessing the physiology of the pelvic floor muscles. The patterns and angle changes can be
compared to those observed before a diagnosis or treatment in the tested subject or in subjects having a
known pelvic floor disorder (e.g., urinary incontinence) in order to accurately diagnosis the pelvic floor
disorder in the tested subject.

Trends and patterns of angle changes of the sensors (e.g., MEMS accelerometers) observed in
the urodynamics catheter and the intrarectal device during urodynamic testing may be used to diagnosis
or predict a disease state based on the positions, movements, and relative orientation of the pelvic floor
muscles (e.g., the various levator ani and anal sphincter muscle groups) and/or the pelvic floor organs or

to assess the efficacy of a chosen therapy in the subject.

Systems and kits

Also featured are systems and kits containing a urodynamic catheter, and, optionally, an
intravaginal and/or intrarectal device, for use in the diagnosis, prevention, and/or treatment of pelvic floor
disorders (PFDs), such as urinary incontinence. Kits can also be used that are configured for use as an
automated voiding diary. These kits can be used to treat an individual (e.g., a male or female subject)
who may benefit from enhanced urodynamic testing by monitoring of pelvic floor muscle movement. In
some instances, the kit may include a device of the invention that is configured to monitor the overall
health status of a user’s urogenital system and/or pelvic floor (e.g., the muscle fibers of the levator ani,
e.g., the pubococcygeus, ileococcygeus, coccygeus, puborectalis muscles and associated connective
tissues). In any of the kits or systems described herein, the urodynamic catheter, intravaginal device
and/or intrarectal device may be configured with or without positional sensors.

A system or kit may include a urodynamic catheter, intravaginal device, and/or an intrarectal
device, and one or more of a transmitter and receiver, a detachable cable, an electronic device, a
database, and/or a user interface, a power source (e.g., one or more batteries), and instruction for use
thereof. Additionally, the kit may contain, e.g., a charger, a sanitary cleaner, and/or gloves.

Other optional components of the kit include a lubricant (e.g., a lubricant compatible with the
material from which the intravaginal device is fabricated, e.g., silicone) for use in inserting the
intraurethral, intrarectal, or intravaginal device and/or a biomaterial (e.g., hyaluronic acid) for use in
improving the adhesion of the device at a position proximal to the cervix or vaginal cuff, rectum, or
urethra/bladder of an individual. The optional components (e.g., the lubricant and/ or biomaterial} may be
provided in a separate container (e.g., a sealed packet, tube, and/or applicator).

Alternatively, the optional components (e.g., the lubricant and/or biomaterial) can be provided
pre-applied to the device, such that the device is ready for insertion and use. Additional optional
components of the kit include sterile gloves (e.g., at least one pair) for use in the insertion and/or removal
of the device, or alternatively for use during the application of the lubricant and/or biomaterial to the
device, and/or a storage container for the device and/or the system of the invention.

A kit of the invention may be useful in the diagnosis and/or treatment of a pelvic floor disorder

such as, but not limited to, urinary incontinence (Ul), detrusor incontinence (DI}, stress urinary
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incontinence (SUI), urge incontinence (SI), intrinsic sphincteric deficiency (ISD), mixed stress and urge

urinary incontinence, dysuria (e.g., painful urination), and anal or fecal incontinence.

Voiding Diaries

Voiding diaries are logs that are traditionally maintained manually by a subject (e.g., male or
female subject) with urinary incontinence that tracks fluid input and urinary output and characteristics
associated therewith. The present invention features automated voiding diaries that can be produced
using the urodynamic catheter, intravaginal device, and/or intrarectal device, and systems thereof. In
some embodiments, an intravaginal device or intrarectal device alone may be used to create an
automated voiding diary. An intravaginal device would be used in a female subject, while an intrarectal
device could be used by either a male or female subject.

A voiding diary includes information, such as amount of fluid intake, how often one urinates, the
amount (e.g., volume) of each voiding, duration, quality, how many times one rushed to the bathroom
(e.g., due to a strong, sudden urge), how many accidents, number or severity of leaks, number of pad or
diaper changes, and number of clothing changes. Furthermore, a voiding diary may include a time log
that tracks each of these events throughout the day and may be maintained over a course of a diagnhostic
and/or treatment period of, e.g., 1 week to 6 months (e.g., 2 weeks, 3 weeks, 4 weeks, 2 months, 3
months, 4 months, 5 months, 6 months) or longer. Each event that is diarized in the voiding diary is
tracked by automated detection of events by the positional sensors and/or other sensors of the
urodynamic catheter, intravaginal device, and/or intrarectal device. As is described in more detail herein
(see, e.9., “methods of detecting a pelvic floor movement” above), different pelvic floor movements that
are associated with voiding, urges, knack, coughing, Valsalva, reflex levator response during
urgency/urge suppression, and/or other pelvic floor muscle contractions exhibit characteristic sensor
angle patterns that can be associated with these particular events. The sensors, which communicate
with, e.g., a peripheral device and/or a processor, can then be used to track the occurrence of each event
and record it with a time stamp. Furthermore, the urodynamic catheter, intravaginal device, and/or
intrarectal device can provide indicia, such as volume of urine produced during a voiding event, thereby
eliminating the need to categorize each voiding episode as small, medium, or large. The peripheral
device may include or communicate with an electronic device that includes a display interface. The
display interface may provide information of urinary episodes (e.g., void or urgency during last pelvic floor
contraction) to the user. The display interface (e.g., smartphone or tablet) may include an application that
provides a streamlined visual display of the voiding diary information and the indicia described above.
The application may include a feature that allows subject confirmation of voiding episodes. For example,
the application may interpret the patterns produced by the accelerometers, correlate the pattern with a
specific event, and then query the user to confirm the episode identified by the device. Thus, these
device can be used as a system in methods that accurately track episodes associated with voiding and

urinary incontinence in order to provide a robust log of events. The logged events can be used to assist in
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the diagnosis of pelvic floor disorders, such as urinary incontinence, and in methods of treating these

disorders in a subject in need thereof.

EXAMPLES
The following examples are put forth so as to provide those of ordinary skill in the art with a
description of how the devices, systems, and methods described herein are performed, made, and
evaluated, and are intended to be purely exemplary for use in the devices, systems, and methods and are

not intended to limit the scope of what the inventors regard as their invention.

Example 1. Urodynamic testing with a positional sensor enabled urodynamic catheter

A female subject with urinary incontinence uses a positional sensor enabled urodynamic catheter
(FIG. 1) during urodynamic testing. The urodynamic catheter includes a plurality of MEMS
accelerometers located along a length of the device. A physician inserts the catheter in the subject and
the subject urinates. The catheter measures flow and electrical activity of the muscles and nerves of the
pelvic floor using electromyography (FIG. 2). The catheter also measures detrusor pressure, vesicular
pressure, abdominal pressure and the volume of fluid in the bladder. The positional sensors on the
catheter provide detailed visual information during bladder filling, emptying, and Valsalva. The
characteristic patterns observed from the readout of the accelerometers indicates that the subject has
urethral hypermobility.

An intravaginal and/or intrarectal device can also be used during urodynamics testing to obtain
additional data on pelvic floor muscle movements and to provide a more complete diagnosis of the type

and severity of urinary incontinence.

Example 2. Using an algorithm to detect pelvic floor movement

An intravaginal device having a plurality of MEMS accelerometers was inserted into the vagina of
a female subject and the subject was asked to perform a series of pelvic floor movements (e.g., pelvic
floor lift, pelvic floor relaxation, Valsalva maneuver, sustained pelvic floor lift, and serially repeated pelvic
floor lift). Sensor angle (relative to the horizon) and position data from each MEMS accelerometer was
collected. The angle data from each sensor was plotted as a function of time (FIG. 6).

Two composite scores, Y1 and Y2, were calculated from the angles (A) of sensors S5-S7:

Y1 =A5+A6+0.6xA7

Y2 =A5+A6-0.8xA7
A moving average of Y1 and Y2 (Y1_movmean and Y2_movmean) was calculated from three
consecutive samples of Y1 and Y2. The moving average filter was used to reduce noise and minimize
false positives. The filtered composite scores were plotted versus time (FIG. 7A) and a derivative of
these data was plotted as a change in sensor angle versus time (FIG. 7B). When the change in sensor
angle versus time exceeded a threshold of 18¢, it was determined that a pelvic floor lift had occurred.
This threshold can be visualized by the slope of curve in FIG. 7A and the dashed line in FIG. 7B. The
value of 18° was determined empirically from data from 10 different subjects. The start of the pelvic floor
lift was determined at the instant that the time derivative of the moving averages of Y1 or Y2 exceeded

this threshold. The peak values of the moving averages Y1 and Y2 were denoted Y1_max and Y2_max.

23



10

15

20

25

30

35

40

WO 2020/092343 PCT/US2019/058527

The increase in the moving averages of Y1 and Y2 were denoted AY1 = Y1_max — Y1_start and AY2 =
Y2 _max — Y2_start (FIG. 7A). These values indicated the magnitude of the pelvic floor lift. When the
Y1_movmean dropped below a value of Y1_max- 0.5 x AY1 or the Y2_movmean dropped below a value
of Y2_max- 0.5 x AY2, it was determined that the pelvic floor lift ended. The start and finish times were
also correlated with the instant when the second derivative of the sensor angle versus time reached zero,
as shown by the top and bottom of the spikes in FIG. 7B around 42 and 55 seconds. The same data
analysis was repeated for all pelvic floor movements (pelvic floor lift, pelvic floor relaxation, Valsalva
maneuver, sustained pelvic floor lift, and serially repeated pelvic floor lift), as is denoted on the graphs.
While the data in this example is produced from an intravaginal device, the same type of data

may be generated by a urodynamic catheter with accelerometers.

Example 3. Detection of pelvic floor movements during daily activities as a measure of a health
state of a user

A user can insert an intravaginal device having a plurality of MEMS accelerometers into her
vagina and the device can detect pelvic floor movements (e.g., pelvic floor lift, pelvic floor relaxation,
Valsalva maneuver, sustained pelvic floor lift, and serially repeated pelvic floor lift) during her daily
activities. A processor in the device, or in a peripheral device, such as a smartphone or wearable device
(e.g., a watch) can process the data to calculate the occurrence of a pelvic floor event. Each MEMS
accelerometer emits a signal corresponding to the position and sensor angle relative to the horizon. The
angle data from each sensor is plotted as a function of time. The strength of the signal from each
sensors is denoted by the change in angle (angle during pelvic floor lift — angle during pelvic floor
relaxation). This signal strength is used to determine which sensors provide the strongest signal. This is
repeated for 10 subjects (FIG. 8).

A parameter Dwn is defined as the angle “delta” for sensor M for subject number N. Sw is defined
as the angle for sensor M. An optimized composite score is defined as Yopt_n = sum (1:10){Dwun x Sw}.
Thus, the optimized composite score is a weighted average based on the relative signal strength of each
sensor, which changes depending on the subject. In FIGS. 7A-7B, the optimized composite score for the
first subject is given by Yopt_1 =-1.1S1 - 1.882 + 1.283 + 7.6S4 + 6.9S5 — 3.186 — 10.257 — 8.7Ss — 5.1Ss —
4.8S10. The optimized composite score is calculated for the other subjects (2-10) in a similar manner.

While the data in this example is produced from an intravaginal device, the same type of data

may be generated by a urodynamic catheter with accelerometers.

Example 4. Maintaining an automated voiding diary

A subject with urinary incontinence uses a system of the invention including a positional sensor
enabled urodynamic catheter (FIG. 1) and/or an intravaginal device including a plurality of MEMS
accelerometers to automatically monitor and record characteristic pelvic floor movement associated with
voiding and filling, reflex levator response during urgency and urge suppression, and knack during cough
and Valsalva, which are generated by the MEMS sensors of the device(s). A time stamp can be assigned
to each event, which provides both frequency and duration information for each episode. The

urodynamic catheter can be used to measure the volume of each voiding event, which can also be

24



10

15

20

WO 2020/092343 PCT/US2019/058527

recorded in the automated voiding diary. The information can then be used to determine patterns of
incontinence episodes in order to diagnose the subject or to track the efficacy of a treatment regimen.
Alternatively, a subject can generate a voiding diary using only an intravaginal device with MEMS
accelerometers. The device can be inserted into the vagina of the subject and remain inside for up to
four weeks during which time she generates an automated voiding diary. Each urinary episode is
monitored by the sensors on the intravaginal device that tracks the characteristic pelvic floor movement
associated with voiding and filling, reflex levator response during urgency and urge suppression, and
knack during cough and Valsalva. A time stamp can be assighed to each event, which provides both
frequency and duration information for each episode. The information can then be used to determine
patterns of incontinence episodes in order to diagnose the subject or to track the efficacy of a treatment

regimen.

OTHER EMBODIMENTS

All publications, patents, and patent applications mentioned in this specification are incorporated
herein by reference to the same extent as if each independent publication or patent application was
specifically and individually indicated to be incorporated by reference.

While the invention has been described in connection with specific embodiments thereof, it will be
understood that it is capable of further modifications and this application is intended to cover any
variations, uses, or adaptations for use in the compositions and methods of the invention following, in
general, the principles for use in the compositions and methods of the invention and including such
departures from the present disclosure that come within known or customary practice within the art to
which the invention pertains and may be applied to the essential features hereinbefore set forth, and

follows in the scope of the claims. Other embodiments are within the claims.
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CLAIMS

1. A urodynamic catheter comprising one or more positional sensors.

2. The urodynamic catheter of claim 1, wherein the catheter comprises a plurality of positional sensors
located along a length of the device.

3. The urodynamic catheter of claim 1 or 2, wherein one or more of the positional sensors are MEMS

accelerometers.

4. The urodynamic catheter of any one of claims 1-3, wherein the catheter comprises from 2 to 50

Sensors.

5. The urodynamic catheter of claim 4, wherein the catheter comprises from 2 to 20 sensors.

6. A system comprising the urodynamic catheter of any one of claims 1-5 and an intravaginal or

intrarectal device comprising one or more positional sensors.

7. The system of claim 6, wherein the intravaginal or intrarectal device comprises a plurality of positional

sensors located along a length of the device.

8. The system of claim 6 or 7, wherein one or more of the positional sensors on the intravaginal or

intrarectal device are MEMS accelerometers.

9. The system of any one of claims 6-8, wherein the intravaginal or intrarectal device comprises from 2 to
50 sensors.

10. The system of claim 9, wherein the intravaginal or intrarectal device comprises from 2 to 20 sensors.

11. The system of any one of claims 6-10, wherein the intravaginal or intrarectal device comprises a
substantially ring-shaped main body having an outer edge configured to contact a vaginal wall, vaginal

fornix, or rectum, and a tether connected to the main body.

12. The system of any one of claims 6-11, wherein a length of the intravaginal or intrarectal device is

about 2 cm to about 50 cm.

13. The system of any one of claims 6-12, wherein the urodynamic catheter, intravaginal device, or

intrarectal device comprises a transmitter and/or receiver for communicating data to an electronic device.

14. The system of claim 13, wherein the transmitter or receiver is a radio frequency transmitter or

receiver.
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15. The system of claim 13 or 14, wherein the transmitter and/or receiver can wirelessly communicate

the data to the electronic device.

16. The system of any one of claims 13-15, wherein the transmitter and/or receiver are configured for
use with a Bluetooth, ISM (industrial, scientific and medical) band radio, and/or Wi-Fi enabled electronic

device.

17. The system of any one of claims 13-16, wherein the electronic device comprises a display, wherein
optionally, the display is a graphical user interface, such as a graphical user interface with a touch user

interface.

18. The system of any one of claims 13-17, wherein the electronic device is a computer, tablet,

smartphone, or smart watch.

19. A method of evaluating a bladder function of a subject comprising performing one or more
urodynamic measurements with the urodynamic catheter of any one of claims 1-5 or the system of any

one of claims 6-18.

20. The method of claim 19, wherein the one or more urodynamic measurements measures one or more

of position, movement, pressure, and flow.

21. The method of claim 20, wherein the pressure comprises one or more of intraabdominal pressure,

detrusor pressure, and intravesicular pressure.

22. A method of diarizing a bladder function of a subject with the urodynamic catheter of any one of
claims 1-5 or the system of any one of claims 6-18, or an intravaginal or intrarectal device comprising one
or more positional sensors, the method comprising monitoring the bladder function with the urodynamic
catheter, intravaginal device, and/or intrarectal device and obtaining positional data from the one or more

positional sensors of the catheter, intravaginal, or intrarectal device.
23. The method of claim 22, further comprising processing the data from the one or more positional
sensors to determine an occurrence of the bladder function and recording the occurrence of the bladder

function based on the processed data.

24. The method of claim 22 or 23, wherein the positional data comprises one or both of sensor angle and

time.

25. The method of any one of claims 19-24, wherein the bladder function comprises one or more of

filling, emptying, capacity, sensation, compliance, and leaking.

27



WO 2020/092343 PCT/US2019/058527

26. A kit comprising the urodynamic catheter of any one of claims 1-5 or the system of any one of claims

6-18, and instructions for use.

27. A kit comprising a urodynamic catheter and an intravaginal device comprising one or more positional

Sensors.

28. The kit of claim 26 or 27, wherein the Kit is configured for use as an automated voiding diary.

29. The urodynamic catheter of claim 1, wherein one or more of the positional sensors are MEMS

accelerometers.

30. The urodynamic catheter of claim 1, wherein the catheter comprises from 2 to 50 sensors.

31. The urodynamic catheter of claim 30, wherein the catheter comprises from 2 to 20 sensors.

32. A system comprising the urodynamic catheter of claim 1 and an intravaginal or intrarectal device

comprising one or more positional sensors.

33. The system of claim 32, wherein the intravaginal or intrarectal device comprises a plurality of
positional sensors located along a length of the device.

34. The system of claim 32, wherein one or more of the positional sensors on the intravaginal or

intrarectal device are MEMS accelerometers.

35. The system of claim 32, wherein the intravaginal or intrarectal device comprises from 2 to 50

Sensors.

36. The system of claim 35, wherein the intravaginal or intrarectal device comprises from 2 to 20

S€ensors.
37. The system of claim 32, wherein the intravaginal or intrarectal device comprises a substantially ring-
shaped main body having an outer edge configured to contact a vaginal wall, vaginal fornix, or rectum,

and a tether connected to the main body.

38. The system of claim 32, wherein a length of the intravaginal or intrarectal device is about 2 cm to
about 50 cm.

39. The system of claim 32, wherein the urodynamic catheter, intravaginal device, or intrarectal device

comprises a transmitter and/or receiver for communicating data to an electronic device.
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40. The system of claim 39, wherein the transmitter or receiver is a radio frequency transmitter or

receiver.

41. The system of claim 39, wherein the transmitter and/or receiver can wirelessly communicate the data
to the electronic device.

42. The system of claim 39, wherein the transmitter and/or receiver are configured for use with a

Bluetooth, ISM (industrial, scientific and medical} band radio, and/or Wi-Fi enabled electronic device.

43. The system of claim 39, wherein the electronic device comprises a display, wherein optionally, the

display is a graphical user interface, such as a graphical user interface with a touch user interface.

44. The system of claim 39, wherein the electronic device is a computer, tablet, smartphone, or smart
watch.

45. A method of evaluating a bladder function of a subject comprising performing one or more

urodynamic measurements with the urodynamic catheter of claim 1.

46. The method of claim 45, wherein the one or more urodynamic measurements measures one or more

of position, movement, pressure, and flow.

47. The method of claim 46, wherein the pressure comprises one or more of intraabdominal pressure,

detrusor pressure, and intravesicular pressure.

48. A method of diarizing a bladder function of a subject with the urodynamic catheter of claim 1, the
method comprising monitoring the bladder function with the urodynamic catheter, intravaginal device,
and/or intrarectal device and obtaining positional data from the one or more positional sensors of the

catheter, intravaginal, or intrarectal device.

49. The method of claim 48, further comprising processing the data from the one or more positional
sensors to determine an occurrence of the bladder function and recording the occurrence of the bladder
function based on the processed data.

50. The method of claim 48, wherein the positional data comprises one or both of sensor angle and time.

51. The method of claim 48, wherein the bladder function comprises one or more of filling, emptying,

capacity, sensation, compliance, and leaking.

52. A kit comprising the urodynamic catheter of claim 1, and instructions for use.

53. The kit of claim 52, wherein the kit is configured for use as an automated voiding diary.
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