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MONITORING URODYNAMICS BY TRANS-VAGINAL NIRS

FIELD OF THE INVENTION
[0001] The present invention relates to the field of physiological near-
infrared spectroscopy (NIRS). The invention more specifically relates to the use of

NIRS in diagnostic urological applications.

BACKGROUND

[0002] Urinary incontinence, or involuntary leakage of urine, is a condition
which affects a significant portion of the population, but is especially prevalent in
women (Melville et al. 2005). Urinary incontinence may present in different forms,
such as stress incontinence and urge incontinence, or a mixture of forms.
Continence relies on a number of factors, including relaxation of the detrusor
muscles around the bladder wall, and proper activity of the urethral sphincter
muscles and structures (including blood vessels) around the urethra (Smith et al.
2006). Abnormal muscle activity in the urinary bladder or urethral sphincter may
also cause other problems, for instance overactive bladder or incomplete bladder

emptying.

[0003] Abnormality of the detrusor muscles of the bladder, resulting in
abnormal bladder function such as overactive bladder or urinary incontinence,
may be caused by impairments, for instance, to the detrusor muscle activity or to
the neurological connections to the detrusor muscle (Semins and Chancellor
2004). Monitoring of detrusor muscle activity provides useful information for a
urologist in diagnosing or monitoring bladder function in patients with conditions
such as urinary incontinence or overactive bladder. Conventional urodynamics
procedures do not provide direct measurements of bladder muscle activity. Other
imaging modalities have been utilized for this purpose, but also fail to provide
detailed information on the activity of the detrusor muscle. For instance,
ultrasonography has been used to determine bladder volume during bladder filling
and voiding experiments in spinal cord injured animals (Keirstead et al. 2005). In
another study, multi-slice echo-planar imaging was used to assess bladder

volume and morphology.
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[0004] Deficiency or abnormality of the urethral sphincter, resulting in
urinary incontinence, can be caused by a number of different factors, for instance
loss of urethral compression and support after pelvic surgery, childbirth, and pelvic
trauma; lumbosacral neuropathy; and loss of muscle strength due to aging
(Macura et al. 2006). Evaluation of the urinary sphincter muscles and other
structures, such as blood vessels, may be achieved using a variety of known
techniques, for instance urodynamics, cystourethroscopy, cystourethrography,
ultrasonography and magnetic resonance imaging (Macura et al. 2006). There
remains a need for improved devices and methods which allow accurate
monitoring and/or imaging of the activity and status of urethral sphincter muscles

and structures.

[0005] Urinary incontinence may often be associated with poor pelvic floor
muscle strength and/or poor urinary sphincter muscle strength, which may or may
not be a consequence of vaginal delivery during pregnancy. It is recognized that
strengthening the pelvic floor muscles and/or urinary sphincter muscies may be
beneficial, either during pregnancy to aid in delivery and prevent subsequent
urinary incontinence issues, or in non-pregnancy related situations, for instance to
improve or reduce urinary incontinence (Vasconcelos et al. 2006; de Oliveira et al.
2007). Using bviofeedback during pelvic floor muscle or urinary sphincter muscle
strengthening exercises is one method to improve the outcome of such exercises.
Several methodologies are described in the literature to provide biofeedback
monitoring during these kinds of exercises, which may include electromyography
(EMG), perineometry, ultrasound, or measurement of intravaginal pressure
(Peschers et al. 2001).

[0006] Near-infrared spectroscopy (NIRS) is a technique that has found use
in a number of different biomedical applications, for instance monitoring of blood
oxygenation and hemoglobin content, assessment of cerebral activity and
evaluation of different tissues. In the near-infrared spectrum (particularly between
700 to 1100 nm), the primary absorbers of light in the context of the body are by

chromophores in hemoglobin, oxyhemoglobin, water and lipids. In practice, NIR
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light penetrates tissues such as skin, bone, muscle and soft tissue where it is

- absorbed by the chromophores. These chromophores vary in their absorbance of
NIRS light, depending on changes in oxygenation. Light in the visible spectrum
(ie. 450-700 nm) penetrates tissue only short distances because it is usually
attenuated by different tissue components. In the near-infrared spectrum, tissue
penetration is much higher, up to several centimeters, allowing non-invasive
monitoring of different tissue properties. For example, US Patent Publication
2006/0276712 discloses a method and devices for monitoring bladder detrusor

muscle using near-infrared light through the skin.

[0007] The unique relation between the transparency of tissue to near
infrared light and the specific absorption spectra of individual chromophores forms
the basis of clinical near infrared spectroscopy. The principal chromophore of
interest in studies using NIRS is hemoglobin which has a different extinction
coefficient (absorption characteristic) across the NIR spectrum when oxygenated
(O2Hb) and deoxygenated (HHb). Cytochrome-c-oxidase (CCO), the terminal
enzyme of the mitochondrial respiratory chain, also absorbs light differently across
the NIR spectrum depending on its redox status although the contribution of CCO
to overall absorption is considerably less (approximately one tenth) than that of

hemogiobin.

[0008] The majority of NIRS instruments used clinically are continuous
wave units with lasers that transmit pulses of multiple wavelengths of light into the
tissues, and sensors to detect the photons returning that are not absorbed. The
changes in absorption at discrete wavelengths generate raw optical data that can
be converted by software algorithms into concentration changes for each
chromophore using a modification of the Lambert-Beer law. The related
algorithms and software necessary for NIRS data to be used clinically also
accommodate a number of limitations posed by the nature of human tissue,
including the pathlength of NIR light and loss of photons undetected because of
scattering beyond the field of view.
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[0009] The full extent of the field through which light scatters is generally
unknown in vivo, so that the initial concentration of each chromophore is generally
unknown. Hence, clinical NIRS generally measures absolute changes in
concentration relative to the initial baseline concentration. With real time sampling
and graphic conversion of data, patterns of change in chromophore concentration
and magnitudes of change are derived which can be used to infer physiologic
change occurring within the tissue interrogated. Such changes include: an
increase or decrease in O2Hb (an indirect measure of oxygen content); an
increase or decrease in the total hemoglobin (change in blood volume); an abrupt
decrease in O2Hb with simultaneous increase in HHb (ischemia); and a gradual
decrease in O2Hb and increase in HHb (hypoxia). As cytochrome-c-oxidase
drives > 95% of O2 consumption and the synthesis of adenosine triphosphate
(ATP) within mitochondria, changes in CCO redox status provide information
relating to electron transport and oxidative phosphorylation at a cellular level.
Interpretation of NIRS data that includes changes in O2Hb, HHb and CCO signals
can offer important insights into oxygen utilization, energy dynamics and cellular

well being.

[0010] Continuous wave NIRS instruments typically incorporate the
following: a) at least one pulsed laser diode for each chromophore being sampled.
Typically the lasers emit light in 1, 2 or 4 wavelengths in the 729 to 920 nm near
infrared wavelength range with a 5 nm spectral width and pulse duration of 100
nanoseconds at 2 kHz cycle frequency; b) Fiberoptic bundles that transmit light
from the source to a tissue interface (probe or patch) and back to the instrument;
c¢) Optodes in the tissue interface that emit light into the tissue and receive the
photons returning; d) Photon counting hardware (photomultiplier or photodiode):;
d) Computer with software containing algorithms for converting raw optical data
into chromophore concentrations, storing and displaying data; e) A visual display
where NIRS data are typically displayed graphically against time. Some
instruments provide a choice from multiple wavelengths, and the option to use
more than one data channel to allow comparison of different sites is available; a
few incorporate additional spatial resolution that allows measurement of the ratio

of oxygenated to total tissue hemoglobin which can be displayed as a measure of
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tissue oxygenation; and monitoring in the form of a régional map using arrays of

emitters and receivers is possible.

SUMMARY OF THE INVENTION

[0011] Various aspects of the invention relate to the demonstration herein
that it is feasible to use a transvaginal NIRS probe to interrogate functioning
urological tissues, such as the urethral sphincter, the bladder detrusor muscle,
and pelvic floor musculature, to obtain clinically relevant information. The present
invention accordingly provides methods and devices for transvaginal monitoring or
imaging of the urological tissues, such as the urethral sphincter and/or the

bladder, and/or pelvic floor musculature, using NIRS.

[0012] In one aspect, the invention provides a near infrared
spectrophotometric system adapted for transvaginal monitoring of a target tissue
activity, for example non-invasive monitoring of a human patient for diagnostic
purposes. The target tissue may for example be a urogenital muscle, or another
tissue involved in urodynamics, such as a urethral sphincter, and/or a detrusor

muscle of the bladder.

[0013] The system may include a probe body, which may for example be
elongate and substantially tubular, having a generally smooth external surface,
shaped for insertion into a vaginal lumen defined by vaginal walls. An external
handle may be provided on the probe body, to facilitate positioning the probe so

as to properly orient the optodes.

[0014] A near infrared light emitter may be housed in the probe body, for
example in a position that permits near infrared light emitted by the emitter to pass
out of the body, which may be by way of an emitter port portion of the body. A
near infrared light collector may also be housed in the probe body, spaced apart
from the emitter, in a position that permits near infrared light emitted by the emitter
to traverse the vaginal walls, interact with a urogenital muscle, and pass back into
the probe body, for example through a collector port portion of the body, before

being collected by the collector as a collected light signal. The emitter and
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collector port portions of the body may for example be generally transparent to
near infrared light, or may be adapted to include a light filter.

[0015] A near infrared light signal source may be provided, in
communication with the emitter, to control the emission of near infrared light by
the emitter. A near infrared light detector may also be provided, in communication
with the collector, to detect the collected light signal. An external interface may be
connected to the probe, for communicating with the light signal source and the
light detector, for example to permit an operator to operate the light signal source

and to monitor the collected light signal ex vivo.

[0016] In some embodiments, the near infrared light emitter and collector
(optodes) may be separated by an interoptode distance in the probe that creates a
path of photons that maximally interrogates the tissue of interest, rather than
tissue superficial to or located deeper than the tissue of interest. The target tissue
may accordingly be selected by a combination of probe positioning and
interoptode distance, thereby avoiding non-target tissue such as the vaginal wall
or tissue within the pelvis or the contents of the bladder. The probe and optode
configuration may for example be selected to enable NIRS monitoring of changes
in chromophore concentration in a) urogenital muscle in the pelvic floor, b) the
detrusor muscle of the posterior wall of bladder, c) the urethral sphincter in the
mid urethra and/or the sphincter's surrounding vascular plexus, and/or other

tissue of physiologic interest anatomically related to the vagina.

[0017] An external interface may be provided that includes an output
device, and the interface may be configured to display on the output device

information that is indicative of an activity of the urogenital muscle.

[0018] In selected embodiments, a second infrared light collector is housed
in the probe body, spaced apart from the emitter. The second collector may be
positioned to permit near infrared light emitted by the emitter to traverse a second

segment of the vaginal walls, interact with a second urogenital muscle, and pass
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back into the probe body, for example through a second collector port portion of

the body, before being collected by the second collector.

[0019] In accordance with an alternative aspect of the invention, a method
is provided for transvaginal NIRS monitoring of a target tissue, such as non-
invasive monitoring of a human patient. To record periodic or continuous
monitoring signals, the probe of the invention may be inserted into a vaginal

lumen defined by vaginal walls. A near infrared light signal source may be
operated, in communication with an emitter, to control the emission of near
infrared light by the emitter, and a near infrared light detector, in communication
with the collector, may be operated to monitor the collected light signal. An output
device may be operated to display information that is indicative of an activity of the

target tissue, such as a urogenital muscle.

[0020] In an alternative aspect, the invention provides an instrument for
non-invasive transvaginal monitoring of a target tissue, such as urodynamic
muscle activity. The instrument may include a probe body, as discussed above,
with means provided for communicating with the probe body, comprising means
for communicating a near infrared light signal to the emitter; and, means for
communicating the collected light signal ex vivo. The means for communicating
with the probe body may for example include a near infrared light signal source, in
communication with the emitter to control the emission of near infrared light by the
emitter; and, a near infrared light detector, in communication with the collector to
detect the collection of near infrared light by the collector. The méans for
communicating with the probe body may further include an external interface
communicating with the light signal source and the light detector, to permit an
operator to operate the light signal source and to monitor the light detector ex

Vivo.

[0021] The invention further provides methods for transvaginal monitoring
of a target tissue, such as non-invasive monitoring of a urodynamic muscle
activity. The methods may involve positioning a near infrared light emitter within

the vaginal lumen in proximity to the anterior vaginal roof, so that near infrared
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light emitted by the emitter traverses the vaginal roof and interacts with the target
tissue, such as a urogenital muscle. A near infrared light collector may be
positioned within the vaginal lumen in proximity to the anterior vaginal roof,
spaced apart from the emitter, to collect light that has interacted with the
urogenital muscle as a collected light signal. A near infrared light signal source in
communication with the emitter may be operated so as to control the emission of
near infrared light by the emitter. A near infrared light detector, in communication
with the collector, may be operated so as to monitor the collected light signal,
wherein the collected light signal provides information on the activity of the
urodynamic muscle. The probe may for example be shaped so that the vaginal
walls engage the probe to bias the emitter port and the collector port into

juxtaposition with the anterior vaginal roof.

[0022] According to another aspect of the invention, there is provided a
method for monitoring or imaging target tissues in a subject to provide
biofeedback monitoring of tissues in a subject, the method comprising:

1) placing one or more NIRS emitters and/or one or more NIRS detectors
info or onto a subject such that the NIRS emitter(s) and/or collector(s)
are in close proximity to the target tissue;

2) emitting NIR light from the emitter(s) onto or through the target tissue
while collecting NIR light that is reflected from or transmitted through the
target tissue with the collectors(s);

3) detecting the collected the NIR light from the collector(s) using one or
more light detector(s); and

4) sending the NIRS data to an output device which may be perceived in

order to provide biofeedback monitoring.

[0023] According to some aspects of the invention the target tissue may be
one or more of urinary sphincter, urinary bladder, or pelvic floor muscle tissue.
According to another aspect of the invention, the NIR emitter(s) and/or collector(s)
may be a component of an internal NIRS probe. According to another aspect of
the invention, the NIR emitter(s) and/or collector(s) may be inserted into the body

via the vagina and positioned in proximity to the target tissue. The emitter(s)
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and/or collector(s) may be a component of a vaginal NIRS probe. According to
another aspect of the invention, the NIR emitter(s) and/or collector(s) may be
inserted into the body via the urethra and positioned in proximity to the target
tissue. The NIR emitter(s) and/or collector(s) may be a component of a urethral
NIRS probe. According to another aspect of the invention, the NIRS emitter(s)
and/or collector(s) may be inserted into the body via the rectum and positioned in
proximity to the target tissue. The NIRS emitter(s) and/or collector(s) may be a
component of a rectal NIRS probe. According to certain aspects of the invention,
the biofeedback may be provided to aid with exercises designed to strengthen
urinary sphincter muscles and/or pelvic floor muscles. The exercises may be

Kegel exercises.

FIGURE DESCRIPTIONS

[0024] Figure 1 — illustrates biofeedback monitoring using data collected
using an intravaginal NIRS probe of the invention, with fiberoptic emitter and
receiver. The graph shows four NIRS tracings of urinary sphincter contractions

(urethral sphincter).

[0025] Figure 2: illustrates NIRS data collected in accordance with the
invention, showing a period of baseline, with stability of all 3 parameters followed
by 4 repeated voluntary contractions of the pelvic floor held briefly and then

released (showing the timing of each instruction to contract and to relax or rest).

[0026] Figure 3: Shows chromophore change on spontaneous voiding
measured in the posterior wall of the detrusor (through the anterior vaginal wall),

using a transvaginal NIRS monitoring system of the invention.

[0027] Figure 4: Shows data for a period of baseline, with stability of 4
parameters, followed by 4 repeated voluntary contractions of the pelvic floor held
briefly and then released, using a transvaginal NIRS monitoring system of the

invention.
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[0028] Figure 5. Uses the oxygenated heamoglobin data from Figure 4 to
show that where NIRS parameters are measured during repetitive muscle
contraction, the slope of the rate of change of HbO2 can be used to quantify the
physiologic response/reoxygenation of pelvic floor muscle. The HbO2 parameter
is indicative of oxygen consumption, from which the ‘fitness’ or physiologic
efficacy of the muscle can be quantified. The data captured by the vaginal probe
in this Example is in accordance with the literature demonstrating that
concentration changes of oxygenated hemoglobin of muscle measured by NIRS
during exercise reflect the exercise intensity and the metabolic rate (Boushel et
al., 1998).

[0029] Figure 6: Is a schematic illustration of the female genitourinary
tract with placement of a NIRS probe of the invention within a vaginal lumen,
illustrating a handle on the probe to assist in appropriate orientation and
placement of optodes. This illustrated probe has an emitter and two sensors in the
midline of the probe. As shown, the distal emitter sensor combination located
towards the tip of the probe can be positioned anatomically and with an
interoptode distance to allow NIRS monitoring of the posteror wall of the bladder
detrusor muscle through the anterior wall of the vagina. The more proximal emitter
sensor combination (closer to the handle of the probe) can be positioned

anatomically and with the optimal interoptode separation

[0030] Figure 7: Is a graphic illustration of the extinction coefficients of
adult Hb and the varying absorption of oxygenated hemoglobin (HbO2)
deoxygenated hemoglobin (Hb) and cytochrome-c-oxidase (CtOx) across the NIR
spectrum, reflecting the fact that alternative embodiments of the invention may
use near infrared light of a variety of wavelengths, from about 700nm to about
1300nm (Delpy and Cope, 1997).

[0031] Figure 8: is a schematic illustration of the configuration of a NIRS
system of the invention for transvaginal interrogation of the bladder detrusor;
illustrating the ‘banana” shape of the photon path through tissue between the
emitter and receiver of the optode (also illustrated schematically, in vivo in Figure

10
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6), and the effective depth of penetration for NIRS - approximately half the

distance separating the emitter and receiver on the probe of the invention.

[0032] Figure 9: lllustrates a probe of the invention, comprised of a
body made of a disposable clear plastic vaginal speculum configured for bladder
detrusor and mid-urethral monitoring. The emitter and sensors are shown (small
silver squares) held in place by a foam insert. The proximal (sphincter) and distal
(bladder) sensors and the emitter are attached to the three fine fibre-optic cables.
These connect via an optical fibre interface (black block with retaining screws) to
standard diameter cables from a NIRS instrument (not shown). The handle of the
housing speculum facilitates correct positioning and stabilization during

monitoring.

DETAILED DESCRIPTION

Definitions

[0033] As used herein a ‘subject’ refers to an animal, such as a bird or a
mammal. Specific animals include rat, mouse, dog, cat, cow, sheep, horse, pig or
primate. A subject may further be a human, alternatively referred to as a patient.
A subject may further be a transgenic animal. A subject may further be a rodent,

such as a mouse or a rat.

[0034] The term ‘target tissue’ refers to any tissue in a subject which may
be analyzed using the methods and apparatus of the present invention. Such
tissues may include, but not be limited to, tissues of the urological system, the
reproductive system or the digestive system. Target tissues may also include
tissues that surround or are connected to the tissues of the urological system, the
reproductive system or the digestive system. According to some embodiments of
the invention, the target tissues may be bladder tissue. According to some

embodiments of the invention, the target tissues may be urethral sphincter tissue.
[0035] The ‘urethral sphincter’ may also be referred to as the ‘sphincter
urethrae’. The urethral sphincter is a collective name for the muscles used to

control the flow of urine from the urinary bladder. These muscles surround the

11
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urethra, the tube which connects and allows flow of urine from the urinary bladder
to the outside of the body. When the urethral sphincter muscles contract, the
urethra is closed. There are two distinct areas of muscle: the internal sphincter, at
the bladder neck and the external, or distal, sphincter. Human males typically

have much stronger sphincter muscles than females.

[0036] The ‘urinary bladder’, also referred to herein as the ‘bladder’ is a
hollow, muscular, and distensible (or elastic) organ that sits on the pelvic floor in
mammals. It is the organ that collects urine excreted by the kidneys prior to
disposal by urination. Urine enters the bladder via the ureters and exits via the
urethra. The detrusor muscle is a layer of the urinary bladder wall made of smooth
muscle fibers arranged in spiral, longitudinal, and circular bundles. When the
bladder is stretched, this signals the parasympathetic nervous system to contract
the detrusor muscle. This encourages the bladder to expel urine through the
urethra. For the urine to exit the bladder, both the autonomically controlled internal
sphincter and the voluntarily controlled external sphincter must be opened.

Problems with these muscles can lead to incontinence.

[0037] The term ‘pelvic floor muscle’ refers to muscle fibers of the levator
ani, the coccygeus, and associated connective tissue which span the area
underneath the pelvis. It is important in providing support for pelvic viscera
(organs), e.g. the bladder, intestines, the uterus (in females), and in maintenance
of continence as part of the urinary and anal sphincters. Exercises which are

designed to strengthen the pelvic floor muscles are often called ‘Kegel exercises’.

[0038] ‘Near infrared’ (‘NIR’) refers to any light within the range of 700 nm
to 2500 nm. ‘Near infrared spectroscopy’ (‘NIRS’) refers to the analysis of NIR
using spectrophotomefric equipment. A ‘NIRS device’, alternately referred to
herein as a ‘NIRS instrument’ or a ‘NIRS system’ typically comprises some or all
of the following components: a NIR light source, a NIR light detector, a computer
system to analyze the data or signal collected or produced by the detector and/or
to control the light source, light guides to transmit light to and from the different

components of the system and electrical connectors to transmit electrical signals

12
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to} and from the different components of the system. A NIRS device méy further
comprise one or more of the following components: a light emitter and a light
detector. An example of a NIRS device is the Oxymon Mkl continuous-wave
near-infrared instrument available from Artinis Medical Systems (Netherlands).
Other examples of NIRS instruments suitable to be used for the present invention

would be known to one of skill in the art.

[0039] A ‘light emitter’, also referred to herein as an ‘emitter’, a ‘NIR
emitter’, or a ‘NIR light emitter’ is any device suitable for directing or projecting
NIR light onto, in or through the target tissue. A light emitter typically contains or is
connected to a ‘light source’, also referred to herein as a ‘NIR light source’. A light
source is a device which is capable of generating NIR light, and may include, but
not be limited to, a laser, laser lamp, LED or the like. Selection of an appropriate
light source is well within the ordinary skill in the art in view of the present
specification. In the context of the present invention, the light source may itself be
the light emitter and thus provide NIR light directly to the target tissue. Alternately,
the light source may be physically distinct from the light emitter, where the NIR
light is actually provided to the target tissue. In this case, the light from the light
source may be transmitted to the light emitter via a light guide, allowing the NIR
light from the light source to travel through the light guide to the light emitter,
where it is then directed or projected onto, in or through the target tissue. An
example of a light guide suitable for the purposes of the invention is fiber optic
cable. The light source may be controlled by external system software, which

controls pulse timing of the power supply.

[0040] A ‘light collector’, also referred to herein as a ‘collector’ or a ‘NIR
light collector’, is a device that is capable of receiving or collecting near-infrared
light that is reflected from or transmitted through target tissue. The collected light
may then be transmitted to another device for analysis, for instance a light
detector. A ‘light detector’, also referred to herein as a ‘detector’ or a ‘NIR light
detector’ is a device capable of separating the light reflected from or transmitted
through the target tissue into wavelength regions of interest and providing a signal

proportional o the emission of each of the regions of interest. Methods, apparatus

13
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and systems as described herein may comprise one, or more than one detector.
In some embodiments of the invention, a light detector may itself function also as
a light collector. In this fashion, the NIR light from the target tissue would be both
collected and detected by the light detector. In other embodiments of the present
invention, the light collector may be physically distinct from the light detector. In
this case, the NIR light reflected from or transmitted through the target tissue that
is collected by the light collector may be conducted from the light collector to the
light detector by a light guide, thereby transmitting the collected light from the light
collector to the light detector. A light detector may be controlled by system
software, for example, and the start of acquisition and integration time may be
synchronized with shuttering and pulsing of the light source and physiological
events. Light detectors, as described as being part of the present invention, may
be connected to, or may be an integral component of a NIRS instrument, as

previously described.

[0041] In alternative aspects, the present invention provides methods and
devices for monitoring of urological dynamics, including identifying, IoCating,
monitoring, diagnosing and imaging of urological tissues such as the bladder and
the urethral sphincter. In selected embodiments, it is feasible to obtain
reproducible changes in chromophore concentration in the urethral sphincter, the
posterior wall of the bladder detrusor and the pelvic floor. The application of the
transvaginal systems of the invention to the bladder detrusor posterior wall is
particularly clinically relevant, because in the obese patient, where suprapubic
NIRS may not be possible, the vaginal approach offers an alternative means of
obtaining detrusor data. In one aspect of the invention, physiologic change in the
urethral sphincter and surrounding vascular plexus detected via NIRS adds
additional physiologic information of relevance to the categorization of voiding

dysfunction including urinary incontinence.

[0042] A subsidiary aspect of the invention is the recognition that there are
branches of the voluntary urethral sphincter which are from the levator muscle,
which contributes to both the urethral and anal sphincters. This is relevant

because there are frequently coexisting degrees of relaxation particutarly in
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women which involve the whole levator. The invention provides systems capable

of interrogating these target tissues.

[0043] NIRS probes of the invention may incorporate other therapeutic or
diagnostic components, such as components for alternative imaging protocols,
such as ultrasound, MRI or Doppler, and or pressure probes which may for
example contain EMG or electrical stimulation. In this way, NIRS data of the
invention may be correlated with other diagnostic or treatment modalities. In
some embodiments of the invention, the NIRS device may be used in conjunction
with other medical devices, for instance an imaging device such as an ultrasound
device, or a surgical device. In such a fashion, the NIRS probe system could be
used to direct or guide the surgical devices, or could be used to monitor target
tissues for other characteristics during the surgical procedure, thus allowing
improved surgical treatment.

[0044] In one aspect, the invention provides a stand alone wireless unit.
Patients may for example use such a system at home, for example to measure
their consistency and compliance with pelvic floor exercises. Data may be
collected in this way which would enable the efficacy of training on pelvic floor
muscle to be quantified. In some embodiments of the invention, the NIRS device
to be used for monitoring of target tissue may be portable. Various components of
the device may be physically separate from other components of the device. A
NIRS probe may for example contain NIR light emitter(s) and
detector(s)/collector(s), and the output signal from the detector(s)/collector(s) may
then be transmitted wirelessly to a remote location for further processing and
subsequent display of the output signal. The output display may be a computer
screen or a device monitor for visual output. Alternately, the output may be audio
or tactile. The remote components of the device may communicate using various
modes, which may include but is not limited to Bluetooth, Wi-Fi, optical, radio
signal and the like.

[0045] In alternative embodiments, connections to the probe for signal

communication may for example be by optical cables, which may for example
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communicate with a NIRS monitoring instrument, such as two channel NIRS
monitor. Additional emitter sensor pairs may be added to the probe, and additional
channels used on a multichannel instrument. Light emitting diodes (LEDs) may be
used in the instrument in place of lasers and wireless technology employed, for
example, to make a handheld wireless unit capable of transmitting data and
graphics in realtime to a laptop or similar monitoring device. A spatially resolved
configuration with a single emitter (LED or laser) and a series of sensors placed at
fixed intervals from the emitter could also be used with the relevant software to

optimally interrogate tissue at varying depths

[0046] Systems of the invention have been used to obtain data in a series
of studies, establishing that patterns of change in chromophore concentration
detected by the systems of the invention are reproducible within patients during
voluntary pelvic floor contraction. Patterns of change generated by coughing or
voluntary valsalva maneuver, with increases in intra abdominal pressure, generate
different patterns of change, with unique and reproducible features. During
spontaneous voiding the patterns of change are comparable to those seen in the

anterior wall of the detrusor when transcutaneous NIRS is performed.

[0047] One aspect of the invention relates to NIRS biofeedback monitoring
of target tissues. Physiological changes in target tissues that are associated with
urinary flow and function can be detected using a NIRS instrument, and that these
changes can be utilized for biofeedback purposes. The inventors have further
demonstrated that such physiological changes in the target tissues can be
detected using NIRS across or through intervening tissue, such as the tissue

between the vagina and urethra in a female subject.

[0048] With respect to the aspect of the invention relating to biofeedback,
NIRS data of the invention can for example be used to quantify the efficacy of
pelvic floor training exercises and provide a target for patients to optimize
retraining. Pelvic floor NIRS data can also be analyzed using established
methodologies, so that rates of change in oxyhemoglobin in particular provide

information on rates of fatigue and hence improvements in muscle function
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resulting from biofeedback training techniques. Because of the high incidence of
urinary incontinence secondary to pelvic floor dysfunction, a technique is needed

to quantify the efficacy of biofeedback training.

[0049] In some embodiments, the invention provides methods for
biofeedback monitoring of target tissues using a NIRS device. In certain
embodiments of the invention, the NIRS device of the present invention may be
utilized in a fashion such that the distal end of the probe device is in close
proximity to the target tissues. In this way, the NIR light can be emitted by the light
emitter onto the target tissue and the reflected or transmitted light can be collected
and detected by the collector or detector, which is also in close proximity to the
target tissue. The NIRS device may be a vaginal NIRS probe. In selected
embodiments, the emitter(s) and/or collectors(s) of the internal NIRS device may
be situated in close proximity to the target tissue, for instance urethral sphincter
tissue. By utilizing a NIRS device as such, the output signal from the device may
be presented to a subject for biofeedback monitoring purposes such that the
subject may perceive the output signal and thus modulate their activity. The
biofeedback may be used for pelvic floor muscle or urethral sphincter muscle
strengthening activities. The strengthening activities may be Kegel exercises. The
biofeedback may be used to monitor and evaluate therapeutic exercises. The
biofeedback may be used to measure or quantify the effect of exercise on
sphincter'function or to define sphincter muscle fatigue, for instance during

exercise. The output may be visual, audio, tactile or the like.

[0050] In various aspects of the invention, changes in NIRS chromophore
concentration are evident during voiding that are different in health and disease.
Data collected in accordance with the invention may for example be indicative of
bladder pathologies that affect the physiology of the detrusor. For example,
alterations in muscle thickness, contractility, oxygenation and hemodynamics may
be observed. Data collected in accordance with the invention evidences a
synchrony between the changes in chromophore concentration monitored via
NIRS and the pressures measured via urodynamic testing during the bladder

voiding cycle. This evidences an aspect of the invention, relating to monitoring of
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pressure derived effects on bladder function that can be detected via changes in

oxygenation and hemodynamics.

[0051] Aspects of the invention involve the monitoring or diagnosis of a
range of physiological characteristics, or pathologies. For example, properly
characterizing the nature of a voiding dysfunction in females may involve both
recording information from both the detrusor and sphincter muscles. Incontinence
due to pelvic floor weakness would possibly need all three tissues evaluated.
Biofeedback and pelvic floor training would mainly required pelvic floor muscle
competence and recovery following voluntary contractions to be monitored but

some sphincter info would likely be assessed at some stage too.

[0052] The configuration of the probe may be selected to make it possible
to optimally monitor a tissue in locations where pathology is detectable. These
location may for example include the posterior wall of the bladder, the urethral
sphincter and surrounding vascular plexus, and the muscles of the pelvic floor.
Optimal monitoring requires that the NIRS emitter and sensor optodes are located
in the anatomical proximity to the tissue of interest, with the separation between
the optodes fixed so as to achieve optimal photon interrogation of the target
tissue. The interoptode distance (IOD) in effect focuses the NIRS interrogation so
as to obtain the maximum amount of information from the target tissue.
Interoptode distance may accordingly be optimized for alternative protocols,
based on the principle that penetration of photons is optimal at a depth below the
optodes that is approximately half of the interoptode distance (as illustrated in
Figure 8). In some embodiments, an approximate 2 cm interoptode distance may
be selected to provide good penetration of photons to about 1 cm, for example to
traverse the vaginal wall. A shorter IOD may be selected as a means for
interrogation of more superficial layers, and a wider 10D selected for monitoring
deeper tissues. Accordingly, the IOD is adjusted to provide optimal tissue
penetration and monitoring of the selected target tissue. Ranges may for example
be 1 to 3 cm. In an alternative approach, NIRS may be used in a spatially resolved
configuration in which there is one emitter and there are several collectors, for

example 3, with collectors at fixed distances from the emitter - for example 1, 1.5
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and 2 cm. This configuration may be used to permit refined monitoring, providing
collector signals that can be analyzed separately to provide information from

alternative tissue depths.

[0053] Although various embodiments of the invention are disclosed herein,
many adaptations and modifications may be made within the scope of the
invention in accordance with the common general knowledge of those skilled in
this art. Such modifications include the substitution of known equivalents for any
aspect of the invention in order to achieve the same result in substantially the
same way. Numeric ranges are inclusive of the numbers defining the range. The
word "comprising" is used herein as an open-ended term, substantially equivalent
to the phrase "including, but not limited to", and the word "comprises" has a

corresponding meaning. As used herein, the singular forms "a", "an" and "the"
include plural referents unless the context clearly dictates otherwise. Thus, for
example, reference to "a thing" includes more than one such thing. Citation of
references herein is not an admission that such references are prior art to the
present invention. Any priority document(s) and all publications, including but not
limited to patents and patent applications, cited in this specification are
incorporated herein by reference as if each individual publication were specifically
and individually indicated to be incorporated by reference herein and as though
fully set forth herein. The invention includes all embodiments and variations

substantially as hereinbefore described and with reference to the examples and

drawings.

EXAMPLE

Biofeedback monitoring of urethral sphincter via the vagina using a NIRS
apparatus

[0054] Urethral sphincter tissue was monitored in a female subject using an

intravaginal NIRS apparatus (Figure 1). The apparatus contained a NIRS emitter
and NIRS collector/detector within a probe housing designed to be inserted into
the female vagina. The NIRS emitter and NIRS collector/detector were connected

to a NIRS device via fiber optic cables. The NIRS device used to control the NIRS
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emitter and collector/detector was the Artinis Medical Systems (Netherlands)
Oxymon Mk lll. Four contractions of the urinary sphincter during urinary sphincter
muscle exercises were detectable using this system. The speed of recovery was
observed to lengthen with each subsequent contraction, which may be a result of

muscle fatigue.

[0055] The size of the emitter and receiver optodes was as follows: 3mm
wide, 8mm long, and 4mm deep, and the fine glass fiber cables were small
enough to incorporate into a probe having an external diameter of 2.0mm. The
1.5mm solid tip of each cable was connected to the standard, larger diameter
fibre-optic cables of a commercial NIRS instrument via a custom made interface
consisting of a plastic block with screw threaded holders. The Oxymon lil
generates NIR light in four wavelengths (764, 855, 904 and 975 nm), incorporates
a daylight filter to counter interference from ambient light, and has commercial
software for conversion of raw optical densities into chromophore concentration

and graphic display.

[0056] Reproducible tracings were produced of changes in chromophore
concentration (O,Hb, HHb and tHb) during spontaneous voiding. Physiologic
events repeated during each trial, such as voluntary coughing, Valsalva
maneuver, and a series of voluntary pelvic floor contractions, each had a
characteristic pattern of change. There was good reproducibility of the patterns
and magnitude of change generated during sequential voluntary pelvic floor
contractions in the channel monitoring over the mid-urethra, and an absence of

significant movement artifact.

[0057] The paired NIRS sensors were configured so that with the probe in
position they would appose the bladder detrusor and mid-urethra respectively,
through the anterior vaginal wall. The emitter was placed mid-way between
sensors. Serial adjustments were made; the finalized distances selected were 1
and 5 cm from the tip of the probe for the sensors and 3 cm for the emitter. This

provided good sampling sensitivity with an interoptode distance of 2 cm. The
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sensors were laid on high density plastic foam shaped to provide a snug push fit
when inserted into the probe housing.

[0058] For monitoring, a urologist optimized the probe position, ensuring
that it was in the midline, fully inserted, and oriented so as to direct the sensors at
the anterior roof of the vagina. Sensor orientation and correct insertion was aided
by a visible vertical mark on the proximal end of the probe. With the foam insert
cut to position the sensors directly against the anterior wall of the housing, the
optodes are correctly aligned when the speculum is inserted and the handle held
towards the patient in the midline.

[0059] The trans-vaginal NIRS data collected from the posterior wall of the
detrusor muscle during bladder emptying was directly comparable to the patterns
of chromophore change seen during transcutaneous monitoring of the anterior
wall of the bladder detrusor via a suprapubic sensor in a large series of subjects.
Also, the changes in NIRS parameters seen during pelvic floor contractions were
particularly consistent by the standards of measurement of other studies of
voluntary muscle contractions. There was also a clear difference between thesé
patterns and those seen on voiding or individual events generated by cough or
Valsalva. In addition, data collected over the detrusor and sphincter respectively
were distinct, and were only detected in temporal relationship to voiding or

individual events generated by voluntary physiologic activity.
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CLAIMS

1. A near infrared spectrophotometric system adapted for non-invasive
transvaginal monitoring of urethral muscle activity in vivo, comprising:

an elongate substantially tubular probe body having a generally
smooth external surface, shaped for insertion into a vaginal lumen defined
by vaginal walls;

a near infrared light emitter housed in the probe body in a position
that permits near infrared light emitted by the emitter to pass out of the
body through an emitter port portion of the body;

a near infrared light collector housed in the probe body, spaced
apart from the emitter, in a position that permits near infrared light emitted
by the emitter to traverse the vaginal walls, interact with a urogenital
muscle, and pass back into the probe body through a collector port portion
of the body, before being collected by the collector as a collected light
signal;

a near infrared light signal source, in communication with the emitter
to control the emission of near infrared light by the emitter;

a near infrared light detector, in communication with the collector to
detect the collected light signal; and,

an external interface communicating with the light signal source and
the light detector, to permit an operator to operate the light signal source

and to monitor the collected light signal ex vivo.

2. The near infrared spectrophotometric system of claim 1, wherein the
external interface comprises an output device and the interface is
configured to display on the output device information that is indicative of

an activity of the urogenital muscle.

3. The near infrared spectrophotometric system of claim 1 or 2, further
comprising a second infrared light collector housed in the probe body,
spaced apart from the emitter, wherein the second collector is in a position

that permits near infrared light emitted by the emitter to traverse a second

32

SUBSTITUTE SHEET (RULE 26)



WO 2009/059412 PCT/CA2008/001954

segment of the vaginal walls, interact with a second urogenital muscle, and
pass back into the probe body through a second collector port portion of
the body, before being collected by the second collector; and, wherein the

detector is further in communication with the second collector.

4. The near infrared spectrophotometric system of claim 1, 2 or 3,
wherein the emitter port portion of the body is generally transparent to near
infrared light; and, wherein the collector port portion of the body is generally

transparent to near infrared light.

5. The near infrared spectrophotometric system of claim 1, 2, 3 or 4,

wherein the urogenital muscle is a urethral sphincter.

6. The near infrared spectrophotometric system of any one of claims 1
to 6, further comprising an external handle fixed to the probe body for
positioning the probe body.

7. A method for non-invasive transvaginal monitoring of urethral
muscle activity in vivo, in a subject having a probe inserted into a vaginal
lumen defined by vaginal walls, wherein the probe comprises:

a near infrared light emitter housed in a probe body in a
position that permits near infrared light emitted by the emitter to pass
out of the body through an emitter port portion of the body; and,

a near infrared light collector housed in the probe body,
spaced apart from the emitter, in a position that permits near infrared
light emitted by the emitter to traverse the vaginal walls, interact with
a urogenital muscle, and pass back into the probe body through a
collector port portion of the body, before being collected by the
collector as a collected light signal;

the method comprising:
operating a near infrared light signal source in communication with

the emitter to control the emission of near infrared light by the emitter; and,

33

SUBSTITUTE SHEET (RULE 26)



WO 2009/059412 PCT/CA2008/001954

10.

operating a near infrared light detector, in communication with the

collector, to monitor the collected light signal.

The method of claim 8, further comprising operating an output
device to display information that is indicative of an activity of the urogenital

muscle.

An instrument for non-invasive transvaginal monitoring of urethral
muscle activity in vivo, comprising:

an elongate substantially tubular probe body having a generally
smooth external surface, shaped for insertion into a vaginal lumen defined
by vaginal walls;

a near infrared light emitter housed in the probe body in a position
that permits near infrared light emitted by the emitter to pass out of the
body through an emitter port portion of the body;

a near infrared light collector housed in the probe body; spaced
apart from the emitter, in a position that permits near infrared light emitted
by the emitter to traverse the vaginal walls, interact with a urogenital
muscle, and pass back into the probe body through a collector port portion
of the body, before being collected by the collector as a collected light
signal;

means for communicating with the probe body, comprising means
for communicating a near infrared light signal to the emitter; and, means for

communicating the collected light signal ex vivo.

The instrument of claim 9, wherein the means for communicating
with the probe body comprise:

a near infrared light signal source, in communication with the emitter
to control the emission of near infrared light by the emitter; and,

a near infrared light detector, in communication with the collector to
detect the collection of near infrared light by the collector.
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11.

12.

13.

14.

The instrument of claim 9, wherein the means for communicating
with the probe body further comprises:

an external interface communicating with the light signal source and
the light detector, to permit an operator to operate the light signal source
and to monitor the light detector ex vivo.

A method for non-invasive transvaginal monitoring of urethral
muscle activity in vivo, in a subject having a vaginal lumen defined by
vaginal walls, a dorsal surface of the vaginal walls forming an anterior
vaginal roof, wherein the method comprises:

positioning a near infrared light emitter within the vaginal
lumen in proximity to the anterior vaginal roof, so that near infrared
light emitted by the emitter traverses the vaginal roof and interacts
with a urogenital muscle; and,
positioning a near infrared light collector within the vaginal
lumen in proximity to the anterior vaginal roof, spaced apart from the
emitter, to collect light that has interacted with the urogenital muscle
as a collected light signal;
operating a near infrared light signal source in communication
with the emitter to control the emission of near infrared light by the emitter;
and,
operating a near infrared light detector, in communication with
the collector, to monitor the collected light signal, wherein the

collected light signal provides information on the activity of the
urodynamic muscle.

The method of claim 12, wherein a dorsal surface of the vaginal
walls forms an anterior vaginal roof, and the probe is shaped so that the
vaginal walls engage the probe to bias the emitter port and the collector

port into juxtaposition with the anterior vaginal roof.

A biofeedback method comprising monitoring urethral muscle

activity by the method of claims 12 or 13, and training the urethral muscle.
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