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Abstract
This dissertation aims to develop a reliable, non-invasive technique for

assessing PFM overactivity and determining patient-specific innervation zone (12)
distributions. Existing techniques for evaluating PFM activity include magnetic
resonance imaging, ultrasound, and digital palpation. All the previous techniques
provide qualitative information about the length and pressure generated by the
PFMs, but do not provide any information about the neuromuscular activity or the
IZ. Digital palpation is completely subjective and relies on the examiner’'s
experience. High density surface EMG provides a non-invasive, quantitative
technique to assess muscle activity, yet has seldom been applied to the PFMs. In
this dissertation, | aim to develop techniques to 1) map PFM hypertonicity at rest,
and 2) help personalize treatment by guiding therapeutic neurotoxin towards the
IZ. The goal of my PhD study is to noninvasively, objective and quantitatively
assess the neuromuscular activity related to PFM dysfunction using a novel
intravaginal high-density surface EMG probe. Surface interference EMG and
decomposed MUAP information were used to elucidate PFM overactivity and
define PFM 1Z distributions. Specifically, in collaboration with Baylor College of

Medicine I;

e Mapped hypertonicity severity in women with and without confirmed PFM
hypertonicity,
e Developed a novel IZ mapping technique that can guide the location and

dosage of BONT towards the hypertonic muscle.

In collaboration with Washington University School of Medicine I:



e Determined a significant increase in normalized intravaginal EMG at rest in
women with IC/BPS (p<0.002).
e Mapped patient specific 1Z’s in thirty women

e Mapped hypertonicity severity in women with IC/BPS and healthy controls.

The enhanced spatiotemporal information afforded by intravaginal HD-sEMG
greatly enhances the ability to assess PFM activity in women. In this dissertation,
| developed a novel hypertonicity mapping technique, and for the first time, showed
spatial distribution of PFM hypertonicity in women with IC/BPS. Further, |
developed a novel PFM 1Z mapping technique, which can be used in the clinic
personalize the treatment of PFM hypertonicity. Finally, the developed techniques
can be adapted to assess PFM activity in many pelvic floor dysfunctions, including

stress urinary incontinence, fecal incontinence, and pudendal neuropathy.
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Chapter 1 Background and Introduction

The Pelvic Floor

The Pelvic Floor muscles (PFM) are skeletal muscles that are comprised of
two major layers. The first, most superficial layer, is composed of the
bulbospongiosus and ischiocavernosis muscles (1). The bulbospongiosus muscle
provides some support for the pelvic organs, but its main function is related to
support of sexual function and micturition. Specifically, the bulbospongiosus
maintains erection and facilitates ejaculation in men (2), and supports the perineal
body in women (3). The ischiocavernosus muscle, similarly, supports erection in
men, and contracts the vaginal wall during orgasm in women. Contrarily, the deep
PFM, comprised of the levator ani, iliococcygeus, and coccygeus muscles, are
integrally important in managing support of the pelvic organs, and as a result, the
maintenance of urinary and fecal continence (4). The levator ani can further be
divided into the puborectalis and pubococcygeus muscles. The levator ani muscles
have been shown to contribute the most to the support of the pelvic organs (5).
The pubococcygeus has its origin in the pubic symphysis and inserts into the
anterior sacrococcygeal ligament (6). The puborectalis shares its origin with the
pubococcygeus at the pubic symphysis but terminates at a “sling” behind the
rectum. Figure 1.1 shows the female pelvic musculature (A) and relevant viscera
(B), were PRM is the puborectalis muscle, PCM is pubococcygeus, PM is perineal

membrane, ICM is iliococcygeus.
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Figure 1.1 (A) 3D model of the pelvic floor muscles (B) pelvic floor muscles with
pelvic organs, Figure reproduced from (7).

Other important pelvic muscles that do not contribute to the anatomy to the
PFM, but are integral to the maintenance of continence include the external anal
sphincter and external urinary sphincter, both of which are circular muscles

surrounding the anal canal and urethra, respectively.

The PFM are innervated by branches of the sacral nerves S2-S4 (8). The
S2-S4 nerve roots pass through the piriformis, past the ischial spine, to enter
Alcock’s canal (9). From there, the nerve roots split into the inferior rectal (anal)
nerve, pudendal nerve, and dorsal nerve of the Penis/Clitoris (10). The S3-S4
sacral spinal nerve passes under the piriformis, past the ischial spine to innervate
the pelvic musculature. The external anal sphincter, external urinary sphincter, and

partially the puborectalis are innervated by the pudendal nerve (10). The



pubococcygeus and iliococcygeus are innervated by sacral spinal nerve S4, and

the inferior rectal branch of the pudendal nerve (10).

b
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Figure 1.2 The innervation of the PFMs. Figure reproduced from (10).

The innervation of the PFMs has been controversial. Figure 1.2 illustrates
the innervation of the PFMs, and shows varied innervation of the PFMs, where a)
shows a classical distribution, and b) shows a variant distribution. Early
electrophysiological studies by Snooks et al. (11) suggested that the PFMs are not
innervated by the pudendal nerve, but rather innervated directly by S3 and S4
spinal roots. Later studies have evidenced a dual innervation of the PFM by the S3
and S4 spinal roots, as well as the pudendal nerve (12).
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Pelvic Floor Dysfunction

Stress Urinary Incontinence
The PFM differs from most skeletal muscles in that it is constantly exhibiting

tonic motor unit activity at rest (8). The PFMs provide constant support to the pelvic
organs, thereby requiring constant muscle tone to maintain this support. The most
common forms of pelvic floor dysfunction (PFD) occur when the PFMs become
weakened at rest, or their ability to react to events of increased abdominal pressure
are diminished (13). In the “hammock hypothesis” theory, the levator ani plays a
significant role in maintaining urinary continence (14). During an IAP increase, the
levator ani contractions help the urinary sphincters close the urethra by contractile
force and maintain an angle between the urethral opening and the bladder neck.
PFM weakness or trauma can lead to excessive urethral excursion, measured as
the urethral angle change during Valsalva (15). Excessive urethral excursion has
been associated with stress urinary incontinence. PFM weakness can result from
obstetric trauma, neuropathic disorders, spinal cord injury, and healthy aging, and
as such, stress urinary incontinence is the most common form of PFD, with the
highest prevalence estimates suggesting that up to 35% of women in the USA
suffer from stress urinary incontinence (16). EMG has been used to reveal delays
in muscle response to increased intra-abdominal pressure in women with stress

urinary incontinence, signifying motor control deficits in these patients (17).

Fecal Incontinence
Anorectal disorders, such as idiopathic fecal incontinence (Fl), are frequently
encountered in the aging population and reported in up to 19% of individuals aged

65 years and older, causing a devastating impact on their quality of life (18). The



external anal sphincter (EAS), which plays an important role in maintaining
anorectal function through contributing to the resting anal tone and participating in
voluntary contraction, can be affected by aging. Multiple sophisticated studies have
reported structural/mechanical changes in the EAS associated with aging in
asymptomatic women and patients (19-22), while the mechanism by which aging
affects EAS function remains unclear. A second major risk factor for fecal
incontinence is vaginal child delivery. During vaginal delivery, pelvic nerves and
muscles are exposed to mechanical stretch and compression, and compromised
blood flow by maternal expulsive efforts (23, 24). This process can introduce
severe injuries to the external anal sphincter, pelvic floor muscles, and their
innervating nerves (25, 26), especially in cases such as large birthweight,
prolonged second stage of labor and use of instrumentation (27-29). Furthermore,
the puborectalis muscle plays an integral role in the maintenance of fecal
incontinence. The U-shaped puborectalis muscle maintains the resting anorectal
angle, aiding the EAS in maintaining fecal continence. In fact, in patients with
severe sphincter laxity, maintenance of fecal continence can be achieved by

repairing the anorectal angle with a synthetic puborectal sling (30).

The decline in the strength of a muscle can often be attributed to a number of
alterations affecting the musculoskeletal and/or the nervous systems (31),
including reduced cortical and spinal excitability (32-35), altered motor unit
discharge properties (36-39), reduced motor unit size and number (40-43),
reduced muscle mass (44), and changes in the muscle’s contractile properties (45,

46), all of which may play a role in the occurrence of idiopathic stress urinary and



fecal incontinence. Each of these factors can be assessed with sophisticated

electromyographic signal processing protocols and recording techniques.

Pudendal Neuralgia
Pudendal neuralgia is a severely painful, sometimes debilitating neuropathic

condition affecting the dermatome of the pudendal nerve (47). This leads to
neuropathic pain in the clitoris, vulva, perineum, and rectum that is exacerbated by
sitting (48). Patients often exhibit hyperalgesia, allodynia, and paresthesia across
the dermatome of the pudendal nerve. Injury can take place throughout the nerve’s
course including denervation at the neuromuscular junction, stretching of the
nerve, and compression of the nerve inside the pudendal canal (49). Compressive
effects lead to loss of conduction, which is associated with the generation of
paresthesia caused by ectopic impulses. Risk factors for pelvic floor injury during
childbirth include forceps delivery, episiotomy, increased fetal size, and prolonged
second-stage labor (23). Studies employing rabbit models have shown that
permanent nerve conduction failure can occur in peripheral nerves if strain
exceeds 15% of its original length (50). Using this standard, a simulation study
guantified the stretch of four pudendal nerve branches during childbirth,
demonstrating that the inferior rectal and perianal nerve branch innervating the
anal sphincter underwent maximum strain values above 33%, suggesting the
possibility for severe nerve damage caused by vaginal child delivery (51).
Electromyographic techniques have been employed to directly measure changes
in the conduction velocity of the pudendal nerve, which can serve as a direct
measure of nerve health (52). Future studies may aim to employ electromyography

to study changes in innervation induced by labor or other nerve trauma.
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Pelvic Floor Hypertonicity
Another form of PFD occurs when the PFMs become overactive at rest,

termed PFM hypertonicity (13). PFH sufferers are unable to void properly, resulting
in increased visceral pain, leading to a positive feedback loop where guarding
mechanisms and intravesical pain begin to perpetuate the PFM hypertonicity. This

condition is explained in the below section entitled “Pelvic Floor Hypertonicity.”

Chronic Pelvic Pain

Chronic pelvic pain (CPP), defined as persistent pain in the lower abdomen
or the pelvis without an obvious on-going disease process (53). Owing to its
multifactorial etiology, risk factors for CPP have been hard to assess. CPP is twice
as prevalent in women, when compared to men (54-56). Race has been
associated with a decreased risk of CPP in non-Caucasian women when
compared to Caucasian women (57, 58). Many conditions have been found to
underlie the CPP population, including interstitial cystitis/bladder pain syndrome
(IC/BPS), Endometriosis, Inflammatory bowel disease, and a history of sexual or
physical abuse. Complicating the diagnosis and treatment of CPP is the
coexistence of many of these disorders. If all pain source are not initially identified,

the initial course of treatments may not be curative.

IC/BPS
IC/BPS contributes to a substantial portion of CPP sufferers. In IC/BPS, patients

become hypersensitive to bladder filling, resulting in “severe pain in the absence

of any infection or any other identifiable causes” (59, 60). Bladder hyperalgesia



may present in concert with the presence of inflamed lesions on the bladder
mucosa, called Hunner lesions. Recent studies have shown that IC/BPS patients
with and without Hunner lesions may represent specific phenotypic clusters of
patients (61). In addition to bladder hyperalgesia, viscero-viscero convergence
may refer pain to adjacent organs, potentially expressing as vaginal pain or
reducing uterine contractile activity (62, 63). A significant portion of IC/BPS

patients also present with pelvic floor muscle instability and hypertonicity (64).

Endometriosis

Endometriosis is a painful disorder characterized by the growth of endometrial
tissue outside of the uterus. Pain associated with endometriosis increases during
menstruation but is not altered by bladder filling or emptying. Up to 33% of CPP
sufferers are comorbid for endometriosis (65). In addition to pain symptoms, a

certain percentage of late stage endometriosis patients suffer from infertility (66).

Inflammatory bowel disease

Inflammatory bowel disease (IBD) involves the chronic inflammation of the
intestinal tract. Inflammatory cytokines related to IBD explain the existence of pain
in 70% of IBD sufferers (67). In animal models, experimental gastrointestinal
inflammation led to increased excitability of convergent dorsal root ganglion
neurons receiving afferent input from the bladder and colon, potentially revealing

a mechanism for pelvic organ cross sensitization (68).

Vulvodynia
Vulvodynia is defined as the existence of chronic pain near the opening of the

vagina. Vulvodynia can be either provoked (PVD) or generalized (GVD) (69). The



underlying etiology of vulvodynia is poorly understood, with many competing
theories as to its pathogenesis. Generally there is an identifiable trigger or injury
to the vulva, such as childbirth, that precedes vulvodynia (70). This initial insult to
the vulva leads to noxious afferents and wind-up of the dorsal horn, leading to
peripheral and central sensitization (71). Vulvodynia is often also secondary to
another CPP disorder, such as IC/BPS (72). Vulvodynia negatively impacts sexual
function and quality of life, due to an increase in catastrophizing thoughts related

to pain during intercourse (73).

Neurophysiology Underlying Muscle Tone
Muscle tone is defined as the resting tension of muscle tissue, as described

by its deformative properties and resistance to changes in length or stretch (74).
As shown in Figure 1.7, in its simplest sense, the circuit responsible for the
maintenance of muscle tone is composed of a-motor neurons, y- motor neurons,
type la afferent fibers from mechanoreceptors in the muscle spindle, and type Ib
afferent fibers from the Golgi tendon organ (not shown), and type Il afferent fibers
(75). Muscle tone is maintained by the co-activation of the a-motor neurons and y-
motor neurons in the stretch reflex. In short, constant steady state stimulus of
intrafusal muscle fibers is maintained by y-motor neuron excitation. This excitation
keeps the muscle spindle taut and stimulates la sensory fibers, leading to the
activation of a-motor neurons (75). The a-motor neuron stimulation then
modulates contraction of the extrafusal muscle fibers, leading to muscle

shortening. Proper a-y coactivation is vital to the sensitivity of the muscle to length



changes, forming the basis for muscle tone maintenance. As such, proper o-y

coactivation of the is integral to the maintenance of muscle tone (75).

A common cause of muscle tone disorders is an insult to the upper motor
neuron. In patients with an upper motor neuron syndrome (UMNS), velocity
dependent muscle spasticity may result from altered sensory processing from la
and Il afferents (76). It is not likely that abnormal muscle tone resulting from a
UMNS is related to Y motor dysfunction, as stroke patients are able to activate the
fusimotor system during voluntary contraction (consisting of ¥ motor neurons and

B motor neurons) (77).

Hypertonicity of the pelvic floor, however, is often not due to an upper motor
neuron lesion, but rather secondary to a chronic pelvic pain syndrome. It has been
reported that increased muscle tone is present in conjunction with anxiety (78),
potentially providing an explanation for some of the increased muscle tone present
in CPP suffers. Theories which attempt to explain the emergence of PFM
overactivity and hypertonicity in women with CPP are discussed in the following

section.

Pelvic Floor Hypertonicity
Pelvic floor hypertonicity (PFH), characterized by an increase in the tonic

activity of a pelvic floor muscle, is a symptom related to myofascial pain that
presents in up to 85% of patients with interstitial cystitis/bladder pain syndrome
(IC/BPS) (79), up to 90% of vulvodynia (80), as well as a substantial portion of
irritable bowel syndrome (IBS) and endometriosis patients (81, 82). The etiology

of PFH is unclear but has been associated with direct muscle injuries such as

10



obstetric trauma, instrumented delivery or pelvic surgery, as well as overuse

injuries, that can occur due to IBS, obstructive defecation or anxiety.

PFH can be segmented into two main subgroups, non-neurogenic
hypertonicity and neurogenic hypertonicity (83). In PFH sufferers with non-
neurogenic hypertonicity, tissue properties in the PFM have become altered.
Specifically, the resting filamentary tension from stable cross-links inside the
cellular structure of the muscle filament (84). Further, passive stiffness contributed
by muscle connective tissue may influence the resting tone of the pelvic floor
muscles (84). Neither the resting filamentary tension nor muscle connective tissue

properties will influence the electrical activity of the resting PFM (85).

In sufferers with neurogenic hypertonicity, peripheral and central
sensitization result in “visceromuscular hyperalgesia,” in which pain felt in the
primary pain generator (bladder in IC/BPS) is referred to the pelvic floor muscles
(86). One theory supporting the emergence of muscle hypertonicity in response to
referred muscle pain is the Johansson/Sojka hypothesis, in which spasm induces
muscle ischemia and pain, followed by a consequential release of neuromuscular
transmitters and inflammatory mediators. Inflammatory mediators then induce
afferent (group Ill and 1V) hyperexcitability (87, 88). The group Il and IV afferent
firings then induce y motor neuron firing, leading to muscle instability, stretch
sensitivity, and increased tone via a-motor neuron excitation (87, 88). Once the
muscles become hypertonic, conditions conducive to the development of
myofascial trigger points are present in the muscle (89). It should be noted that

recent findings show induced muscle pain did not induce Y-motor neuron

11



hyperexcitability in awake human subjects, so future studies may investigate the

validity of the Johansson/Sojka hypothesis in chronic pain sufferers (90).

An important component in pain induced PFM dysfunction is the
psychological component. Sexual abuse has been shown to significantly associate
with chronic pelvic pain (91). Traumatic events have been shown to induce
neuroendocrine changes, leading to the development of behavioral changes with
may manifest as neurologic such as anxiety and depression (92), and somatic
symptoms (93). Women with vaginal and pelvic floor muscle spasm (vaginismus)
are shown to report higher levels of genialized anxiety, suggesting that anxiety
predisposes some women to develop vaginismus (94). Once vaginismus
develops, penetration becomes extremely painful, sexual function decreases and
occasionally results in complete sexual aversion (95). Furthermore, fear of pain

can contribute to additional muscle hypertonicity.

In a similar vein, CPP has been shown to significantly associate with painful
sexual intercourse (dyspareunia), with 75% of CPP sufferers reporting
dyspareunia (79). C-Fiber activation from noxious bladder afferents leads to dorsal
horn windup and altered pain processing. This induced vulvodynia then prompts
anticipatory PFM contractions in advance to vaginal penetration (96). This
symptom phenotype fits the fear-avoidance model of pain (97), in which
maladaptation to painful experiences result in chronic pain, contributing to
withdrawal from otherwise “normal” activities. In CPP sufferers, this is often
withdrawal from partner intimacy and sexual dysfunction (97). Figure 1.3

summarizes how a combination of the above factors can lead to PFH, and how

12



PFH can be the primary or secondary generator of CPP and multiple voiding,
sexual and defecatory disorders, and a major contributor to the perpetuation of

pain symptoms even after the elimination of original cause (98).

Viscerosomatic
convergence
Muscle Pain
_\1 Fear-Avoidance
v Johansson/Sojka lad . . Model
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Pain

Figure 1.3 Flowchart outlining the proposed factors and hypothesis that contribute
to pelvic floor hypertonicity/overactivity, and the interaction between
hypertonicity and symptoms of CPP. Figure adapted from (82).

Current Clinical Evaluation Techniques
Pelvic floor pain and hypertonicity is intrinsically a multifactorial dysfunction

that is attributed to a wide variety of musculoskeletal factors. Using digital
palpation, Tu et. al found that women with chronic pelvic pain disorders exhibited
significantly increased PFM tone and inability to relax the PFM (99). PFM
weakness has also been shown to associate with PFM pain, with the possible
etiology of a weak PFM being unable to support the saddle area, potentially the
posterior femoral cutaneous nerve (100). In addition to short, tight, painful pelvic

floor muscles, Haugstad et. al proposed a posture and gait based paradigm for
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explaining the presence of CPP, and found that women with CPP demonstrated a
specific pattern of posture and pain (101). In a later study, the same group
demonstrated that movement impairments of the trunk were also demonstrated by
women with CPP (102). Unfortunately, no technology is currently available for
guantitatively and objectively assessing these etiologic factors associated with
pelvic floor pain, which, otherwise, would advance the understanding of the
underlying mechanisms and allow for phenotyping patients for appropriate
intervention personalization. The assessment of musculoskeletal function in
women with pelvic floor pain commonly is achieved with digital palpation (103),

intra-vaginal manometry (104), and surface EMG (105).

Digital palpation of the pelvic musculature is carried out intra-vaginally and intra-
rectally. During a digital pelvic exam, an examiner measures the length of the
PFMs, pain upon digital palpation, presence of myofascial trigger points, and
muscle tone. As such, digital palpation relies on the examiner’s subjective opinion
on the presence of an abnormality. Tu et. al found that women with chronic pelvic
pain disorders exhibited significantly increased PFM pain upon palpation (99).
Digital palpation, as a purely subjective assessment technique, has shown to be

poorly reliable in detecting increased muscle tone (106).

Imaging technigues have shown some utility in detecting PFM hypertonicity
in women with CPP. Using magnetic resonance imaging, Ackerman et. al showed
that, on average, 15 women with CPP demonstrated significantly shorter
puborectalis muscles than 15 healthy control women, which is indicative of PFM

hypertonicity (107). In addition to diagnostic utility, imaging techniques have been
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used to aid in the treatment of CPP and PFM hypertonicity. Nesbitt-Hawes et al.
developed a novel 4-dimensional ultrasound guidance technique for guiding
injections towards a target muscle. Using this technique, they showed accurate

muscle infiltration and fluid expansion after a median of 1 injection attempts (108).

Intravaginal manometry uses an air-filled balloon to measure the pressure
inside the vaginal lumen. Pressure measurements are made at rest, and during
voluntary PFM contraction. Naess and Bo found that women with provoked
vestiblodynia demonstrated significantly increased intravaginal pressure at rest,
that was reduced to a normal range after three maximum voluntary contractions of
the PFMs (109). Nesbitt-Hawes et. al utilized intravaginal manometry as an
outcome measure to assess reductions in PFM hypertonicity after pelvic
intramuscular injections of botulinum toxin (BoNT) (110). Despite the use of
manometry in research studies, absence of validated reference ranges limits the

clinical utility of intravaginal manometry.

Conventional surface EMG technology is incapable of comprehensively
assessing the neuromuscular function of the PFM because of the complicated
pelvic anatomy (111). Commonly, patch electrodes may be placed over the
perineum or near the external anal sphincter to measure myoelectric activity
produced by the superficial pelvic floor muscles, however, this provides no
myoelectric information from the deep pelvic floor muscles. Several studies have
utilized conventional surface EMG probes to quantify muscle activity in people with
chronic pelvic pain with varied results. Hetrick et al. demonstrated that men with

CPP has significantly increased resting EMG potentials, when compared to
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controls (10.4+£3.12 vs 6.4+0.96) (112). Similarly, Loving et. al used a conventional
surface EMG probe to demonstrate that women with CPP presented with
significantly higher resting EMG when compared to women without CPP
(Median[IQR] 1.9[1.2-3] vs. 0.9[0.9-2]) (113). Engman et. al, however, found no
significant difference in resting EMG potentials between women with partial

vaginismus and asymptomatic controls (4.55+2.04 vs 4.35£2.65) (114).

These varied findings may be partially attributed to shortcomings in the
design of commercially available intravaginal SEMG probes. A reliable technique
to quantitatively assess mechanistic musculoskeletal alterations of muscles in a
comprehensive muscle network will be able to phenotype CPP patients for

appropriate physical therapy protocol but is currently lacking.

Neuromuscular Junction

The axon of an alpha motor neuron forms a synapse with an innervating
muscle fiber at the neuromuscular junction (NMJ). When an action potential
reaches the NMJ, the release of Acetylcholine (ACH) is triggered. ACh then
diffuses across the synaptic cleft to bind with Acetylcholine receptors (AChR). The
Ach then binds to nicotinic acetylcholine receptors (nAChR) which are ligand-gated
ion channels. Upon binding, the ligand gated ion channels open and allow sodium
to influx, generating an action potential inside the muscle fiber (115). This muscle
fiber action potential then propagates in opposite directions down the muscle fibers
towards the tendons. It is propagation of the sum of all muscle fibers innervated by
a single motor neuron that can be detected by multichannel EMG to localize the

innervation zone.

16



Early studies have employed cholinesterase staining to elucidate the
locations of the muscle where neuromuscular junctions are most densely
distributed. Erna Christensen illustrated the distribution of motor endplates in
sixteen muscles from stillborn infants and found that the location of densely
distributed motor endplates varied by muscle type, however, they were commonly
located near the muscle belly with some exceptions (116). Later, Pierce et al. used
a similar end plate staining technique to characterize motor end plate distributions
in the pelvic floor muscles of the female squirrel monkey. They found that the motor
endplates in the pubocaudalis and coccygeus muscles were distributed medially
across the muscle in a straight line, whereas a U-shaped distribution was present
in the iliocaudalis muscle (117). Cholinesterase staining techniques are useful in
determining neuromuscular junction and motor end plate distributions in ex vivo
tissue preparations, however, they are clearly not applicable to developing in vivo,

personalized innervation distributions.

Although these histochemical studies have shown a medial distribution of
motor end plates in the coccygeus and pubocaudalis muscles, it has been shown
that injury to the innervation of the PFMs occurs during childbirth, and even healthy
aging (51, 118). Therefore, it is necessary to develop an in vivo phenotyping tool

to produce patient specific innervation zone distributions.

Electromyographic techniques

Single Fiber Electromyography
Single-fiber EMG measures the action potentials from individual muscle

fibers but is a complex measurement technique that requires specialized
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equipment and a highly trained operator. Furthermore, the uptake area of a single
fiber electrode is approximately 300 um (119), allowing for a highly selective
recording to be made. This allows for muscle denervation and reinnervation to be
measured by calculating the density of individual muscle fibers innervated by a
motor unit, where an increase in fiber density for a particular motor unit is

representative of post-denervation reinnervation (120).

Intramuscular Needle Electromyography
Concentric needle EMG are commonly used in the clinic, due to its ease of

use and high selectivity. With an uptake area of approximately 1000-2000um,
(121) concentric needle EMG allows for the direct measurements of motor unit
action potentials (MUAP), representing the sum of all muscle fiber potentials
innervated by the same motor neuron. Concentric needle EMG is used in the clinic
for the diagnosis of neurogenic and myopathic disorders via analysis of fibrillations,

MUAP morphology, and MUAP firing characteristics.

Conventional Surface Electromyography
Surface Electromyography measures a surface interference pattern (SIP)

representing the summation of MUAP trains that occur beneath the electrode of
interest. Cancelation of motor unit action potential signals occurs due to recording
of a large selection of motor units through the skin and fat tissue, which limits the
direct interpretation MUAP morphology or spikes recorded from conventional
surface EMG (122), thereby limiting its diagnostic ability. Regardless, conventional
surface EMG has proven useful in kinesiological posture and gait analysis, and for
the differentiation of dystonias (123). In the pelvic space, conventional surface

EMG has been widely used as an assessment tool for resting and contraction
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activity of the PFM. The Glazer EMG protocol was developed to comprehensively
assess the phasic, tonic, endurance contractions of the pelvic floor, which are all
informative in measuring the ability of the PFM to contract voluntarily. This is useful
in assessing the strength of the PFMs but does not provide much help in the
diagnosis or assessment of PFM overactivity. A recent comprehensive review of
clinically available intravaginal EMG probes demonstrated a lack of channel
guantity in most, possibly predisposing these probes to recording cross-talk from

neighboring muscles (111).

High-Density Surface Electromyography
High-Density Surface Electromyography (HD-sEMG) provides abundant

spatio-temporal information regarding target muscles. This detailed information
allows for the non-invasive assessment of motor unit properties including
innervation zones, firing rate, and amplitude. This has allowed for a variety of
techniques to be developed that have furthered the non-invasive assessment of
muscle activity. The first of which is the assessment of conduction velocity (124),
which is a measure of how fast a MUAP propagates along a muscle fiber. Later
advances in signal processing developed algorithms to decompose multi-channel

SIP signals into constitutive motor unit spike trains.

The first decomposition algorithm was reported by Mambrino and De Luca
et. al, in which a template matching technique was developed and tested on
simulated and real EMG signals, demonstrating the first competent multichannel
EMG decomposition (125). Holobar and Zazula later developed a blind source

separation (BSS) technique for decomposing HD-sEMG signals via deconvolution,
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named convolution kernel compensation (CKC) (126). Ning et al. improved upon
the CKC algorithm by including an initialization step in which initial points are

clustered using k-means (127), resulting in improved decomposition yield.

The K-means modified CKC algorithm was employed to decompose the
HD-sEMG signals acquired in this dissertation, and readers interested in the
details of the algorithm are urged to read reference (127). Briefly, a time instant no
with several simultaneously active MUs was selected based on the global activity
index. Then, firing instants generated by MUs which are simultaneously active at
no are collected. The K-means clustering method was utilized to cluster these
collected firing instants into groups corresponding to different MUs. The group with
the largest number of firing instants is used to construct the initial MUAP pulse
train via the linear minimum mean square error method (128). Finally, a modified
multi-step iterative convolution kernel compensation (CKC) method (126) was
employed to update the estimated MUAP pulse trains to improve the
decomposition accuracy. MUAP pulse trains with a pulse-to-noise ratio greater

than 30 were accepted (129).

Regardless of the method used to decompose the signal, decomposition
allows for the spatial distribution of muscle activity single motor units can be
elucidated via spike triggered averaging based on spike timings from a specific

motor unit, and their innervation zones elucidated.

Innervation Zone localization
This section outlines introduces innervation zone localization techniques,

and is adapted from (130). The innervation zone (I1Z) is a term used in the EMG
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literature that indicates the physical territory of densely distributed neuromuscular
junctions to a motor unit (MU) (131). Elucidation the of global IZ distribution can

aid in the diagnosis and treatment of neuromuscular dysfunction (132-135).
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Figure 1.4 Example of innervation zone detection from a linear electrode array from
the Biceps Bracii. Reproduced from (130).

The basis for 1Z localization is provided by the propagation of MUAPs away from
the neuromuscular junction towards the origin and insertion of the muscle (131).
HD-sEMG has been used to capture this MUAP propagation by spacing SEMG
sensors parallel to the muscle fiber direction. The 1Z can then be identified merely

as the point of signal symmetry by a human observer (136). Figure 1.4 shows an
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example of IZs visually identified from biceps bracii recordings using a linear array.
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Figure 1.5 Example of a 2D mapping of a MUAP IZ from a single motor unit. .
Reproduced from (130).

HD-sEMG allows for the entire global 1Z distribution to be assessed and
enables the implementation of advanced 1Z detection methods. Decomposed
MUAP spike trains can be spike-trigger averaged to produce a two-dimensional
(2D) sEMG grid visualizing the 1Z distribution over the skin, as shown in Figure 1.5
from Biceps Bracii recordings. Three-dimensional (3D) source imaging techniques,
which are employed in brain imaging studies, have been utilized to extend the
dimensionality of IZ detection in muscles. Extending I1Z detection into 3-dimensions
allows for the depth of the I1Z inside the muscle to be localized, which is integral to
the reliable detection of the 1Z in anatomically thick muscles like the Biceps Brachii

or Rectus Femoris.

Most studies on the |IZ focus on the limb and trunk muscles, however,

several studies have aimed at elucidating the innervation zone distributions of the
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pelvic muscles. The first study to examine the IZs in the pelvic muscles was by
Enck et. al, in which a circular linear array mounted on an intrarectal probe was
employed to elucidate external anal sphincter innervation zones in 15 healthy
males, and 37 healthy females. Innervation zones were visually identified as a
phase inversion between neighboring channels in circumferentially calculated
bipolar surface recordings (137). In a later study, Cescon et al. further assessed
pelvic innervation zones intra-rectally with a glove mounted linear array (138). This
study revealed uni-laterally propagating IZs in the puborectalis muscle,
propagating towards the puborectalis sling, from the ventral direction (138). This
finding suggests a more ventral recording location, like the intravaginal surface,
would provide a better site for the localization of the 1Zs, providing the basis for the

intravaginal IZ recording location used in this dissertation.

Peng et al. later defined a comprehensive distribution of PFM 1Z’s using two
64-channel intravaginal and intrarectal probes in healthy women (133). | later
extended this work to study changes in innervation zone innervation during aging,
and found the emergence of an innervation asymmetry in older women (118),
using the spatio-temporal mappings of motor unit action potentials to localize the

IZ, as shown in Figure 1.6.
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Figure 1.6 representative bipolar mapping of the highlighted row of channels
Figure reproduced from (118)

In this dissertation, | will be using a combination of the 2-Dimensional 1Z
detections method shown in Figure 1.5 and Figure 1.6, adapted to suit the
cylindrical intravaginal probe, as shown in Figure 1.7. For 1Z localization to be
successful, the bipolar channel configuration with respect to the muscle fiber
direction must be discerned. Concurrent magnetic resonance imaging (MRI) with
intravaginal HD-sEMG probe insertion was accomplished by Voorham-van der
Zalm et al., and coronal pelvic scans revealed that muscle fibers of the levator ani
muscle complex were largely perpendicular to the vaginal wall (139). Further, PFM
diffusion tensor tractography studies reported by Zijta et. al demonstrated that
muscle fibers from the Pubovisceral (Levator ani) muscle would pass parallel to
the circumferential direction of the intravaginal probe (140), informing the decision

to employ a circumferential bipolar configuration for 1Z detection.
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Figure 1.7 lllustration of the alpha gamma co-activation responsible for muscle
tone, and the innervation zone detection and circumferential bipolar
recording setup.

Treatment

Conservative care
Clinical management of PFH involves the retraining and rehabilitation of the

dysfunctional muscles, often through behavioral and physical therapy, oral
medications, neuromodulation and trigger point injections (98). Despite these
methods, the management of PFH remains challenging and sometimes inefficient

due to its multifactorial nature (141). Treatment for pelvic floor pain is largely
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dependent on the attributed conditions underlying the pain. Commonly, 1%t line
treatment includes behavioral modification, stress reduction, and education about

CPP and pelvic muscle pain, followed by myofascial physical therapy as 2™ line.

The current gold-standard for conservative CPP management is myofascial
physical therapy. A recent landmark RCT of 81 women with IC/BPS and
concomitant pelvic floor tenderness showed a 59% global response assessment
rate to a 10-week myofascial physical therapy protocol (142). Despite being proven
to be an effective treatment for pelvic floor pain in women with IC/BPS, 41% of
women still did not respond to treatment, possibly due to heterogeneous symptom
etiology. Myofascial physical therapy treats the muscle directly via manual
manipulation of hyper-contracted muscles and trigger points, release of connective

tissue restrictions, and retraining of weak PFMs where necessary (142).

Alternative therapy techniques, like movement physical therapy, aim to treat
gait and posture abnormalities that could lead to pelvic floor muscle pain (101).
The current ‘trial and error’ approach in CPP treatments results in increased
healthcare costs and frustration for patients, necessitating careful patient
phenotyping and treatment personalization to optimize treatment. A quantitative
evaluation technique may provide a phenotyping tool to aid in this optimization of

conservative care options.

Pudendal Neuralgia
Due to the wide range of factors contributing to pudendal neuralgia,

treatment varies for each patient (143). Treatment of pudendal neuralgia starts

with conservative options as simple as avoiding activities that cause the pain. High-
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risk patients such as gymnasts and cyclists should decrease or cease such
activities. Many patients are responsive to physical therapy. A more aggressive
treatment for entrapment neuralgia is the pudendal nerve block. A guided pudendal
nerve block can both diagnose and treat pudendal neuralgia. If the pain is relived
after the block, the pain is directly related to the pudendal nerve (144). Pudendal
nerve block is successful when there is a temporary elimination of pain. The most
aggressive form of treatment is surgical. The nerve is manually decompressed by

a surgeon.

Botulinum toxin injections
Currently, botulinum neurotoxin (BoNT) is receiving growing interest in

relieving PFH and myofascial pain, with superior performance compared to
conventional injection therapies (145, 146). BoNT has proven to be effective in
treating multiple conditions including blepharospasm, spasticity, and myofascial
pain (147); and is specifically useful in managing a number of pelvic disorders
including detrusor overactivity (urge incontinence), CPP, detrusor sphincter
dyssynergia, vaginismus, obstructed defecation, and voiding dysfunction (148).
Symptom relief from BoNT injections are attributed to the blockage of acetylcholine
neurotransmitters release at the neuromuscular junction (NMJ) that are involved

in muscle contraction, nociceptive signaling (149), and central sensitization (150).

Despite its proven potency and relative safety in the management of
hypertonicity, BONT therapy is expensive and can cause dose-dependent adverse
effects. Fortuna et. al demonstrated a 95% loss of muscle strength in rabbits

injected with BoNT in the quadriceps femoris. Furthermore, they demonstrated up
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to an 80% loss of contractile tissue via fat substitution (151). In addition to a loss
of muscle strength and contractile tissue, they observed similar, albeit smaller
strength reductions in off-target muscles. Mancini et al. varied dosage strength in
lower limb spasticity patients, and patients reported pain at the injection site at
lower dosage. When dosages were increased, patients reported flu-like symptoms
and general weakness (152). At the highest end of dosages, Borodic et al. found
in rabbit studies, very high dosages (12 U/kg), the BoNT will saturate the injection
site, leading to diffusion and possibly predisposition for systemic toxicity (153).
Furthermore, Greene et. al reported the development of drug resistance in 4.3%
of torticollis patients receiving BoNT for management of muscle spasticity (154).
When looking specifically at the PFMs, high dosages have been associated with
increased rates of pelvic disorders such as urinary incontinence, urinary retention,

worsening constipation and fecal incontinence (155, 156).

Moreover, considerable variation of treatment outcome has been reported.
Abbott et al. reported significant reductions in PFM spasm in women receiving
intra-PFM BONT injections, when compared to placebo (104). Morrissey et
al.examined the utility of intramuscular EMG guidance for localizing PFM
overactivity, and the guidance of BONT injections towards these overactive
regions, and demonstrated significant reductions in patient reported outcomes, as
well as PFM pressure at rest (155). Adelwolo et al. studied outcomes of intra-PFM
BoNT injections in women with a short, tightened PFM, and found that 79.3% of
patients reported improvement in pain (156). Dessie et al. studied the effects of

intra-myofascial trigger point injections in the PFM using a double blind
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randomized control trial, and found that BoNT injections targeted towards
myofascial trigger points did not significantly improve pain symptoms associated
with CPP(157). These issues may be attributed to the varied dosages and non-
targeted injections (158). These complications and variable treatment efficacy
have reinforced the necessity of precise and reliable injection techniques to
minimize the required dose of toxin and therapy cost, while maintaining stable,

optimized treatment effectiveness (158).

Currently, the clinical injection of BONT requires the manual palpation of the
pelvic muscles and/or the trigger points, defined by small 3 to 6 mm nodules within
a taut band that reproduces the pain and referral pattern (98, 104, 159).
Instrumented guidance employing ultrasonography or electromyography (EMG)
has also been reported to improve injection efficacy; yet these studies suffered
from small sample size and the absence of control injections (155, 160).
Ultrasonography can recognize the muscle territory and differentiate adjacent
structures; however, it does not provide any further information to identify the NMJ
location, often indicated by the innervation zone (1Z). EMG can be employed to
ensure injection to the 1Z proximity (161), and injection guidance techniques are
commonly based on intramuscular EMG recordings under voluntary contraction or
electrical stimulation (162, 163). However, intramuscular EMG is limited by its
invasive nature and a lack of adequate spatial coverage for proper global 1Z
estimation. Surface EMG is the only non-invasive method to define muscle
innervation; however, it has seldom been employed to characterize the IZ

distribution of pelvic floor muscles (PFMs), possibly due to the complex pelvic
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anatomy, making the multi-channel surface access difficult. As BoNT acts at the
NMJ, it is reasonable to assume injections directed to the NMJ or I1Z will optimize
its therapeutic performance. Studies have demonstrated that increasing the

injection distance by 1 cm from the 1Zs reduced the effect of BONT by 46% (164).

Our recent Phase 4 clinical trial assessed a novel IZ localization technique
in stroke survivors, and 1Z targeted BONT injections resulted in significantly
increased reductions in compound muscle action potential (CMAP) amplitude, and
clinical spasticity scores. Figure 1.8 shows mean CMAP for the guided and non-
guided injection groups, where the left shows the absolute CMAP amplitude before
injection, at maximum efficacy (2" visit), and after washout (3" visit), and right

shows the relative reduction in CMAP amplitude before the first and second visits.
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Figure 1.8 Summary of CMAP reduction after BONT injection in the control group
(CG) and guided injection group (EG).

IZ distributions, however, vary between muscles and individuals (165).

Therefore, a strategy for reliable and precise IZ detection, specifically for the pelvic
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muscles, is necessary for establishing targeted-injection therapies for optimal

treatment.

Hypothesis and Specific Aims

Based on the research and technological gaps presented above, the topics
discussed in this dissertation aim to provide novel electrophysiological tools to aid
in the diagnosis and treatment of CPP, specifically those related to pelvic floor
hypertonicity. The central hypothesis of this dissertation is that intravaginal high-
density surface electromyography can noninvasively assess the neuromuscular

activity related to PFM dysfunction using a novel intravaginal HD-sEMG probe.

The first aim of my dissertation is to develop a patient-specific PFM
hypertonicity severity mapping technique to characterize the PFM hypertonicity
severity pattern for each individual patient with IC/BPS from their specific HD-
SEMG signals recorded from the hypertonic PFMs at rest with intra-vaginal EMG
probes. This aim will test the sub-hypothesis that the pattern of the PFM
hypertonicity severity mappings vary among patients to with IC/BPS, and the
patient-specific phenotypes of the PFM hypertonicity severity map can be

characterized from intra-vaginal HD surface EMG recordings.

The second aim of my dissertation is to develop a patient-specific PFM
innervation zone (1Z) mapping technique to map the distribution of PFM IZs for
each patient with IC/BPS from their specific HD surface EMG signals recorded
during voluntary contractions with intra-vaginal HD surface EMG probes. This aim

will test the sub-hypothesis that the locations of PFM 1Zs can be determined from
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HD surface EMG recordings by the phase reversion of the propagation of EMG

signals along muscle fibers.

Outline of Chapters

The first chapter introduces the PFMs, CPP, and diagnostic tools used to
assess the PFMs. The second chapter of this dissertation discuss the efforts to
use HD-seEMG to assess and localize pelvic floor hypertonicity in a cohort of
women with IC/BPS, and healthy controls. Chapter 3 develops a patient specific
PFM IZ mapping technique for the personalization of PFM BoNT injections in a
small cohort of women with IC/BPS. Next, the ability of HD-sEMG to localize
myofascial trigger points are discussed in Chapter 4. Finally, the first effort to
qguantify the number of functioning motor units in the puborectalis muscle is
described in Chapter 5. Chapter 6 summarizes the dissertation and suggests
future research applying the developed tools for 1) targeted 1Z injections of Botox,

and 2) personalized physical therapy.
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Chapter 2 Assessment of Pelvic Floor Overactivity in Women with
IC/BPS and Healthy Controls

Introduction

Pelvic floor hypertonicity (PFH), characterized by an increase in the tonic
activity of a pelvic floor muscle (PFM), is present in up to 85% of patients with
interstitial cystitis/bladder pain syndrome (IC/BPS) (79). The etiology of PFH is
unclear but has been associated with the release of neuromuscular transmitters,
peripheral and central sensitization, and myofascial pain (166). PFH may
perpetuate discomfort even after the original cause of the pain is eliminated (98).
Multiple studies have shown that interventions for PFM impairments including
injections (167), pudendal nerve blocks (48), neuromodulation (168) and
myofascial massage (142) relieve pain; however, the underlying therapeutic
mechanism remains poorly understood. Consequently, it is clinically important to
objectively and quantitatively assess pelvic floor dysfunction in IC/BPS to better
understand the etiology of PFH and ensure complete symptom resolution.
Unfortunately, little effort has been made to assess the contribution of PFM
innervation to PFH, possibly because of a lack of competent tools for PFM

neuromuscular assessment.

Imaging modalities such as ultrasound and MRI can detect anatomical
abnormalities but cannot assess the functional status and innervation of muscles,
which may be critical in the presence of pain syndromes. Pain arising from PFMs

with myofascial trigger points is believed to result from an excessive release of
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acetylcholine from neuromuscular junctions (NMJs) after chronic muscle
hypercontraction (169). Intramuscular EMG can detect abnormally increased
neuromuscular activity, but it is painful, and spatially limited to a small uptake area
of the needle electrode (170). Digital palpation relies on the examiner’s subjective
opinion on the presence of an abnormality, and is poorly reliable (106). The clinical
utility of intravaginal manometry is limited by the absence of validated reference
ranges, and results can be confounded by passive muscle resistance and
increased intra-abdominal pressure. Conventional intravaginal surface EMG
records neuromuscular of the activity of the pelvic floor muscles, but current
clinically available EMG probes are susceptible to cross-talk from neighboring
muscles, due to a lack of channel resolution (111). A reliable method to quantify
and integrate muscle activity from the entire pelvic floor, trunk, and leg muscles is
necessary to non-invasively phenotype pelvic floor pain patients. Objective and
guantitative measures of PFM function in IC/BPS patients are lacking, which would
otherwise help elucidate the contribution of pelvic floor dysfunction to the

pathophysiology of IC/BPS and how IC/BPS affects the PFM.

Electromyography (EMG) measures the electrical potential produced by
motor unit firings of a contracting muscle. EMG has been used to assess the
neuromuscular activity of the painful pelvic floor. Many studies have employed
conventional surface and intramuscular EMG to quantify myoelectric output at rest
in women with pelvic pain with varied results. Obtaining EMG from the deep PFMs
presents unique challenges. Trans-perineal surface EMG is convenient to use but

suffers from severe cross-talk from neighboring muscles due to the non-specificity
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of the electrodes. Intra-vaginal EMG probes have been employed to directly
measure neuromuscular global activity from the PFMs from two to four electrodes
but lack electrode density to localize EMG activity to regions of the PFMs (111).
High-density surface EMG (HD-sEMG) utilizes an array of electrodes to detect
neuromuscular information from the entire PFM, allowing for a more
comprehensive view of the neuromuscular activity, as shown in Figure 2.1B (133).
The reliability of intravaginal high-density surface EMG has been reported to be
good to excellent in healthy controls using both conventional and high-density
intravaginal probes (139, 171). To our knowledge, no studies have examined
repeated measures of intravaginal EMG in women with IC/BPS and pelvic floor

tenderness.

To bridge this knowledge gap, and to objectively phenotype IC/BPS patients
in terms of their pelvic floor function, we have recently developed a novel
intravaginal high-density surface electromyography (HD-sEMG) technique to
acquire abundant spatiotemporal PFM activity information via a vaginal probe
covered with a 64-channel array of circular electrodes (Figure 2.1A) (133). The
high spatiotemporal resolution may allow for an objective and quantitative
assessment of the neuromuscular function of PFM. This study represents the first

effort to

1) Objectively and quantitatively assess the hypertonicity severity of
different PFMs,

2) Map their NMJs, indicated by innervation zones (1Zs)
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3) Quantify the alterations of PFMs in women with IC/BPS and compare

the results to controls using the novel intravaginal HD-sEMG technique.

Materials and Methods

Women diagnosed with IC/BPS (n=15) and female healthy controls (n=15)
were recruited to participate at Washington University School of Medicine between
March 2018 and November 2019. Demographic information is summarized in Table
2-1. Inclusion criteria for the IC/BPS group: the participant must have a prior
diagnosis of IC/BPS (AUA/SUFU Guideline) (172), with pain in the bladder region
that increases with bladder filling or improves upon micturition, and PFM pain upon
palpation during the exam. Controls cannot have a diagnosis of IC/BPS or PFM
pain on exam. All participants must be above 18 years of age. The experimental
protocol was approved by Washington University School of Medicine and
University of Houston institutional review boards. Subjects were excluded if they
were unable to consent, pregnant, had concurrent IC/BPS and endometriosis, had
a history of vaginal surgery, cystoplasty, cystectomy, or were later found not to

meet the inclusion criteria.

After giving informed consent, participants completed the IC Symptom
Index, IC Problem Index, and Brief Pain Inventory questionnaires, and were then
placed in the dorsal lithotomy position for a standardized pelvic exam with the
physical therapy expert sequenced as follows. Exams were completed with the
examiner’s left hand. First, muscle length was determined (100, 173). During
placement of the examining digit in the vagina, the midpoint of the most superficial

aspect of the anterior of the PFM was identified. The depth of palpation was noted
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for the both sides of the PFM. A shortened PFM was determined if the muscle was
felt initially at the depth of the examiner’s distal interphalangeal joint. Normal length
was determined at a depth of palpation of the proximal interphalangeal joint and
lengthened was determined at the depth of the metacarpo-phalangeal joint (100,
173). Due to hand position during the exam, palpation of the left PFM was used
for analysis. Pain to palpation was determined for each of the muscle groups
(obturator internus, coccygeus, anterior, and posterior levator ani muscles) and
was graded on a 0-10 scale (174). Presence and location of myofascial trigger
points, defined as a taut muscle band or nodule felt upon palpation, in each muscle
were noted as present or absent. Active trigger points, defined as painful or
causing referred pain, as well as inactive trigger points, defined as non-painful
were noted. Inactive trigger points are found in a percentage of individuals who are
not otherwise presenting with a pain syndrome (175). Finally, the ability of each
subject to contract and lift the muscle, relax post contraction and then lower the

PFM was recorded.

HD-sEMG signals were band-pass filtered between 10 Hz and 500 Hz via
a second-order Butterworth filter. Mains interference was attenuated with a 60 Hz
Butterworth notch filter. Differential EMG signals were obtained by
circumferentially subtracting signals from neighboring channels, the resulting
signals were segmented into trials based on the study paradigm described in
Figure 2.2, and the root mean square (RMS) values were calculated channel-wise
in half-second intervals for each resting trial and all intervals were averaged. The

resting RMS ratio was calculated channel-wise for each trial by normalizing the
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averaged resting RMS values to the peak RMS reached during the corresponding
MVC trial. An increased average RMS ratio would then represent increased resting
EMG amplitude, increased spatial region of resting EMG, or decreased peak
amplitude during MVC, or a combination of each factor. Signal processing was

accomplished in MATLAB R2019b (Mathworks, Natick, USA).

Filtered HD-sEMG signals acquired during rest and MVC were decomposed
into motor unit action potentials (MUAP) using the k-means clustering convolution
kernel compensation algorithm (176). The 1Z of each motor unit (MU), which
indicates the NMJ, can be identified from a bipolar map of the decomposed 64-
channel MUAPs by visualizing the phase reversion of the propagating signals
along muscle fibers(133, 137), as illustrated in Figure 1.7, and shown in Figure

2.1.
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Figure 2.1 Summary figure of intravaginal HD-sEMG collection. A) HD-sEMG
probe, B) 64-channel electrode grid with RMS mapping overlaid, C) Raw

38



differential EMG signals for all 64 channels, D) 64-channel MUAP template
after decomposition and spike-triggered averaging

HD-sEMG acquisition commenced after the first pelvic assessment utilizing
the 64-channel intravaginal HD-sEMG probe (Figure 2.1). The intravaginal HD-
SEMG probe was designed at UH with a plastic vaginal probe covered by an 8x8
surface electrode grid and manufactured by TMSi (TMSi, Enschede, Netherlands)
as shown in Figure 2.1B. The HD-sEMG probe was lubricated with conductive gel
and introduced into the vaginal space by the study urologist. Care was taken to
standardize probe orientation between subjects by aligning the electrode gap
along the probe’s dorsal surface. A ground electrode was attached to the wrist,
and an adhesive reference electrode was attached to the thigh. HD-sEMG signals
were recorded at 2048Hz with a Refa-136 amplifier (TMSi, Enschede,
Netherlands), shown in Figure 2.1C. A 60-second resting period was allowed for
electrode-mucosa contact stabilization. Once stabilization was assured, an
additional 10-second resting period was allowed (resting trial 1) followed by a 10-
second maximum voluntary contraction (MVC). The resting and MVC trials were
repeated alternately to give a total of 3 trials for each in Session 1, as shown in
Figure 2.2. The probe was removed, followed by a 10-minute break. The process

was then repeated in Session 2.
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Figure 2.2 Detailed outline of testing protocol. Figure reproduced from (177)
Reliability

Reliability for continuous variables (RMS Ratio, Contraction RMS, Rest RMS, Peak
RMS) were calculated with via ICC(2,1), a two-way random effects, absolute

agreement model as defined in Bartko et. al (178), and is expressed as (1)

MS,—MS, . 1)
MSp+(k—1)MSe+=(MSs—MSe)

Where n is the number of subjects, k is number of sessions, MSe is the mean
squared error, MSp is the mean square of persons, MSs is the mean square of
sessions.

Statistical analysis

Statistical analysis was carried out using SciPy(179) and Statsmodels
packages for Python 3. Due to the low sample size of this study, categorical
variables were compared via a Fisher Exact test. Distributional form was
determined via a Shapiro-Wilk test, and appropriate statistical tests were used

when distributions were found to be non-normal. Continuous variables were
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compared via two-tailed Student’s t-tests, and Mann-Whitney U-tests (where
noted). Linear relationships were assessed with Ordinary Least Squares
regression and Spearman’s Rho. Receiver operating characteristic curves (ROC)
were constructed using the roc_curve() function in the scikit-learn Python package,
area under the ROC curve was calculated in the same package using the
roc_auc_score() function. Statistical significance was accepted at p<0.05. Error

bars represent 95% confidence interval.

Results

Pelvic floor exam
As expected, women with IC/BPS reported higher IC Symptom Index, IC
Problem Index, and numeric ratings of pain compared to controls (Student’s t-test,

p<0.001, see Table 2-1).

Table 2-1 Summarized patient demographics and pelvic exam findings. (*p<0.05,
**pn<0.01) fone control and one IC/BPS did not respond to the query about
current medications.

IC/BPS Control

(n=15) (n=15)

Patient Demographics

MeanSD (Range)

Age
BMI
IC Symptom Index**

IC Problem Index**

Numeric rating of Pain

(0-10)**

39.9+15.1 (20-65.2)
27.5+7.4 (17.6-46.2)
9.93+4.36 (4-18)

8.4+3.6 (3-15)

5.93+2.4 (1-9)

39.7+14.2 (23.1-70.9)
31.5+11.3 (19.2-62.7)
1.93+2.37 (0-7)

0.33+1.04 (0-4)

0.0+0.0 (0-0)

Pelvic Exam Findings
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Table 2-1 Continued

% with Shortened
PFM** 80% (12/15)

% Able to Lower PFM 40% (6/15)

% Able to Relax PFM 80% (12/15)

13.3% (2/15)
73.3% (11/15)

100% (15/15)

% with myofascial

trigger points** 86.7% (13/15) 13.3% (2/15)
Current Treatment T

No Treatment 21.4% (3/14) 92.8% (13/14)
InterStim 7.1% (1/14) 0% (0/14)
Pentosan Polysulfate 7.19% (1/14) 0% (0/14)
Phenazopyridine 21.4% (3/14) 0% (0/14)
Natural Supplements 14.2% (2/14) 0% (0/14)
NSAIDs 14.2% 2/14) 7.1% (1/14)
Opioids 14.2% (2/14) 0% (0/14)
Topical Analgesic 7.1% (1/14) 0% (0/14)
Antihistamine 14.2% (2/14) 0% (0/14)
Heat/Cold Therapy  14.2% (2/14) 0% (0/14)
Bladder Relaxant 7.1% (1/14) 0% (0/14)
Antibiotics 7.1% (1/14) 0% (0/14)

All women with IC/BPS reported pelvic floor tenderness in at least 1 muscle
upon palpation, while no controls reported tenderness. Myofascial trigger points
were present in thirteen of fifteen women with IC/BPS (86.7%) and two of fifteen

controls (13.3%) (Fisher’s Exact test, p<0.01).

PFM control was assessed during the digital pelvic exam. Twelve of fifteen

women with IC/BPS (80%) demonstrated shortened PFM alignment at rest
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compared to two of fifteen controls (13.3%) (Fisher’s exact test, p<0.01). Twelve
(80%) IC/BPS and all (100%) controls could relax the PFM (Fisher’s exact test,
p=0.224). Six (40%) IC/BPS and eleven (73.3%) controls could lower the PFM

(Fisher’s exact test, p=0.139).

Table 2-2 Summary of EMG Findings for all features tMann-Whitney U test used
for non-normally distributed distributions.

Session 1 u - Median IR Shaplro - Comparison
Wilk p-value p-valuet
RMS Ratio Control 0.099 0.041 0.104 [0.074-0.118] 0.935 0.002*
IC/BPS 0.155 0.048 0.167 [0.119-0.184] 0.471
Mean Control 6.531 4.311 5.41 [4.24-6.24] <1e-5 .
Resting RMS 0.034
9 IC/BPS 8.338 4.901 6.7 [6.84-8.65] 0.004
Mean
Control 15.954 7.388 15.02 10.46-18.28] 0.069
Contraction ontro [ ] 0.901
RMS IC/BPS 14.668 5.954 13.09 [11.13-15.77] 0.007
Peak
Control 70.717 32.168 69.01 44.89-81.06] 0.176
Contraction ontro [ I 0.263
RMS IC/BPS 60.021 35.936 45,51 [36.94-76.37] 0.004
. " Shapiro - Comparison
Med IQR
Session 2 g o edan Wilk p p-valuet
RMS Ratio Control 0.109 0.049 0.107 [0.074-0.138] 0.967 0.099
IC/BPS 0.14 0.05 0.131 [0.109-0.164] 0.829
Mean Control 6.092 4478 4.6 [3.80-6.21] <0.001
Resting RMS 0.074
9 IC/BPS 7.365 4.14 6.3 [6.03-7.89] 0.002
Mean oo ol 14.439 7.434 12.08 [9.76-15.40] 0.004
Contraction 0.361
RMS IC/BPS 15.57 6.938 14.51 [11.47-15.86] 0.023
Peak
Control 71.005 53.2 54.37 44.46-65.77] 0.002
Contraction ontro [ ] 0.431
RMS IC/BPS 55.649 32.102 47.29 [43.11-57.57] <0.001

Intravaginal High definition surface EMG

HD-sEMG signals were successfully acquired from all participants. In
session 1, the average intensity of the resting RMS ratio mappings were found to
be significantly higher in the IC/BPS group compared to controls (Mean+STD:
0.155+0.048 vs. 0.099+0.041, p=0.0019 via Student’s t-test), suggesting that

women in the IC/BPS group had either increased resting EMG, spatially broad
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region of increased resting EMG, decreased peak amplitude during MVC, or a
combination of these factors, as shown in Figure 2.4. The spatial intensity of the

resting RMS ratios for all participants in session 1 is presented in Figure 2.5.

Average resting RMS amplitude was found to be significantly increased in
the IC/BPS group (Median(IQR): 6.71 (5.84-8.65) vs. 5.42(4.24-6.24) p = 0.0344,
via Mann-Whitney U-Test), as shown in Figure 2.3 yet no significant difference was
observed in average contraction RMS amplitude (13.10(11.14-15.77) vs.

15.02(10.46-18.28) p = 0.91), via Mann-Whitney U-test).

Resting RMS amplitude was compared between groups using mixed
ANOVA, and post-hoc analysis via pairwise Mann Whitney U-tests and Wilcoxon
signed rank tests. Resting RMS amplitude was found to be significantly increased
in the IC/BPS group (p=0.034, via Mann Whitney U-test) during session 1, but not
during session 2 (p=0.074, via Mann Whitney U-test) when compared to the control
group. A significant decrease was present between session 1 or 2 for the IC/BPS
group, via Wilcoxon signed rank test, but not for controls (p=0.148 for Control,
p=0.007 for IC/BPS, via Wilcoxon signed rank test). There was no significant
difference between session 1 and 2 for the average intensity of RMS ratio

mappings in either group.

No significant differences between diagnostic group, or repeated measures
were found for mean RMS during contraction, or peak RMS reached during
contraction via mixed ANOVA and post-hoc comparison with pairwise Mann

Whitney U-tests and Wilcoxon signed rank tests.
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Figure 2.3 Comparison of resting RMS amplitude for both groups, and filtered

EMG traces from one control and IC

Reliability was assessed with ICC(2,

group are shown in Table 2-3.

Using the guidelines proposed by Portney et. al (180), mean resting RMS
showed excellent reliability for the IC/BPS and Control groups (ICC=0.94,0.97,

respectively, ICC(2,1)), good reliability for contraction RMS (ICC=0.77,0.84,

o

Control
1

ac
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Rest ; Contr
IC/BPS

Rest : Contract
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Time
(sec)

/BPS subject.

1), and results for each diagnostic

ICC(2,1)), and fair to good reliability for RMS Ratios (ICC=0.67,0.77, ICC(2,1)).

45



.25 —

o4

RMS Ratio Mapping Average Intensity
o
—3
o
@
® 0Q 0
i

Control IC/BPS

Figure 2.4 Comparison of RMS ratio spatial map intensities between Control and
IC/BPS groups.

Healthy Control

EH .
> < |

Figure 2.5 64-channel resting RMS ratio mappings for all subjects. Note: 64-
channel mappings were interpolated by a factor of 2, white dots mark the 1Z
location. Figure reproduced from (177)

Table 2.2 and Figure 2.6 summarizes EMG features for both diagnostic
groups. EMG RMS at rest was found to be 6.53+4.31 and 8.34+4.90 for the control
and IC/BPS groups, respectively for session 1, 6.09+4.47 and 7.36+4.14 for
session 2. During MVC, RMS on average increased to 15.95+7.38 and 14.67+5.95

for the control and IC/BPS groups for session 1, 14.44+7.43 and 15.57+6.94 during
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session 2. Peak RMS reached for the control and IC/BPS groups were
70.72+32.16 and 60.02+35.94, respectively during session 1, 71.01+53.19 and

55.65+32.10 during session 2.

Contraction RMS Resting RMS RMS Ratio
ns 30 ns ns
40 ' ! f 0.30 : '
ns Hk ns
ns | * 1 f ns |
35 ns | 25 4 | o |
—
+ ¢+ 0.25 1 — o
o ., ° ns
L 30 ' g N !
m m
=] 520 b ©0.20
o M o =
0 e 0] I
c c _
8 ¢ 8 15 LZHO.15 [ Control
E 20 - T E o Em IC
3 3 +
] E' X o + 0.10
101 s | 0.05 1
5 i —— —— ——
2 1 2 1 2
Session Session Session

Figure 2.6 Resting and Contraction EMG features for diagnostic groups during
both sessions. RMS ratio represents the average intensity of each subjects
RMS ratio mapping.

As shown in Figure 2.7, resting RMS ratio was compared between PFM
evaluation groups. Women from both diagnosis groups with normal, shortened, or
lengthened PFMs were grouped, and a significantly increased resting RMS ratio
mapping intensity was found in women with shortened PFMs (0.155+0.046 vs.
0.107+0.040, p=0.0058, Student’s t-test). There was no difference in resting RMS
ratio mapping intensity between women who could not lower their PFM and those
who could (0.134+0.049 vs 0.121+0.054, p>0.5, Student’s t-test). Women who

could not relax their PFM showed significantly increased resting RMS ratio map
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intensity compared to women who could (0.188+0.017 vs 0.120+0.050, p=0.028,

Student’s t-test).
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Figure 2.7 Effect of resting PFM alignment on RMS ratios

The relationship between resting RMS ratio and self-reported clinical scores
including IC Symptom Index, IC Problem Index, and 0-10 pain scores, were
assessed as shown in Figure 2.8. A significant linear relationship was found
between the resting RMS ratio and the separate self-reported clinical scores

(rs=0.523, p=0.003), (rs=0.521, p=0.003), (rs=0.60, p<0.001), in all cases.
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Figure 2.8 Linear relationships between average RMS ratio map intensity and
Symptom, Problem, and Pain Scores
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MUAP Firing rates were averaged for each subject during rest and
contraction, and the channel where the largest monopolar MUAP amplitude was
located for each MUAP. The resting RMS ratio was then logged for this
corresponding channel. The average MUAP for each subject during rest and
contraction was plotted against the resting sub-channel RMS ratio, as shown in
Figure 2.9. A significant negative relationship (p<0.03) was found between both

features in IC/BPS, but not healthy controls.
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Figure 2.9 Relationship between sub-channel RMS ratio and average MUAP firing
rate in women with IC/BPS (orange) and healthy controls (magenta).

A receiver operating characteristic curve (ROC curve) was constructed to
assess the sensitivity and specificity of each feature for both sessions, as shown
in Figure 2.10. Area under the ROC curve (AUC) depicts the ability of each feature
to correctly classify patients into diagnostic groups based on a specific EMG
feature. The RMS ratio showed good classification performance in session 1

(AUC=0.81), but poor performance in session 2 (AUC=0.67). Resting RMS

49



amplitudes showed acceptable performance in session 1 (AUC=0.73), but not in
session 2 (AUC=0.69). Average contraction RMS and Peak RMS reached during
contraction showed poor performance in both sessions (AUC = 0.51,0.60 and

AUC=0.52,0.59, respectively).
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Figure 2.10 Receiver operating characteristic curves for all EMG features in
Session 1 (above) and Session 2 (below).
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Table 2-3 Summary of reliability coefficients for each feature.

EMG FINDINGS
RMS ratio Control 0.77
IC/BPS 0.67
Resting RMS Control 0.97
IC/BPS 0.94
Contraction RMS Control 0.84
IC/BPS 0.77
Peak contraction | Control 0.71
RMS IC/BPS 0.89
ICC
Number of banding | Control 0.65
and nodules IC/BPS 0.59
Cumulative pain | Control N/A
upon palpation IC/BPS 0.89

Discussion
This study is the first to objectively and quantitatively assess the
neuromuscular function of the PFMs in IC/BPS using an intravaginal HD-sEMG

technique.

Pelvic floor hypertonicity (PFH) presents in up to 85% of patients with
interstitial cystitis/bladder pain syndrome (IC/BPS) (79), up to 90% of patients with
vulvodynia (80), an a percentage of endometriosis patients (82). In this project, we
focused on PFM hypertonicity in women with IC/BPS by having objective HD-
SEMG and subjective pelvic floor exam data. Future studies may aim to assess

these findings in a wider variety of pelvic floor pain patients.
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Conventional surface EMG has been used to quantify myoelectric output at
rest in women with pelvic pain with varied observations (85). Loving et al. used a
standard resolution surface EMG probe to demonstrate that women with IC/BPS
presented with significantly increased EMG activity at rest when compared to
controls (113). In contrast, Engman et al. were unable to find a significant
difference in resting SEMG between women with vestibulodynia and controls (114).
In this study, we showed that women with IC/BPS had significantly increased EMG
at rest when normalized against peak RMS amplitude. The variable results in past
studies can be possibly explained by signal crosstalk and/or specificity challenges

due to insufficient spatiotemporal information in conventional EMG.

In this study, we show that women with IC/BPS demonstrate significantly
increased EMG at rest, and when normalized with respect to peak RMS amplitude
during the first session. Resting RMS ratio was the most suitable feature to discern
IC/BPS from controls in Session 1, and an AUC of 0.81 was observed via ROC
curve analysis. This suggests that the RMS ratio is a better feature to aid the
diagnosis of hypertonic pelvic floor disorders in women with IC/BPS when
compared to absolute resting RMS (AUC = 0.73), contraction RMS (AUC = 0.52),

or peak RMS (AUC = 0.62).

Interestingly, we also notice a slight decrease in the average intensity of the
RMS ratio mappings during the second session. Concordantly we observed a
significant decrease in the average resting RMS in IC/BPS patients from session
1 to 2. The diagnostic ability of the average intensity of the RMS ratio maps as

indicated by AUC values, as well as the average RMS during rest decreased from
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session 1 to 2. It is possible that these decreases represent a mild therapeutic
effect of three sustained PFM MVCs or are an effect of anticipatory contraction in
response to catastrophizing the initial probe insertion in the IC/BPS group. In the
second case, it may be that the probe insertion was found to not aggravate the
PFM myalgia, so the patients do not contract their PFMs in anticipation of pain.
This finding is similar to that reported by Naess and Bo, who found that only three
MVCs were required to significantly reduce resting PFM EMG activity in thirty-five
women with provoked vestiblodynia, but not in healthy controls (109). A follow up
study with a larger sample, possible with concurrent real time imaging of the PFMs

will help determine the origin of this slight decrease in PFM EMG.

Many studies have explored the reliability of various pelvic floor muscle
evaluation techniques. Kavvadias et al. showed that, although the reliability digital
pelvic exam based measures of contractile strength was good to excellent in the
posterior levator ani, piriformis, and presence of contraction, palpation was poorly
reliable in discerning PFM tone (ICC=0.10-0.13) (181). This finding suggests that
a more reliable technique is necessary for the objective measurement of PFM tone.
Manometry has been shown to be a reliable measure of PFM tone (concordance
correlation coefficient =0.95) (182), but only allows for the presence or absence of
abnormal tone to be detected, and gives no information about the origin of an
abnormality. On the other hand, HD-sEMG has the unique ability to allow for the
decomposition of EMG signals into individual motor unit components, allowing for
information regarding the neural drive and innervation to the PFMs to be studied

(118, 133, 177). Auchincloss and McLean compared the reliability of two
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conventional intravaginal EMG probes (two channel) and showed fair to high
between trial reliability (0.58-0.98), but poor between-day reliability (ICC=0.08-
0.84). Van der Zalm et. al used a high-density (24 channel) EMG probe to assess
the PFMs of women and men with and without various pelvic ailments and showed
fair-to- excellent reliability (ICC=0.53-0.91), however it wasn’t clear if their study
design included removal and reinsertion of the probe between recording sessions.
We saw similarly high reliability using our 64-channel HD-sEMG probe (ICC=0.67-
0.97), with probe removal and reinsertion. Reliability was reduced in the IC/BPS

group, likely due to the intrinsic muscle changes present in the IC/BPS population.

Resting EMG RMS showed the highest reliability in both sessions in Control
and IC/BPS (ICC=0.97, 0.94 respectively), and was slightly higher than the
contraction-based features, or normalized EMG, for both groups. This may be
attributed to the lack of a volitional component to the resting measurements, rather,
the patient simply rests while EMG is measured from the PFMs. This finding
contrasts with Grape et. al, who found higher test-retest reliability measures in
peak contraction amplitude and average contraction amplitude compared to

baseline measurements (171).

Our study was limited by the lack of a between-day comparison. All test-
retest measurements were made after removing the probes for 10 minutes, which
can account for differences in electrode-mucosa contact, but not environmental or
hormonal factors on PFM EMG activity. Future studies should examine the

between-day reliability of intra-vaginal HD-sEMG, to see if the additional channel
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density improves upon the poor between-day reliability reported by Auchincloss

and McLean (183).

A recent comprehensive review by Keshwani and McClean investigated
commercially available intravaginal SEMG probes, and found that most of these
probes only offer one to four electrodes, leaving them susceptible to cross-talk
(111). The intravaginal HD-sEMG probe employed in this study offered a novel
solution to this issue by offering 64 evenly spaced electrodes in an 8 by 8 grid,
allowing for a true differential setup which can localize increased muscle activity at
rest, and provide high-resolution and patient-specific spatial mappings, as shown
in Figure 2.5, which conventional surface EMG probes cannot produce. We
observed unique hypertonicity distribution patterns in women with IC/BPS,
indicating that hypertonic EMG signals originating from different PFMs are patient-
specific, while the mapping results from healthy controls mostly showed uniformly

low intensity across channels, indicating an absence of PFM hypertonicity.

Previous MRI studies have revealed significantly shorter levator muscles at
rest in women with IC/BPS compared to healthy controls (107). Our study also
observed that significantly higher percentage of women (80% vs 13.3%) with
IC/BPS had shortened PFMs at rest. Women with shortened PFM at rest
demonstrated significantly higher resting EMG ratios, as shown in Figure 2.7. This
finding suggests that the shortened PFM is partially “active” in origin, and it
requires further effort to elucidate the contributions of “active” and “passive”
hypertonicity components in women with IC/BPS. Furthermore, three women could

not relax their PFMs, and demonstrated significantly higher resting RMS ratios,
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suggesting sensitivity to non-relaxing PFM, however this finding should be

confirmed with a larger sample size.

A strong linear relationship between IC Symptom Index, IC Problem Index,
patient-reported pain and average intensity of the RMS ratio mappings was found,
as shown in Figure 2.8. This finding suggests that patients with more severe pain
and urinary symptoms also had PFMs with the highest resting tone, reduced
contraction capacity, or a combination of both. Hypertonicity may contribute to the
urgency symptoms captured by the IC symptom index. In the case of a hypertonic
pelvic floor, intravesical pressures will be increased, producing an increased urge

to void.

A significant negative linear relationship was present between MUAP Firing
Rate during rest and contraction, and sub-channel RMS ratios in women with
IC/BPS, but not controls. It has been shown that average MUAP Firing Rates are
decreased in fatigued muscles (184), when taken in combination with the RMS
ratio findings, it is possible that the state of hypercontraction resulting in increased
average RMS ratios in a given muscle leads towards muscle fatigue, manifesting
as reduced MUAP firing rates. Alternatively, the muscle pain itself may be driving
the reduction in MUAP firings detected near hypertonic zones. Tucker et al.
demonstrated that experimentally induced muscle pain can significantly reduce the
MUAP firing rates of newly recruited motor units (185). Taken in this context, it may
be possible that lower firing motor units are recruited in patients with severe
symptoms potentially to adapt to the pain and limit further aggravation of the

painful/hyperactive muscle.
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Intravaginal HD-sEMG has the unique ability to localize 1Zs in the PFM. We
were successful in localizing 1Zs in all subjects tested, and a unique 1Z distribution
was present across all subjects, as shown in Figure 2.5. OnabotulinumtoxinA
(BoNT, Botox) is receiving growing interest in relieving PFH and myofascial pain
(145). However, considerable outcome variation has been reported (155, 156).
Critical to maximizing the efficacy of BONT is injection to the IZ (164). The
presented technique can be potentially applied to improve the treatment efficacy,
and reduce the treatment variation and cost, with an 1Z-targeted PFM BoONT

injection.

Muscle length changes are a critical component of the cluster of
impairments associated with myofascial pain. The method for determining length
of the PFM has not been well studied. Thus, one limitation of the current study is
that length of the entire PFM was assessed based on a clinical test of the depth of
palpation of the PFM. Future studies may aim to compare intravaginal HD-sEMG
findings with an imaging-based examination of the length of the PFM to better

identify morphological changes that occur due to hypertonicity.

An important factor not captured by the present study is the lack of parity
information from the present cohort. The pelvic floor muscles and innervating
nerves undergo significant morphological and ischemic distress during childbirth,
which likely insults the otherwise healthy innervation of the PFMs. Future studies
may employ intravaginal HD-sEMG to study changes in the innervation to the

PFMs.
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The location of muscle spasm or hypertonicity was not assessed for each
individual pelvic floor muscle component, largely because studies have shown
measures of muscle tone using digital palpation to have poor reliability (181), likely
because this measure are purely subjective. Instead, we used a less subjective
measure based on the alignment of the pelvic floor muscles with predefined
markers along the length of the examiner’s finger (100).

We made muscle level comparisons between the presence of trigger points
in each muscle and EMG signatures present near those muscles and found little
to no agreement between EMG and the trigger point exam. It is likely that surface
EMG is unable to detect trigger points, or that trigger points are electrically silent
(83). We do not believe this is a significant limitation, as myofascial trigger point
targeted Botox injections were shown to be no better than saline in a recent RCT
(157). Botox acts at the neuromuscular junction, and the innervation zone is where
neuromuscular junctions are most densely distributed. Theoretically innervation
zone targeted (rather than trigger point targeted) injections should improve
treatment outcomes in the pelvic floor muscles, which has yet to be studied.
Furthermore, the location of trigger points and innervation zones were found to
differ in the trapezius muscle (186), as well as the current manuscript, so the
therapeutic effect of trigger point injections may be improved on by instead

targeting the innervation zone.

Finally, although not explored in this manuscript, potential applications of
this technology are varied. By providing pelvic muscle 1Z distribution information

and suppressing pelvic muscle crosstalk, 1Z imaging technique may provide critical
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information for phenotyping axonal or central neurodegeneration, monitoring
neuromuscular remodeling, and guiding the precision injection of BONT for optimal
treatment outcome. Further extensions of this technique can provide depth
information based on the morphology of the decomposed MUAPs,(187) and upon
construction of an anatomical model of the pelvis, a more localized estimate of the

IZ location can be elucidated. (130, 188, 189)

Conclusions

The presented HD-sEMG technique provides a method to non-invasively
guantify and localize electrical output from the PFMs and found that women with
IC/BPS had significantly higher normalized EMG at rest compared to controls. The
HD-sEMG technique allows for spatial mappings depicting the electrical output
from the muscle at rest, unveiling unique hypertonicity distribution patterns in
women with IC/BPS. Furthermore, the high spatiotemporal resolution provided by
the 64-channel electrode grid allows for the decomposition of EMG signals,

permitting the localization of 1Zs.
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Chapter 3 Assessing Pelvic Floor overactivity in Women with
IC/BPS to guide BONT injection

Introduction

Pelvic floor hypertonicity (PFH) is characterized by an increase in resting
pelvic floor muscle tone resulting from either increased contractile activity
(neurogenic hypertonicity) and/or passive stiffness (non-neurogenic hypertonicity)
(83). PFH presents in up to 87% of women with interstitial cystitis or bladder pain
syndrome (IC/BPS) (79). The etiology of PFH in IC/BPS patients is postulated to
be that silent afferents within the bladder become activated and this results in a
constant barrage of noxious stimuli that can then result in wind-up of the dorsal
horn. This leads to the development of an abnormal viceromuscular reflex that
triggers muscular hyperalgesia and allodynia. These neuromuscular changes
result in hypertonicity (166). PFH is often identified through digital pelvic palpation,
which largely depends on the examiner’s subjective perception of an abnormality,
and therefore results can vary between examiners. Currently, there lacks a proper

objective technique that is clinically accepted for diagnosing PFH.

Furthermore, approximately 30% of patients fail conservative therapy (190)
and require more aggressive treatment. Botulinum neurotoxin (BoNT) has recently
received growing interest in the management of pelvic pain secondary to
PFH,(156) with a well-evidenced therapeutic benefit (110). BONT relaxes the pelvic
floor muscles (PFM) and nociceptive signaling by blocking the release of
acetylcholine at neuromuscular junctions. The injection location modulates the
efficacy of BONT. The therapeutic effect of BONT is suppressed by approximately
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half when injected 1 cm away from the innervation zone (1Z) (164). The 1Z
represents the location where the alpha-motor neuron forms synapses with target
muscle fibers and neuromuscular junctions are distributed densely (186). To reach
an ideal therapeutic effect, some practitioners may inject a higher dosage of BONT;
however, BONT may induce dose-dependent side effects such as urinary and fecal

incontinence.

The current clinical standard for BONT injection involves the manual digital
palpation of a hypertonic muscle, followed by an injection towards the palpating
finger (191). This injection protocol, like the assessment of PFH itself, is subjective
and inaccurate, and may not provide a consistent therapeutic effect due to non-

targeted injections.

There is no existing technique that can guide the injection of BONT to the 1Z
in the PFMs. Endovaginal ultrasound provides anatomical information but does not
specify myoelectric information. A 4D ultrasound technique was recently
developed to provide visual feedback to the operator, greatly improving the
precision and repeatability of the injection (108). Ultrasound, however, is unable to
localize the IZ or determine which muscle is overactive, permitting potential
improvements to the injection process. Intramuscular electromyography (iIEMG)
has been employed to localize hypertonicity for BONT injection; (155) however,
IEMG is limited by its invasive nature, poor spatial resolution, and is incapable of
characterizing the 1Z distribution. A competent and objective tool is necessary for

the reliable diagnosis and treatment of PFH.
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High-density surface electromyography (HD-sEMG) allows for the non-
invasive quantification of global muscle activity, as opposed to local activity
assessed by IEMG. The motor unit action potential (MUAP) initiates at the 1Z and
propagates along muscle fibers innervated by that motor unit in opposing
directions. HD-sEMG has proven to be successful in capturing this signal
propagation, and 1Zs can be determined by observing the phase reversal using

differential signal analysis or amplification (133).

In this study, the first effort to assess neurogenic PFH via an intra-vaginal
HD-sEMG probe in women with IC/BPS and localize the 1Z nearest to the
hypertonic region to allow for the targeted injection of BONT using HD-sEMG signal
decomposition is presented. This will provide a reliable tool for the characterization
of pelvic floor dysfunction in IC/BPS patients, and possibly improve the efficacy of

treatment by directing the injection of BoNT to the IZs of the hypertonic region.

Materials and Methods

Participants

Female subjects (n=7, mean age 44+13 yr., range (27-68)) with a prior
diagnosis of IC/BPS were recruited via a voluntary sample from the Urology Clinic
at Baylor College of Medicine in Houston, Texas. Inclusion criteria were females
between the ages of 18 and 70, a diagnosis of IC/BPS, and an unpleasant
sensation in the PFM in the absence of infection or an immediately identifiable
cause. Subjects were excluded from participation if they were pregnant, breast
feeding or were later found not to meet inclusion criteria. All subjects were informed
of any associated risks and gave written informed consent. The institutional review
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boards of the Baylor College of Medicine and the University of Houston approved

the experimental protocol.

Study Protocol

Urinary and pain symptoms associated with IC/BPS was assessed with the
interstitial cystitis symptom and problem index. Pain symptoms were assessed
with the McGill pain questionnaire, pain quality assessment scale, and Numeric
Pain Rating Scale. Participants were asked mark their baseline pain on a 0-10
numeric pain rating scale (0 is no pain, 10 is worst possible pain). Subjects were
asked to consider their pain in the preceding week. Subjects were then situated in
the dorsal lithotomy position, and digital pelvic exams were administered by the
study urologist. Pain upon palpating the left and right sides of the obturator
internus, pubococcygeus, and puborectalis was graded on a visual analog scale.

Muscle tone was assessed binarily and noted as normal (-) or hypertonic (+).

A 64-channel (8x8) high-density surface electromyography (HD-sEMG)
probe (length 175 mm, diameter 22.7 mm, inter-electrode distance 8.5 mm) as
shown in Figure 3.2 was lubricated with conductive gel and introduced into the
vaginal space. Figure 3.2 shows A) Recording electrode with 64-channel mapping
overlaid and intra-vaginal HDSEMG probe; B) 64-channel mappings for each
subject in the non-hypertonicity group (Subjects 1-3, 5-6) generated from session
1; C) 64-channel mappings from each subject in the hypertonicity group (subjects
4 and 7) from session 1. Red indicates increased muscle RMS amplitude at that
location. Mappings in Figure 3.2 were interpolated by a factor of 4 for display

purposes.
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A fully soaked Velcro strap was affixed to the wrist as the ground, and a
single reference electrode was placed to the subject's thigh. Subjects were
instructed to relax, and resting EMG activity was simultaneously recorded for 60
seconds. All HD-sEMG recordings were sampled at 2048 Hz with a Refa 136-
channel amplifier (TMSIi, Enschede, Netherlands). Signal quality was verified in
real-time via a display monitor. To evaluate the repeatability of HD-sEMG
recording, a 5-10-minute rest period was given, and then same recording protocol
was repeated by the same examiner to give session 2. Consistent probe depth
and orientation was achieved by orienting the company trademark in the anterior
direction. Care was taken by the physician to keep the probe in a fixed location,
with no longitudinal movement or rotation of the probe during testing to maintain a

fixed spatial reference by holding the probe during the recording session.

Signal processing

Resting HD-sEMG signals were bandpass filtered between 10 and 500 Hz
with a second-order Butterworth bandpass filter. Time periods with movement
artifacts or poor electrode contact were segmented out from further analysis.
Power line contamination was removed with a 60 Hz second-order Butterworth
notch filter. Root mean squared amplitude (RMS) was calculated for each channel
in 0.5 second intervals. The resulting resting RMS values for each 0.5 second
interval were then averaged to give a 64-channel RMS mapping. The average
resting RMS of the 16 channels with the highest RMS amplitude were averaged

and termed the “hypertonicity index” (HI), and were compared between groups,
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and sessions, as shown in Figure 3.3(C). All offline processing was performed

post-exam in MATLAB R2018 (Mathworks, Natick, MA).

Monopolar HD-sEMG recordings during rest were decomposed into
constitutive MUAP spike trains using a blind source separation approach, as
described in previous publications (127). The 64-channel MUAP profiles were then
constructed using by averaging the HD-sEMG signals at the time of each
decomposed MUAP’s firing. The bipolar mappings of each 64-channel MUAP
profile was obtained by subtracting the signal of each channel from that of its

neighboring channel in a clockwise direction around the probe.

IZs were visually identified by observing the phase reversal from the bipolar
mappings (130, 186, 192), as shown in Figure 3.1 and 3.2. The clock position in
axial view, depth from the introitus, and MUAP propagation length were noted and
visualized for each motor unit, as shown in Figures 3.4 and 3.5. MUAP propagation
length was determined by the most distant channels with visible MUAP waveforms

(> 10 pV) from the defined 1Z.
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Figure 3.1 Top) Filtered HD-sEMG signals from one subject, Bottom) 64-channel
motor unit action potential mapping overlaid on hypertonicity mapping result
for one subject. Red box marks the IZ location. Figure reproduced from
(193)

Statistical analysis

Subjects with confirmed PFH were grouped to the hypertonicity group and
the remaining subjects were grouped to the non-hypertonicity group. The
repeatability of the HD-sEMG assessment was evaluated by the correlation

coefficient (CC) between the hypertonicity indexes in two consecutive sessions.
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Figure 3.2 Summary of hypertonicity mapping results. Figure reproduced from
(193)

Results
The average interstitial cystitis symptom and problem scores were 10£1.8

(range: 8-14) and 9.4+2.2 (7-13), respectively. The average self-reported baseline
numerical pelvic pain score of pain felt in the preceding week for all subjects was

5.6x1.7 (3-8). All seven subjects described their pain as “intense”, “cramping”, and
reported a sensation of “heat” in the PFM muscles, as described in the pain quality
assessment scale. 3 of the 7 subjects reported numbness or the sensation of
electrical shocks in the PFM. PFM pain and muscle hypertonicity upon palpitation
was assessed all subjects, and summarized in Table I. An averaged cumulative
pain score, defined as the sum of pain felt in each muscle when palpated, of

16.3+6.9 (7-27) was found. PFH was observed in two of the seven subjects.

Average cumulative pain upon palpation for the women without PFH was 14.6x7.4

67



and 20.5£2.5 for women with PFH. The average baseline pain scores were 4.8+1.3

and 7.5+0.5, for women without and with PFH, respectively.

Table 3-1: Digital VAS pain scores and hypertonicity assessment (+/-) for all
subjects upon palpitation.

Sub NPS ROl LOI RPC LPC RPR LPR CP HI

1 7 3(-) 3() 2() 2() 0() O() 10 3.0+1.0
2 5 5(-) 9(-) 6() 7() 0() 0() 27 5808
3 4 0(-) O0() 2() 3() 1() 4() 10 5603
4 8 3() 2() 6(+) 5(+) 4() 3(+) 23 151+3.4
5 3 0(-) 1() 2() 2() 1() 1() 7 3.6+18
6 5 0(-) 4() 4(-) 5() 3() 3() 19 47+12
7 7 3() 3() 4() 2() 3(+) 3() 18 10.2+3.2

HD-sEMG signals were successfully acquired from all subjects, and 64-
channel high-density RMS mappings were calculated for the subjects without
hypertonicity Figure 3.2(B) and with hypertonicity Figure 3.2(C). Figure 3.3
summarizes the findings for all subjects, where A) shows a bar chart displaying
hypertonicity index for both sessions; B) Comparison of hypertonicity index
between sessions; C) Bar-plot for both groups and sessions. A marked difference
between groups was found in sessions 1 and 2. An apparent reduction in
hypertonicity index was found between sessions 1 and 2 for the hypertonicity

group, but not the non-hypertonic group.

Average hypertonicity indexes of 4.5+1.2 (3.0-5.7) and 12.6+£3.5 (10.2-15.1)
were obtained for subjects without hypertonicity and with hypertonicity
respectively, as shown in Table 1 and Figure 3.3(A). Subjects with PFH

demonstrated a higher hypertonicity index in both sessions 1 and 2. The proposed

68



hypertonicity index was repeatable with a correlation coefficient between sessions
1 and 2 of 0.95, as shown in Figure 3.3(B). The hypertonicity index represents the
myoelectric output of the muscles nearest the 16 channels with the highest
amplitude. In both subjects with hypertonicity, the RMS mapping “hotspot”
appeared on the ipsilateral side with respect to the hypertonic muscle found on the
digital muscle tone exam. Hypertonicity index was not associated with increased
pelvic floor muscle pain upon palpation in each muscle. Subjects with PFH,
however, reported higher average baseline pain (4.8+1.3 for the non-hypertonicity
group, 7.5+£0.5 for the hypertonicity group), and slightly higher cumulative pain

upon palpation (14.6+7.4 for the non-hypertonicity group and 20.5+2.5 for the

hypertonicity group) .
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Figure 3.3 Summary of hypertonicity index and repeatability results. Figure
reproduced from (193)
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IZ locations were successfully localized from the decomposed HD-sEMG signals,
as exemplified in Figures 3.1, and 3.4. The |Z detection technique is summarized
in Figure 3.4, where 1Z mapping in both expanded HD-sEMG grid view (A)&(B) and
axial view (C)&(D) in IC/BPS subjects with PFH. Red dots mark 1Z locations of
hypertonic muscle; Blue dots mark IZ locations of non-hypertonic muscle. Values
in axial view (C)&(D) indicate the corresponding 1Z depth in cm from vaginal
introitus. The black trace marks the propagation of the motor unit action potential.
The IZ depth and orientation measures are made based on the vaginal HD-sEMG
electrode configuration in (E) and (F). In subject 7, hypertonic zones were found
near the right puborectalis (LPC) and right puborectalis (LPR), agreeing with our
digital palpation findings. An axial depiction of decomposed motor units innervating
the PFM was derived, as shown in Figures 3.4(C) and 3.4(D).

The linear relationship between either baseline pain, or cumulative pain,
and average hypertonicity index was assessed using Spearman correlation as
shown in Figure 3.5, and strong correlation was found for baseline pain and
hypertonicity index (R=0.67). Cumulative pain upon palpation and hypertonicity

index were found to be moderately correlated (R=0.44).
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Figure 3.4 Summary of proposed IZ injection guidance technique. Figure
reproduced from (193)
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Figure 3.5 Left) Relationship between average hypertonicity index and baseline
pain. Right) Relationship between average hypertonicity index and
cumulative pain upon palpation. Figure reproduced from (193)
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Discussion

This study presents the first effort to assess PFH and extract innervation
information in female IC/BPS subjects using intra-vaginal HD-sEMG. The
presented intra-vaginal probe can capture abundant myoelectric information from
muscles located in the proximity of the vaginal wall, including puborectalis,
pubococcygeus, and bulbospongiosus. In subjects with confirmed hypertonicity,
the RMS mapping “hotspot” appeared on the ipsilateral side with respect to the
digital muscle tone exam. A marked difference in the RMS mapping and defined
hypertonicity index acquired at rest was found between IC/BPS subjects with and
without hypertonicity, as shown in Figure 3.2(B) and Figure 3.2(C). An increase in
hypertonicity index was found in the hypertonic group, when compared to the non-
hypertonic group, as shown in Figure 3.3(C), indicating that the proposed HD-
SEMG based technique can detect hypertonic muscles from resting EMG signals.
A decrease in hypertonic index was found between sessions 1 and 2 for the
hypertonic group, but not the non-hypertonic group. Our findings in the non-
hypertonic group were similar to those reported in healthy subjects by Grape et al,
with a mean hypertonicity index of 4.5+1.2 being comparable to their resting EMG

amplitude findings of 5.0£1.1 pV in 17 healthy women (171).

Furthermore, the hypertonic zones visualized from the mapping match well
with the hypertonic muscles defined by the digital pelvic exams. Our results
suggest that HD-sEMG can be a promising tool to enhance the clinical diagnosis
of PFH, including the localization of hypertonic muscles via RMS mapping and the

objective estimation of severity.
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A relationship between hypertonicity index and individual muscle pain
scores upon palpation was not observed. This observation suggests that severe
pelvic pain can exist in the absence of a myofascial component. This may be
explained by the etiology of PFH, where noxious stimuli (pain) results in
upregulation of the dorsal horn, causing central and peripheral sensitization.
Viscerosomatic convergence can then lead to painful muscles, causing muscle
spasms, instability and hyper contraction. In this case, the pain may exist without
the associated muscle over activity. It should be mentioned that the patients with
hypertonicity rated their baseline pelvic pain to be much higher than the patients
with normal muscle tone, as shown in Figure 3.5. Furthermore, previous studies
have estimated the prevalence of PFH in ICBPS patients to be as high as 87%
(79). The low rate (28.5%) of PFH we observed is likely explained by the low
sample size of our study, and care should be taken not to extrapolate this

prevalence to the general population.

IZs are commonly identified using a evenly-spaced linear electrode array
that is placed along the muscle fiber direction (192). Beretta Picolli et al. employed
visual signal inspection for signal phase inversion to localize 1Zs in 43 superficial
muscles, and reported excellent or good results in 76% of the muscles using this
method (192). Enck et al. were the first to assess external anal sphincter 1Z
distributions by employing visual identification of signal phase inversion in 52
healthy adults (137). If 1Zs are unable to be discerned directly from the surface
interference pattern, a valid alternative is a decomposition based 1Z detection

scheme. Our previous work has demonstrated the feasibility of characterizing 1Z
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distribution in the pelvic muscles of healthy participants using pelvic HD-SEMG.
Peng et al. employed HD-sEMG decomposition to generate an 1Z distribution of
the PFMs of healthy young women (133). Dias et al. applied a similar technique to
study the IZ distribution of the EAS in young and elderly healthy women (118). HD-
SEMG decomposition was performed in the present study to suppress signal
crosstalk and generate a clean mapping for the estimation, and we successfully
generated personalized 1Z mappings for each subject. As shown in Figure 2.4(A),
we were able to localize an IZ near the hypertonic zone for both subjects with
hypertonicity from the decomposed surface interference pattern EMG data,
suggesting the feasibility of an HD-sEMG guided injection protocol directed to the
IZ. A marked inter-subject variation of the 1Z maps was observed, as shown in
Figures 3.4 (C) and (D), which coincides with previous observations of varied 1Z
distribution in limb muscles (136). This finding stresses the importance of a

personalized injection strategy to maximize BoNT efficiency.

Future studies may explore whether the derived axial 1Z mappings shown
in Figure 3.4(C) and (D) can be used to optimize the treatment efficacy of BoONT
for alleviating PFH. The efficacy of BoNT therapy can likely be potentiated by
endplate targeted injections achieved by specifying the muscle(s) responsible for
PFH, as well as the offending IZ. Lapatki et al. reported a 46% reduction in efficacy
when BoNT was injected 1 cm away from the 1Z, stressing the importance of an
accurate injection guidance (164), however it has yet to be determined if these
results can be generalized to the PFMs. Several studies have explored guided

BoNT injections by employing ultrasound techniques to localize spastic muscles in
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both limb and face muscles (194, 195). Ultrasound, however, is unable to quantify
neuromuscular activity and is best used as a source of real-time feedback during
BoNT injection, rather than a tool to localize the source of muscle spasticity.
Morrissey et al. utilized intramuscular EMG (IEMG) to specify the muscular origins
of PFH in women, and reported significant improvements in pain scores upon
BoNT injection (155). However, iIEMG does not provide an estimation of the global
muscle activity of the PFM; rather, it is limited to the small uptake area of the
intramuscular sensor. This limitation necessitates multiple needle insertions to

assess the activity of the entire pelvic floor.

It is important to contrast myofascial trigger points and 1Zs. Myofascial
trigger points are identified by a palpable band or nodule in the muscle that refer
pain and elicit a twitch response when touched. A recent trial of BONT injections
into palpable myofascial trigger points in women with myofascial pain did not result
in a significant improvement in myofascial pain when compared to placebo (157).
However, the accuracy of manual needle placement has been proved surprisingly
low, and in most cases more than half (57%) injections fell outside the target
muscle (196). In addition, as BONT acts at the neuromuscular junction, which is
electromyographically indicated by the 1Z, injection towards the 1Zs in hypertonic
patients may produce better therapeutic outcomes than trigger point injections. In
fact, the location of myofascial trigger points and IZ’'s have been shown to not
overlap. Barbero et al. used a IZ detection technique to compare the locations of
IZs to myofascial trigger point locations in the upper trapezius muscle, and found

that trigger points were proximally located to the 1Z, but did not overlap (spaced
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10.4mm apart on average) (186). This finding suggests that BoONT injections

targeted near trigger points may not reach the IZ.

In addition to personalizing injection therapies, the proposed hypertonicity
mapping technique may help guide myofascial and/or Theile’s massage towards
hypertonic muscles. Weiss et. al used conventional surface EMG to show that
women with myofascial pain demonstrated high resting EMG pre-treatment via
manual therapy when compared to post-treatment sessions (190). We believe that
augmenting the myofascial massage procedure presented in Weiss et al. to
include patient-specific HD-sEMG guidance towards hypertonic muscles, rather
than simply as a measure of global muscle activity may improve treatment

outcomes.

Although HD-sEMG can reliably capture activities from multiple muscles, it
is unlikely that vaginal EMG is successful in detecting signals from the obturator
internus, or piriformis. Source imaging studies need to be completed to verify this
assumption. Another limitation of this study is the lack of an objective measure of
PFM tone, such as vaginal manometry. Therefore, we can only use the subjective
findings of the digital exam to validate the proposed technique. However, our
results suggest that the hypertonicity index can stand as an objective measure of
PFH severity and may provide new perspectives in the understanding and
diagnosis of PFH. Follow-up studies with a larger sample of hypertonic subjects
are necessary to confirm these findings. The location of the probe electrodes with
respect to the surrounding anatomy needs to be confirmed for our probe in a future

study. Magnetic resonance images have been published with a similarly
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dimensioned intravaginal probe in place, and it was able to clearly capture signals
from both sides of the puborectalis, pubococcygeus, and iliococcygeus muscles

(139).

Finally, a concurrent EMG-anatomical imaging study should take place to
assess potential confounding factors introduced by anticipatory contraction of the
PFMs prior to pelvic exam or intravaginal HD-sEMG. Following a fear-avoidance
model of chronic pain, pelvic floor muscle contraction may occur in anticipation of
a painful trigger, in this case, vaginal penetration with the EMG probe. This
vaginismus would be predominantly exhibited in the IC/BPS group, but not the
Control group. We believe this sequela would present in women with a history of
sexual abuse or pelvic trauma, however, this information was not collected at the
time of data acquisition. Even in the case of vaginismus driving the heightened
intensity of RMS ratio mappings, the opportunities for treatment are the same. 1Zs
could potentially be injected with BoNT to transiently relive the vaginismus,
allowing for the patient to undergo desensitization for potential triggers, ending the

vicious pain cycle.

Conclusion

HD-sEMG provides novel perspectives for assessing the neuromuscular
health of the PFMs. We have found that this intra-vaginal HD-sEMG probe was
successful in assessing PFH in women with IC/BPS. The innervation information
of the PFM, whether hypertonic or not, can be extracted to provide a personalized

IZ mapping that may greatly benefit the clinical management of PFH.
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Chapter 4 Assessment of PFM myofascial trigger points using

HD-sEMG

Introduction

Myofascial trigger points (TrPs) are defined as a bundle of dense,
hypercontracted muscle sarcomeres that can be palpated as a small localized
nodule or band inside a muscle. TrPs can be latent, in that they do no refer pain
when palpated, or active, in which they do refer pain upon palpation. There are
multiple proposed etiologies surrounding the observance of TrPs. The first
proposed theory is the “energy crisis theory (197).” In short, the energy crisis
theory proposes that muscle trauma leads to the release of Calcium from the
sarcoplasmic reticulum, causing muscle fiber shorting and the emergence of a tight
band of muscle (197). This constant fiber contraction leads to a positive feedback
loop in which metabolic activity is increased, and blood flow is decreased, leading
to ischemia and an energy crisis (197). This energy crisis theory proposes that the

TrPs are endogenous contractions, and electrically silent.

A later theory, referred to as the “expanded trigger point hypothesis”
proposes that the physiology underlying TrPs centers around the equilibrium of
Acetylcholine (Ach) in the postsynaptic membrane (89). Normally, an equilibrium
exists facilitating the removal of Ach from Acetylcholine receptors (AChR)s via
acetylcholinesterase (89). When injury occurs whether due to trauma or muscle
overuse, muscle fibers begin to degenerate and release cytokines leading to
increased muscle pain. Furthermore, the ischemic conditions lower the pH of the

motor endplate, facilitating the release of calcitonin gene-related peptide. This
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release results in a cascade of events in which Ach equilibrium is lost, and
persistent muscle fiber contraction emerges, as is felt as a nodule or taut band of
fibers upon palpation (89). The newly formed TrP then forms a positive feedback
loop in which more cytokines are released, and more ischemia occurs,

perpetuating the existence of the TrP.

Hubbard and Berkoff first measured spontaneous electrical activity via
needle EMG from TrPs located inside the trapezius muscle, and remarked a
significant increase in baseline needle EMG amplitude inside the active TrPs of
tension headache and fiboromyalgia sufferers (198). However, it is not clear if these
observed spontaneous spikes were the result of mechanical abrasion of the
endplate zone by the insertion of the needle electrode. Furthermore, Thomas and
Shankar reported reduced blood flow inside the TrP, potentially suggesting an
ischemic etiology of pain in active TrPs (199). The same group reported
hyperechogenic in the regions near a TrP using 2D and 3D ultrasound (200).
These studies demonstrated that the Trp is a densely contracted band of muscle

that can be seen on ultrasound imaging.

To date, objective measures of TrPs in the PFMs patients are lacking, which
would otherwise help elucidate the contribution of pelvic floor dysfunctions to the
pathophysiology of IC/BPS and provide objective characteristics of IC/BPS.
Although previous studies suggest that TPs IZs, are well-defined distinct regions
in the trapezius muscle (186), and injections at the IZ location showed a better
treatment outcome than TrPs (164), the relation between TPs and IZs in IC/BPS

patients with hypertonic PFM remain poorly investigated, leading to non-targeted
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injection sites and dose. Recent advances in non-invasive high-density (HD)
surface electromyography (EMG) technique have demonstrated itself as a
promising tool to overcome these limitations. Clinical evidence has shown that
spontaneous electrical activity is a characteristic behavior of TP, which can be
captured by surface EMG electrode at rest (16), providing the basis to the detection

of TPs based on objective measures

Materials and Methods

Materials and Methods were as described in Chapter 2 “Assessment of Pelvic
Floor Overactivity in Women with IC/BPS and Healthy Controls”. The presence of
palpable hypercontracted bands and nodules in the PFMs were noted during the

pelvic exam. Cohens k was calculated as

K =2"Fe (2)
1-pe

Where Po is the observed agreement, Pe is agreement by chance. Cohens k was
chosen as it is a robust measure of agreement that accounts for agreement due to
random guessing (201). Any k value below 0.20 represents that the measures
demonstrate no agreement (201). RMS Ratio and RMS ratio mappings were
calculated as described in Chapter 2. Location of PFM TrPs felt during were
overlaid on RMS ratio mappings, and agreement between the RMS ratio mapping
and TrP location was accepted if the RMS ratio of at least one channel near the
muscle of interest was greater than 40%, and a myofascial TrP was present in the

muscle corresponding to that channel.
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Results and Statistical Analysis

As shown in Figure 4.1 average intensity of RMS ratio mappings for women
with CPP and TrPs was 0.156+.055, and 0.139+0.055 for those without TrPs. The
average intensity of RMS ratio mappings for healthy controls with latent TrPs was
0.098+0.042, and 0.103+0.034. for those without latent TrPs. Means were
compared with Student’s independent t-tests. There was no significant difference

between women in either group with or without TrPs (p>0.5, Student’s t-test).
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Figure 4.1 RMS ratios for participants with and without myofascial trigger points.

The agreement between TrP location and hypertonicity was poor, with Cohen’s k=
0.08. Figure 4.2 shows the RMS Ratio mappings for all subjects, with the Trigger
point locations detected via digital palpation marked by a red box in women with

CPP.
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Discussion
This study is the first effort to employ HD-sEMG for detecting myofascial

TrPs in the PFMs. In this study, we show that myofascial TrPs are not directly
associated with significantly increased EMG activity. The proposed HD-sEMG
technique could not detect myofascial trigger points that were identified during the
digital pelvic exam. This may be because, based upon the “energy crisis” theory

myofascial trigger points are electrically silent (83).

Recently, Lu et al. reported increased IEMG activity at trigger points that
subsided with dry needling (202). These contrasting results suggest that trigger
points may not produce a large enough electrical signature to be reliably detected
with sEMG. Our study did not find a clear relationship between a muscle exhibiting

a trigger point and an increase in resting RMS ratio.

A recent RCT comparing myofascial TrP targeted BoNT injections showed

no significant improvement in pain symptoms over placebo. Our study provides a
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possible explanation for this, in that by targeting myofascial TrPs, the BONT may
not be the most optimized injection strategy. By targeting TrPs, the BONT may not
be reaching the specific pelvic muscle that is in hyper-contraction. Barbero et al.
showed that myofascial trigger points are located, on average, 10.4mm away from
the 1Z. Taken in combination with the results of Lapatki et al, who showed that
injections distanced at least 10mm away from an IZ reduced injection efficiency by
up to 46%, it is possible that trigger point targeted injections may in turn be
compromising the optimal treatment efficiency of BoNT, as trigger points and IZs

are distinct muscle features spaced on average 10.4mm apart (186).

Several studies have demonstrated that targeting BoNT towards hypertonic
PFMs significantly improve treatment outcomes. Morrissey et al. examined the
utility of intramuscular EMG guidance for localizing PFM overactivity, and the
guidance of BoNT injections towards these overactive regions, and demonstrated
significant reductions in patient reported outcomes, as well as PFM pressure at
rest (155). Likewise, Adelwolo et al. studied outcomes of intra-PFM BONT
injections in women with a short, tightened PFM, and found that 79.3% of patients
reported improvement in pain (156). Our current study thus supports the findings
of Morrissey and Adelwolo, in that targeting BoNT injections towards hypertonic

muscles is a preferable strategy in comparison to trigger point targeted injections.

Conclusions
This chapter aimed to develop a non-invasive technique for assessing and

locating myofascial TrPs. The HD-sEMG technique was unable to localize

myofascial TrPs alone. However, by combining information acquired from digital
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palpation, potential considerations for future treatment, namely the preferable

injection of hypertonic muscle instead of myofascial TrPs.
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Chapter 5 Non-invasive and Quantitative Assessment of the
Number of Functioning Motor Units in the Puborectalis Muscle

Introduction

Motor unit number estimation (MUNE) serve as a neurophysiological tool to
guantify the number of functioning motor units in a target muscle, by calculating
the ratio between the CMAP, representing the size of the whole muscle’s
neuromuscular capacity, and single motor unit potential (SMUP), representing the
size of an individual motor unit (MU) (203). MUNE has been employed to aid in the
diagnosis, and progression tracking of various neuromuscular diseases (204).
Specifically, MUNE has been used to monitor the progression of motor neuron
disorders like amyotrophic lateral sclerosis (ALS), spinal cord injury, polio, and the
gradual loss of MUs that occurs with normal aging. Despite the promising
performance of MUNE in distal and proximal limb muscles, no effort has been
made to apply such techniques to the pelvic space in human subjects,(205) due to
the complicated anatomy of the pelvis, poor accessibility to the nerve, and

invasiveness of current MUNE techniques.

The aforementioned technical roadblocks have impeded the estimation of
MU numbers in proximal muscles, and are especially prohibitive to pelvic floor
muscle (PFM) applications (205). Furthermore, incremental, multi-point, and
statistical MUNE techniques all require repetitive stimulation of the target nerve,
and substantial tolerance from the operators and subjects. Such an arduous
acquisition is not well suited to an intra-rectal stimulation system, as is required for

a PFM application. Spike triggered-averaging (STA) (204) and decomposition
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MUNE (206) require the painful placement of an intramuscular sensor to determine
motor unit action potential (MUAP) spike times. Clearly, the application of MUNE
to the pelvic space requires a non-invasive technique that minimizes patient

discomfort.

High-density surface (HD-sEMG) signals can be decomposed into
constitutive motor unit spike trains, providing the basis for a non-invasive
evaluation of muscle function at the MU level. Peng et. al reported the successful
decomposition of EMG signals acquired from the pelvic muscles of healthy women
using a 64-channel HD-sEMG probe, suggesting the feasibility of estimating the
SMUP size from intra-vaginal recordings (133). Our previous work has developed
an HD-seEMG MUNE method in the biceps brachii muscle with marked repeatability
(207). HD-sEMG MUNE provides a unique opportunity for PFM applications, by
employing non-invasive recording techniques and avoiding repetitive stimulations.
In this study, HD-sEMG MUNE was applied, for the first time, to pelvic muscles, in
order to test the feasibility of using HD-sEMG MUNE as a non-invasive
electrophysiological biomarker for assessing the number of functional motor units

in the PFMs.

Material and Methods
Participants

Female subjects (n=5, mean age 48+19 years, range (19-71)) presenting
with symptoms of pudendal nerve entrapment, who were scheduled for a pudendal
nerve terminal motor latency test (PNTML) to test for motor impairment due to

entrapment, were recruited via a voluntary sample from the outpatient Neurology
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Clinic at Fort Bend Neurology. All patients gave informed consent. Study protocol

was reviewed by the UH IRB.

Signal Acquisition

During a standard-of-care pudendal nerve terminal motor latency (PNTML)
test, subjects were situated in the supine position on an examination table. A
ground electrode (TMSi, Enschede, Netherlands) was affixed to the left wrist of the
subject. A monopolar needle (26 Gauge, Ambu, Baltorpbakken, Denmark) was
first inserted into the left bulbospongiosus muscle to record the intramuscular
CMAP (iCMAP) and PNTML. A 64-channel intra-vaginal surface EMG probe was
introduced into the vaginal space, and EMG activity was recorded at 2,048Hz with
a Refa-136 bio-signal amplifier (TMSi Refa, Enschede, the Netherlands), as shown

in Figure 5.1B.

A St. Mark’s stimulating electrode was affixed to the examiner’s right hand
and attached to a constant current stimulator (Cadwell Central, Kennewick WA,
USA). Rectangular stimuli with a pulse width of 0.2 msec were triggered manually
by an experienced technician. The examiner located the left ischial spine via a
digital rectal exam. The optimal stimulation site was confirmed by the largest
potential evoked via 15-mA constant current test stimulation. Upon confirmation of
proper electrode placement, a stimulation series increasing in amplitude was
delivered to the pudendal nerve in 10-mA steps, until the supramaximal CMAP
response was obtained, where further increases in stimulation amplitude no longer
incited an increase in CMAP amplitude. The procedure was then repeated on the

right side. Upon completion of the stimulation portion, the subject was instructed
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to perform three contractions of the PFM with moderate, but consistent effort. High-
density surface EMG signals during stimulation and voluntary contraction were

recorded and stored for offline processing.

Signal Analysis

PNTML was estimated from the iICMAP recordings via an automated
protocol, and the subject excluded from this pilot study with a latency exceeding 4
msec in at least one side, suggesting Wallerian degeneration (9, 208). Acquired
HD-sEMG signals were analyzed with MATLAB R2018a (Mathworks Natick MA).
Contraction periods were bandpass filtered with a 10 Hz to 500 Hz second-order
Butterworth filter. A 60 Hz second-order Butterworth notch filter was then applied
to remove power line artifacts. Contraction HD-sEMG was decomposed into motor
unit action potential (MUAP) spike trains using a k-means clustering modified
convolution kernel compensation (KmCKC) algorithm (176). Briefly, a time instant
no with several simultaneously active MUs was selected based on the global
activity index. Then, firing instants generated by MUs which are simultaneously
active at no are collected. The K-mean clustering method was utilized to cluster
these collected firing instants into groups corresponding to different MUs. The
group with the largest number of firing instants is used to construct the initial MUAP
pulse train via the linear minimum mean square error method. Finally, a modified
multi-step iterative convolution kernel compensation (CKC) method (126) was
employed to update the estimated MUAP pulse trains to improve the
decomposition accuracy. MUAP pulse trains with a pulse-to-noise ratio greater

than 30 were accepted (129). The resulting MUAP trains were used to spike
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triggered average HD-sEMG signals to give a 64-channel MUAP template for each

decomposed MU.

The active channels (Chacive) of each SMUP template were grouped into
“left side” and “right side” for each set of decomposed MUs. An average MUAP
template was calculated for each group, to give an average SMUP for the left and
right sides, as shown in Figure 5.1C. Asmup and Acwmar were calculated for each
channel as the maximum negative peak. MUNE was calculated as described in
our previous study (207), with the exception that the left and right sided MUNE
values were calculated separately, to account for the anatomy and bilateral

innervation of PFM, and is expressed as

W. _ AE‘MUP (3)
SMUP = L Ch, i
21 active AE‘MUP
and
MUNE = thactive WSMUP 2CMAP1 (4)
SMUP

where Wswup is the weighting, Asmup is the SMUP amplitude, and Acwar is the

CMAP amplitude.

Results
The experimental flowchart is diagramed in Figure 5.1, where A) is a single

channel recording during PFM contraction; B) shows the stimulation and recording
configuration; C) shows an example average SMUP profile for a left sided
recording; D) shows a single channel recording of a series of evoked potentials
during increasing stimulation intensity; E) shows an example CMAP profile for a
left sided recording; and F) shows an zoomed in view of the selected channels.,
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with representative HD-sEMG recordings during voluntary vaginal contraction. HD-

SEMG signals were successfully acquired and decomposed for all subjects.

On average, the PNTML was 1.38+0.53 ms. 4 subjects showed a bilateral
surface CMAP (sCMAP) response; 1 exhibited a unilateral SCMAP response. A
total number of 9 qualified recordings were included. An average SCMAP response
of 1.56+0.97 mV was observed. The average SMUP size was 32.2+26.4 uV. The
average MUNE was 64+31 for each side. The average cumulative MUNE (sum of

both sides) for participants with a bilateral response was 129+62.
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Figure 5.1 Procedural flowchart for PFM MUNE

90



Discussion

PNE causes widespread pain in the dermatome of the pudendal nerve and
can later lead to axonal degeneration. This axonal degeneration has been studied
in compression neuropathies of the limb muscles, but not in the pelvic space, likely
due to the complicated and/or invasive nature of the currently available MUNE
methods. In this study, we presented the first effort to quantitatively and non-
invasively assess neurodegeneration in peripheral nerve dysfunction caused by
PNE, by employing an HD-sEMG MUNE technique. For the first time, MUNE was
successfully calculated bilaterally in 4 subjects, and unilaterally in 1 subject in the

PFMs of women.

Motor Unit Number Estimation

Incremental MUNE was the first proposed by McComas et.al., where the
size of the SMUP is estimated by the subsequent increase in CMAP amplitude in
response to incremental stimulation (203). Multiple point stimulation (MPS) MUNE
method was proposed by delivering stimulation at multiple sites along the nerve to
activate multiple motor units (203). MPS features improved repeatability compared
to incremental MUNE. Both incremental and multiple point MUNE introduce
systematic bias by sampling MUs near their voluntary threshold. Statistical MUNE
was proposed to remove this bias by sampling motor units over a wide response
range. By investigating the nerve over 4 stimulus intensities, an estimate of SMUP
size is obtained at each intensity, reducing bias (209). Other approaches such as
CMAP scan and Bayesian statistical MUNE have also been proposed (210, 211).

Excellent performance has been reported for these approaches in the limb
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muscles, yet the complex pelvic anatomy has largely prohibited their application to
the PFM. Our group has proposed the first pelvic MUNE in a rat model using a
statistical MUNE method (205); however, this method, as well as other
aforementioned MUNE techniques, is not easily adaptable to humans as they
require a large number of stimulation repetitions and therefore substantial patient
discomfort. Moreover, incremental and MPS MUNE are only applicable to distal
muscles, and the compact anatomy precludes the use of fixed stimulation
electrodes and limits the suitable simulation locations to the ischial spine. STA
MUNE estimates the SMUP size by recording the response of a single motor unit
to voluntary contraction with a concentric needle (43). From this, a concurrent
surface EMG can be averaged with respect to spike times to estimate the SMUP
size. While STA MUNE overcomes procedural complexity brought on by multiple
stimulations, it requires the insertion of a needle, which is a significant drawback

when dealing with the PFM.

HD-sEMG MUNE overcame the aforementioned technical challenges, by
avoiding repetitive stimulations, or the use of invasive intramuscular sensors. It
only requires 1-2 sets of stimulations to find the optimal stimulation site and
maximal CMAP, and therefore can be conveniently completed in 10-20 minutes
per visit (206, 207, 209). In our study, the average SMUP size for each side of the
PFM was determined non-invasively from the spatiotemporal information acquired
from the 64-channel grid using the KmCKC algorithm (133). We observed a
significant decrease in MUNE on the affected side. Our results suggest that the

number of motor units in the PFM is 129462, yet no further validation provided as

92



there is currently no other studies which provide the true number of motor units or

motoneurons that innervate the PFMs.

The presented HD-sEMG MUNE can be employed as a novel diagnostic
tool for the clinical evaluation of neurogenic pelvic dysfunctions, including diabetic
neuropathy, obstetric nerve injury and aging. By employing an intra-vaginal
stimulation and intra-rectal HD-sEMG recording technique, the proposed
technique can easily be adapted to assess external anal sphincter function. This
configuration may be particularly useful in cases of idiopathic fecal incontinence
with no visible sphincter injury; it may be clinically useful to assess the number of
functioning MUs in the external anal sphincter for the direct assessment of muscle
remodeling and peripheral nervous system health. The ability to assess
neuromuscular health directly provides clinicians with a new perspective to
supplement the functional evaluations provided by manometry and imaging. HD-
SEMG MUNE can further the understanding of urinary and fecal incontinence
pathophysiology and help individualize treatment plans to optimize therapeutic

outcome.

Limitations
This study is limited to women who presented to the clinic with symptoms
associated with pudendal nerve entrapment but had a normal PNTML. A follow-up

study with healthy controls is required.

The relatively low sampling rate often caused the stimulation artifact to
overwhelm the time of CMAP onset, rendering a surface-based conduction study

impractical. To overcome this limitation, we employed concurrent needle
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examination to assess latency. Further tests with higher sampling rates should be
conducted to explore the ability of HD-sEMG to assess PNTML non-invasively.
Finally, a longitudinal study should take place to characterize the ability of this PFM
MUNE technique to study changes in motor unit numbers with motor neuron

degeneration.

Conclusions

In this study HD-sEMG was used for the first time to non-invasively estimate
the number of functioning motor units in the puborectalis of women. This technique
may prove useful in assessing various disease states, such as entrapment

neuropathy, ALS, and idiopathic fecal incontinence.
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Chapter 6 Conclusions and Future Directions

Guidance of Physical Therapy

These findings have the potential to inform the treatment of CPP and PFM
tenderness. Treatment for pelvic floor pain is largely dependent on the attributed
conditions underlying the pain. Commonly, first line treatment includes behavioral
modification, stress reduction, and education about CPP and pelvic muscle pain,
followed by myofascial physical therapy approaches as 2" line, and pain
management via oral analgesics as 3™ line treatment (212). If patients do not
respond to conservative care, lidocaine or BOTOX may injections may be indicated
as 4" line treatment (100). The current gold-standard for the management of pelvic
floor pain is myofascial therapy. A recent landmark RCT of 81 women with IC/BPS
and concomitant pelvic floor tenderness showed a 59% global response
assessment rate to a 10-week MPT protocol (142). Despite being proven to be an
effective treatment for pelvic floor pain in women with IC/BPS, 41% of women still
did not respond to treatment, possibly due to heterogeneous symptom etiology.
Myofascial therapy treats the muscle directly via manual manipulation of hyper
contracted muscles and trigger points, release of connective tissue restrictions,
and retraining of weak PFMs where necessary (142). Complementary to
myofascial therapy, movement pattern training aims to correct postural dysfunction
and aberrant movement patterns that are associated with pelvic floor pain (101).
Pelvic floor pain is intrinsically a multifactorial dysfunction that can be attributed to
postural issues (101), myofascial trigger points, peripheral sensitization, and
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abnormal muscle tone (213). Women with pain originating from impaired relaxation
and pelvic floor overactivity may respond better to muscle-focused treatment
protocols, like myofascial therapy. Conversely, women with pelvic floor pain arising
from poor posture and impaired muscle coordination may respond better to a
comprehensive treatment strategy, including movement pattern training. Physical
therapy, while effective, requires a substantial time commitment. The HD-sEMG
techniques described in this dissertation, in combination with conventional EMG
recorded from the Hip and Trunk muscles may aid in differentiating myofascial pain
from pain related to abnormal movement or muscle coordination. In addition to the
intravaginal HD-sEMG probe, bipolar SEMG signals were collected from the left
and right rectus abdominus, adductor brevis, gluteus maximus, and gluteus
medius. The two patients were able to activate all muscles groups listed above.
EMG signals from this developed PFM-Hip-Trunk network were processed using
intermuscular coherence and non-negative matrix factorization to create the PFM-
Hip-Trunk network for two CPP patients, as shown in Figure 6.1 where the left
panel shows the PFM-Trunk-Hip muscle networks of the two CPP patients where
red lines show inter-muscle interactions between PFMs and hip/trunk muscles,
blue lines show inter-muscle interactions between PFM pairs, and black lines show
inter-muscle interactions between hip/trunk muscle pairs. Right panel shows the
PFM EMG RMS mapping of the two CPP patients, where the red color indicates
muscle regions with high overactivity severity. Glu. Max: Gluteus Maximus; Glu.

Med: Gluteus Medius; Add. Brev: Adductor Brevis; Rect. Ab: Rectus Abdominis.
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Figure 6.1 Pilot results from two women with CPP and PFM tenderness.

Patient #38 exhibited pelvic muscle pain with palpation but very mild
overactivity. Interestingly, her PFM-Hip-Trunk muscle network analysis results
showed strong interactions between the right hip adductor, left and right
abdominus rectus, and the left puborectalis, left pubococcygeus and external anal
sphincter muscles (highlighted in red). This finding may indicate that the major
pathologic contributor for this CPP patient (Patient #38) is like to be the abnormality
of her hip/trunk muscles. Patient #39 exhibited pelvic muscle pain with palpation
with concurrent unilateral PFM overactivity. Her PFM-Hip-Trunk muscle network
analysis showed no connectivity between any PFMs and hip/trunk muscles, i.e.,
the Hip-Trunk (black) and PFM muscle networks (blue) were self-contained, while

her RMS ratio results show severe overactivity of her PFMs. This finding may
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indicate that the major pathologic contributor for this CPP patient (Patient #39) is
likely to be myofascial pain and overactivity. These pilot results suggest that
Patient #38 may benefit from a combination of movement pattern training to
address muscle coordination of the hip and trunk (primary) and myofascial therapy
(secondary), whereas Patient #39 would benefit solely from myofascial therapy.
The proposed network analyses may help to better understand the etiology and
mechanisms of CPP and provide further phenotyping information to optimize
conservative care.
Injection therapy

When conservative care and oral analgesics fail, PFM BONT injections may
be recommended. Current injection strategies are guided by a standardized
injection template at 5 o'clock and 7 o’clock of the vaginal introitus, highly
constrained needle EMG, or digital palpation for muscle tone. The findings of this
thesis may improve injection strategies in two ways. First, as shown in Chapter 4
“‘Assessment of PFM myofascial trigger points using HD-sEMG”, there is poor
agreement between the location of myofascial TrP’s and muscle hypertonicity.
Clinicians who injection BoNT towards myofascial TrPs may in fact be
compromising the efficacy of the BoNT. Instead BoNT should be injected towards

the muscle 1Z to maximize potency.
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Figure 6.2 Summary of proposed IZ injection guidance technique. Figure
reproduced from (193)

Figure 6.2 (reprinted from Chapter 3) A-D shows IZ distributions and for two
subjects, which may be used to guide BONT injections towards a more
personalized treatment protocol. In these two example subjects, a standard 5
o’clock and 7 o’clock would not optimally reach the IZ in Subject 7, and this Subject
would likely benefit from a personalized 1Z injection strategy. Subject 4, on the
other hand, appears to have a more “standard” IZ map, and would likely respond

well to the standard 5’oclock and 7’oclock template. Secondly, the hypertonicity
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mapping can be used to inform injection dosages, and increased units can be

targeted to the IZs that fall inside hypertonicity “hotspots” on the RMS mapping.

Summary

This dissertation aimed to develop 1) a high-density surface EMG based
diagnostic tool for PFM hypertonicity and 2) develop a patient specific PFM 1Z
mapping technique, and all aims have been explored, as described in Chapters 2-
4. Additionally, effort was made in Chapter 5 to establish the first PFM specific
MUNE technique. High-density surface EMG was able to detect PFM overactivity
in patients with IC/BPS, and a localize these regions of overactivity to expected
areas on the HD-sEMG probe nearest to the overactive muscle. Additionally, HD-
SEMG was able to reliably detect PFM overactivity in a group of 15 women with
IC/BPS, and demonstrated a significant increase in the ratio between resting PFM
EMG and the maximum EMG amplitude reached during contraction. HD-sEMG
was able to detect PFM IZs based on decomposed MUAP spike trains for all
subjects, and a patient specific IZ map was developed for every subject., providing
clinicians with a potential target for injecting neurotoxin towards the NMJ. HD-
sEMG was unable to reliably detect myofascial TrP’s, and poor agreement was
present between the location of TrPs felt during palpation and the hypertonic zones
present on HD-sEMG, suggesting that TrP targeted BONT injections may in fact
be sacrificing the effectiveness of BONT in some patients by not guiding the

injections towards the hypertonic muscle.
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