A novel wearable electronic device for
treating neurogenic detrusor overactivity

by conditional neuromodulation

by

Nuwani Ayantha Edirisinghe

A thesis submitted in accordance with the requirgsef the
University College London for the

degree of Master of Philosophy

Department of Medical Physics and Bioengineering

University College London

October 2011



‘l, Nuwani Ayantha Edirisinghe confirm that the Wwagpresented in this thesis is
my own. Where information has been derived fromepsources, | conform that

this has been indicated in the thesis *



Abstract

Urinary incontinence is the involuntary leakagaiohe and affects one in twenty
of the population across all ages leading to pamiity of life and can be very
high cost to the nation. It is possible to redunesé costs by accurate diagnosis
and appropriate management of the condition. Uyirniacontinence is often
associated with an overactive bladder or urethphingter weakness, or both as a
result of interrupting the pathway to nervous comioation between the brain

and the bladder leading to uncoordinated activitthe lower urinary tract.

Treatment options for overactive bladder includdinamscarinic drugs and

implanted electrical stimulators. However thesegdrihave intolerable side
effects, while implanting a stimulator is a surdgipeocedure which is associated
with degree of risk and becomes ineffective dubéabituation to the continuous

stimulation.

The aim of the research was to develop a novetatdaanal device designed to
deliver conditional neuromodulation. The deviceed&t the electromyography
activity in the lower urinary tract, and providdgettransrectal stimulation to the
Pudendal nerve when required, in order to supghesbladder contractions while

contracting the urethral sphincters.

The clinical study included designing and manufacty patient compatible
model and conducting a clinical study to measuessiifety and the efficacy of
the device. Electronics circuit design includedpéfier, signal processing
system and constant current stimulator based orsgkeification derived from
the clinical study and finally focused on optimisatof the device electrodes for

improving stimulating parameters.
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Chapter 1 - Introduction

1.1 Background

Urinary incontinence (Ul) is the involuntary losé wine which is objectively
demonstrable and a social or hygienic problemUl]affects one in three of the
population at some stage in their adult lives [2ccording to the National
Association for Continence (NAFC) 200 million peephorldwide suffer from
this problem [3] and is thought to affect about si#lion adults in the UK [2].
Urinary incontinence is common as people get adahelr more common in women
and double the incidence in women who have hadnehgleliveries [4]. For
developing countries these figures increase rapidiy to the lack of people’s
health knowledge, embarrassment to discuss thesesiswith doctors and also

insufficient health facilities [5].

Urinary incontinence can have devastating effentthe life of sufferers and their
families and can be very high cost to the natignifpadult women with urinary
incontinence 60% avoid going away from their hob@% feel odd and different
from others, 45% avoid public transport while 50%part avoiding sexual

activity through fear of incontinence [6].

The economic impact of incontinence on society ighificant [7]. The cost
includes medicine, absorbent products, cathetetsl@s of earnings. Also this
needs to account the cost of primary and secontiae, nursing home and long
term care. Between 2000 and 2003, the annual ¢astontinence to the NHS
was £500 million and that is expected to rise td#lbn by year 2020 [8]. It is
possible to reduce these costs by accurate diegandi appropriate management

of the condition.
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There are four main types of urinary incontinensgess incontinence, urge
incontinence, overflow incontinence and mixed irtgw@nce. Stress incontinence
is the involuntary loss of urine during filing pte& of the bladder when

intravesical pressure exceeds maximal urethraluobogpressure without any
bladder contraction. Urge incontinence definedhas grovoked or spontaneous
detrusor contraction during the filling phase of tiladder when the individual is
voluntarily inhibiting the micturition. When the ge incontinence is caused by
neurogenic disorder, it is known as the neurogeneontinence. Overflow

incontinence results from over distension of thadder due to bladder outlet
obstruction or functional weakness of the bladdself. Mixed incontinence is

due to coexistence of bladder muscle overactivity arethral sphincter weakness

9.

This research focused on a device for treatingudl i neurogenic incontinence,
which affects nearly 16.6% of Ul population agedlO years [10]. Neurogenic
incontinence occurs as a result of interrupting thethway to nervous
communication between the brain and the bladdedingato uncoordinated
activity in the lower urinary tract (LUT). This cdre due to a variety of reasons
such as spinal injury, stroke, multiple sclero$S§ and Parkinson’s disease. In
neurogenic detrusor overactivity (NDO) also knows detrusor hyperreflexia
(DH) the bladder contracts involuntarily durindifif phase that leads to increase
frequency and leakage of urine. This is often aased with detrusor sphincter
dyssynergia (DSD), in which the bladder and spleincontract together resulting
voiding dysfunction. NDO together with DSD can caudsgh transient bladder
pressure and may lead to vesicoureteric refluxeatgnl bladder infections and

renal failure if left untreated [11-15].

The standard method of treating NDO is antimus@afenticholinergic) drugs to
relax the detrusor muscle in order to prevent iticence [16, 17].

Anticholinergic drugs, for example, Oxybutynin, Tesbdine are relatively
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expensive and need lifelong treatment. Furthernotirecal experience shows
that up to 50% of patients with NDO cannot tolerie side effects of the drugs
such as dry mouth, drowsiness, constipation, s&actrons and blurred vision
[18-20].

For many years electrical stimulation (ES) has baepotential treatment to
suppress detrusor contractions in patients with NPD25]. The sacral anterior
root stimulator implant (SARSI) has been provenb®m an effective way of
achieving good bladder emptying [26, 27]. Combinihgse two can replace the

standard treatment.

Whilst implants are successful, these have disadgas such as implantation of
the stimulator is a surgical procedure and is aasst with a degree of risk, also
it cannot be serviced or removed easily [28]. Sames the lower urinary tract
symptoms change over time; therefore non-invasivel anon-destructive
treatment is preferred until symptoms improve [28urther, most of the
electrical stimulator treatments for bladder ovavity, provide continuous
stimulation to the nerves that control the bladdierthese, stimulation becomes
ineffective due to habituation and may increaserisie of tissue damage [28].
High energy consumption [12] and absence of wartimg before the leak are

also disadvantages of such systems.

A much better approach to this problem would beeanable device, in which
patients can experience the acute effect of stiimleefore proceeding for an
implantation and also to be used as a non-desteutiatment [29]. If the device
can provide stimulation only when required, it witicrease both battery and
electrode life while reducing the effect of habttaa [12, 28, 30, 30-32].
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1.2 Aim of the project

The overall aim of the project is to develop a nawearable anal device designed
to deliver conditional neuromodulatibmnd ultimately prove its principle in a
small scale clinical study. The device detectsaleetromyogram (EMG) activity
in the lower urinary tract, and provides the tracsal stimulation to the Pudendal
nerve when required, in order to suppress the bladobntractions while

contracting the urethral sphincters [34].

1.3 Publications

The following work was published from the work mened in this thesis.

* Craggs M, Edirisinghe N, Leaker B, Susser J, Al-kbiak M and Donaldson
N.; “Conditional neuromodulation using trans-redtnulation in spinal cord

injury”, Neurology and Urodynamic¥ol. 28; pp. 836-837; 2009.

» Edirisinghe NA, Leaker B, Donaldson N. and Cragd3;NMA novel wearable
medical device for controlling urinary incontinencby conditional
neuromodulation” Proc. Conference organised by Institution of Mecbain
Engineers (Incontinence: The Engineering ChalleNgg, December 2009,
London, UK.

« Edirisinghe NA, Leaker B, Susser J, Al-Mukhtar Moraldson N. and
Craggs MD: “Assessment of a novel wearable conuhfictimulation device
for continence control’Annual Scientific Meeting of South East Division of

Institute of Physics and Engineering in MedigiMay 2009, Kent, UK.

! The influence of activity in one neural pathway dulates the pre-existing activity in another

through synaptic interaction [33].
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» Edirisinghe NA, Susser J, Al-Mukhtar M, Knight Sedker B, Donaldson N.
and Craggs MD; “A novel wearable conditional neuoduiator for treating
urinary incontinence in spinal cord injuryProc. Conference organised by
UK Continence Society (Broadening Horizqrspril 2009, Swansea, UK.

* Edirisinghe NA, Donaldson N and Craggs MD; “A nowetarable medical
device for controlling urinary incontinence by cdrahal neuromodulation”,
Graduate School poster competition, UCMarch 2009, London, UK.

Became the Runner-up in the Departmental category.

» Edirisinghe NA, Donaldson N and Craggs MD; “Neuratlation Device for
Pelvic Dysfunction”,Graduate School poster competition, UGllarch 2008,
London, UK.

1.4 Thesis outline

The project is based on development and testingthef novel wearable
conditional neuromodulation (CN) device. This tkesbmprises eight chapters,
which are:

Chapter 1 introduces the background problems, tgpesinary incontinence and
describes its severity. It briefly describes therent methods of treating Ul and
their drawbacks. Further the requirement of a newiag to improve the quality
of the life of the patients is described. Finalg thapter highlights the aim of the

project.

Chapter 2 describes some basic understanding gbrtitdem based on current
findings. It briefly describes the anatomy and pblpgy of the lower urinary
tract and then moves onto the causes and treath&H2O and specially focuses

on literature review on electrical stimulation asesatment option.
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Chapter 3 focuses on the study design. The chatatds with a brief requirement
of the device and then moves on to explaining tasidoprinciple behind the

operation of this device.

Chapter 4 describes the actual process of makmgribtotype device. It starts off
with a previous model that is being used for simédpplications and then talks
about the design considerations based on biocohiligtiand anatomy of the

LUT. All the design steps involved are explainedi@tail within this chapter.

Chapter 5 explains the testing of the device witthi@ clinical environment to
find out its efficacy. It describes the patientesgion, equipment setup and then a
series of experiments that were carried out. Thesealts were then analysed

using statistics to assess its clinical signifi@anc

Chapter 6 derives the specification for the reqliegectronic circuitry to make
this model as a stand alone device. Then it de=seribe building of the actual
circuit and testing of the prototype system. Designsiderations are mentioned

for each part of the circuitry.

Chapter 7 summarises the work included in the shé@die results presented in
each chapter are analysed to see the direct beéméfie patient. Finally it finishes

with a brief description of future work required forther development.
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Chapter 2 - Bladder inhibition — beyond nature

2.1 Introduction

As explained in chapter 1, urinary incontinence iide problem to the society
and treatment modification is required to incre#lse quality of life of the
sufferers and also to reduce the cost to the NRISrder to assess the problem of
neurogenic detrusor overactivity, it is helpfulunderstand the basic mechanism

of filling and emptying of the bladder.

This chapter provides some basic understanding h&f term “urinary

incontinence”, which is the main focus of the tkeSihe discussion starts off by
explaining the anatomy and the physiology of thedourinary tract of a healthy
adult. Then the explanation moves onto the causdslddder dysfunction and to
explain how it affects the physiology of the bladdehe latter part of the chapter
talks about currently available treatments and ispedtention is given to past

research based on electrical stimulation to tresatder dysfunction.

2.2 Anatomy and physiology of the lower urinary

tract

2.2.1 Anatomy of the lower urinary tract

The urinary bladder is a temporary store of urinamf kidneys and empties
through the urethra. The bladder varies in its,shape and position according to
the amount of urine it contains. When empty it kesirely within the pelvis, but

as it fills up it expands and extends upwards ithtoabdominal cavity [35].
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The smooth muscle of the bladder is called theudetr muscle (Figure 2:1)
arranged in spiral, longitudinal and circular bwsdl The contraction of the

detrusor muscle is responsible for emptying thedéa during micturition [36].

Left ureteric orifice

Right ureteric orifice
_ Obturator fascia

Obturator internus

Visceral fascia

Internal urethral

Trigone 16
orifice

Superior and inferior fascia
of pelvic diaphragm ™

Ischioanal fossa Levator ani

Prostate
External urethral sphincter Proutale uuthis

Compressor urethrae Bulbourethral gland

Crus of penis

Ischiocavernosus
Bulb of penis

Perineal membrane

Bulbospongiosus
Spongy urethra

Figure 2:1 - Coronal section of the male near uringy bladder.
The bladder is formed from smooth muscle namedudeir muscle. External urethral sphincter

provides continence during the filling phase of btedder [37].

Muscle bundles pass either side of the urethra fanthed internal urethral
sphincters, which is involuntary. These fibres di ancircle the urethra. The
function of these sphincters is to prevent retrdgrajaculation of the semen into
the bladder [37]. Further along the urethra is lairsger of skeletal muscle, the
sphincter at membranous urethra is known as extere¢hral sphincter (EUS),

which is mainly responsible for continence [35].

2.2.2 Innervation of bladder and sphincter

The lower urinary tract is supplied from the vekiplexus of nerves which is

made up of parasympathetic, sympathetic and sonsgstems. All of these
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contain afferent (sensory) and efferent (motoref)rand the innervations of the
bladder and the sphincter are highlighted in Figue[35].

Parasympathetic nerve supply

The parasympathetic system provides the major &wcit input to the detrusor
muscle and is inhibitory to the urethral sphinctdrsese nerves arise from the
pre-ganglionic neurons in the intermediolateralygtelumn of the S2-S4 sacral
segments and travel in pelvic splanchnic nerves)apse at the inferior
hypogastric plexus and prostatic nerve plexus. fyanpathetic ganglionic cells
are situated in the walls of the bladder and theteurwith postganglionic axons

directly innervating the smooth muscle [38-41].

Afferent axons in the parasympathetic nerves traéaek to the S2-S4 segments
of the cord, and have their cell bodies in the sgnganglia at those segments.
These axons convey the information that is pamidylimportant in producing

the detrusor contraction in response to the blafidieess [38].

Sympathetic nerve supply

The sympathetic efferent are said to be inhibitoryhe detrusor and stimulatory
to the smooth muscles of the bladder neck [35].s€hmerves arise in the
intermediolateral grey column of T10 —L2 of the a¢toiThese pre-ganglionic
axons travel via splanchnic nerves and synapsevirerl preverterbal ganglia,
especially the inferior mesenteric. From here, r®ewns form the hypogastric

nerve, which runs on the posterior abdominal web the pelvis [38, 40].
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Cerebral cortex

v+

Pontine micturition centre

] I-

Spinal cord
Ti0-12

Spinal micturition centre

—
(S234)
Sympathetic (T10-L2) Somatic (5234) Parasympathetic (S234)
via Inferior mesenteric via Pudendal nerve via Pelvic splanchnic nerve
ganglion Inferior hypogastric plexus
Inferior hypogastric plexus Intramural ganglia

Figure 2:2- Block diagram of the neural control ofthe lower urinary tract.
The Innervation of the urinary bladder and uretlshincters are from three types of nerves, which
are parasympathetic (green), sympathetic (blue) sumdatic (red). Contractions are shown as’+”,

while inhibitions are “-“. Urethral sphincters regented as “US”.
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Many axons in the hypogastric nerve are sensorye Hiferent axons
accompanying the sympathetic nerves are resporfsibéEnsation of the bladder
fullness. Cell bodies of these nerves are in thes@y ganglia of the lower

thoracic spinal root [38].

Somatic nerve supply

Somatic nerves provide the voluntary control tostreated muscle of the external
anal and urethral sphincters and pelvic floor mes¢B8, 41]. These nerves arise
from the motor neurons in Onuf's nucleus, a spagdl group of anterior horn
cells originating from S2-S4 segments [40]. Aftenezging from the pudendal
(Alcock’s) canal, this divides into the inferiorctal nerve, perineal nerve and the

dorsal penile nerve [39].

The somatic afferent axons of the pudendal nerve kell bodies in the sensory
ganglia of S2-S4. These sensory fibres convey #msation of urine passing

through the urethra, felt at the conscious lev8].[3

2.2.3 Physiology of urination

In healthy individuals, the lower urinary tract ha® discrete functions.
» A storage function is brought about by autonomedder relaxation and
tonic contraction of the external urethral sphincte
e Micturition is brought about by voluntary relaxatioof the external
urethral sphincter and pelvic floor, along withleef contraction of the

detrusor muscle.

The urinary pathways that control these two fumibave two states [42]. This

analogy is illustrated in Figure 2:3.

-29.-



Chapter 2 —Bladder inhibition — beyond nature

Detrusor Pressure

Urine Flow

Sphincter EMG

<3 -
Bladder Filling :1? Voiding >

End Fill Volume (EFV})
Figure 2:3- Micturition cycle of a healthy adult.
The filling and voiding events are recorded by oystry and sphincter EMG traces as shown in thgraim. (A) As the bladder fills sympathetic reflex@gppress the
parasympathetic pathways to the detrusor muscliewitdreasing the tone of bladder neck and thentae{B) By the time first desire to void, the “gding reflex” begins
and increases the tone of the sphincter (electrgraydy) further. (C) As the desire to void increaiather, the voluntary contraction increasesttime of the sphincters to

its maximum. (D) At an appropriate social condittba voiding reflex begins by opening the sphiretand contracting the detrusor muscle [43].
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Storage phase (The guarding response)

According to law of Laplace, as the bladder accated increasing volume of
urine, the tension to the bladder wall increasedass the radius of the bladder;
resulting low intravesical pressure until the blkadi$ well filled [36]. The extent
to which the change in volumé&\() occurs in relation to a change in intravesical
pressure dP), is known as the bladder complian&//¢P). The factors that
contribute to this are the visco-elasticity of thiadder and the inhibition of

parasympathetic nerves [14, 44].

As the bladder fills, sympathetic nerves inhibi¢ fharasympathetic nerves from
triggering bladder contractions. Sympatheticallydraged reflexes cause the
suppression of detrusor activity and contract tme&h muscle of the bladder

neck and proximal urethra [14].

In the mean time urethral sphincters also contrecpelvic afferents to pudendal
efferent reflex in order to prevent the leakageisTimechanism is known as
“guarding reflex”, which generates the sphincter&Mmluring bladder filling [45].
Contraction of external urethral pressure coupléith what of internal urethral
sphincter, maintains the urethral closure pressAse.long as the maximum
urethral closure pressure is higher than the ies&al pressure, the continence is
maintained [40, 43, 46].
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(a) Storage reflexes

Figure 2:4 - Storage phase
As urine accumulates, distension of the bladdeivatets stretch receptors, which trigger spinal

reflexes, resulting in storage of urine [47].
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Voiding phase

It is through the learnt ability to postpone thectmrition until the socially
acceptable conditions are present [33, 36]. Oneeliladder reaches its full
capacity, stretch receptors within the bladder wiagiger micturition reflexes,
resulting in excitation of the parasympathetic patys, while inhibiting
sympathetic and somatic pathways. At this point Fhelendal nerve causes
relaxation of the levator ani so that the pelvanfl muscle relaxes. This causes a
downward tug on the detrusor muscle to initiatectistraction. Efferent fibres
conduct the signal for sphincter relaxation, whigsults in lowering of the

urethral pressure.

Signals from parasympathetic nerve triggers theudet contraction and results
the increase in intravesical pressure above theimmem urethral closure
pressure. Thus the micturition process is initiatEde flow of urine can be
interrupted at any point, by contracting the sptars voluntarily through the
somatic pathways [40, 43].

The bladder can be made to contract voluntarily rwitecontains only few
millilitres of urine. This is done by voluntary dopaction of the abdominal
muscle, which aids the expulsion of urine by insme@ the intra-abdominal
pressure [36, 46].
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(b) Micturition reflex

Figure 2:5 - Voiding phase

Voluntary inhibition of voiding reflex results ircvation of the micturition centre of the PMC, whi

signals parasympathetic motor neurons that stimsl#te contraction of the detrusor muscle and

relaxation of the urinary sphincters [47].
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2.3 Causes for bladder dysfunction

Continence is maintained by the coordinated aatiotne brain, spinal cord and
the innervated nerves of the bladder as well apgrintegrity of the detrusor
muscle, the urethra and the sphincter. If a probégises in any one of these

bladder may become dysfunctional.

2.3.1 Supraspinal lesions

Lesions that are occurred in the central nervossesy and involve the pontine
micturition centre are known as supraspinal lesi@ysnptoms of these diseases

and their effect on bladder function are listed able 2-1.

Table 2-1 - Supraspinal lesion diseases and theeaxdt on the bladder function [46-48].

Disease Effect on bladder

Incontinence may be caused due to both loss oejuegt
Dementia due to frontal lobe atrophy as well as loss of tumiial

control of detrusor reflex function.

_ Overactive bladder can be present due to increase i
Parkinson’s . . L _ -
_ cholinergic activity in the brain as a result ofidency of
disease _
dopamine.

After cerebral shock phase wears off, the bladder
Cerebrovascular _ _ _
_ demonstrates detrusor hyperreflexia with coordohate
accident _ o o
urethral sphincter activity due to focal neurolodéficit.

Due to focal demyelinating lesion of the braintwe spinal
_ | cord or the axons, the nerves that control theigente
Multiple sclerosis _ _
mechanism can be blocked or delayed. The effethisf

may be temporary or permanent and can be detrusor
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hyperreflexia or detrusor areflexia.

_ If the tumor is located closer to the pontine mmition
Brain tumors ] ]
centre, the detrusor areflexia or hypperflexia cacur.

2.3.2 Spinal cord lesions

With spinal cord injury, there is sudden (spinabahphase) partial or complete
loss of voluntary movements below the level ofdasassociated with partial or
complete abolition of sensation. As the spinal &hplcase (6-12 weeks) wears

off, the reflex activity increases [48].

If the injury is above the sacral division (Figues) of the spinal cord, the
individual may experience detrusor hyperreflexigetber with detrusor sphincter
dyssynergia. Even though the bladder is trying docd out the urine, the

sphincters remains contracted which prevents flow.

Injuries occurring to the nerves which arise frdra sacral cord may prevent the
bladder from emptying. If the sensory fibres armdged, the individual may not
feel the bladder fullness or, if the motor fibreés damaged, the person feels the
bladder is full, however the detrusor may not cacttr This is known as detrusor

areflexia.

The most common cause for spinal cord lesion id taafic accidents [49].
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Cervical
Division

Thoracic
Division

Lumbar
Division

Sacral
Divisien

Figure 2:6 - The lateral view of the spinal cord sgments.
The spinal cord segments can be divided into foainraections as Cervical (red), Thoracic (purple),
Lumbar (green) and Sacral (blue) [50].

2.3.3 Peripheral nerve lesions

The most common types of peripheral nerve lesionstheir effect on bladder
functions are highlighted in Table 2-2.
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Table 2-2 - Types of peripheral nerve lesions andheir effect on bladder functions [48, 51, 52].

Disease Effect on bladder
After ten or more years of diabetes mellitus causes
Diabetic segmental demyelination and impaired nerve conoicti
cystopathy As symptoms arise by losing bladder filling sersatand

motor function, the result is detrusor areflexia.

Herpes zoster

This causes inflammation of posterior nerve roots may
block nerve conduction. During the inflammationtrdsor
areflexia may occur and normal bladder function veiturn

once the infection is cleared.

Pelvic surgery

Bladder dysfunction may result from pelvic surgergich

as removal of prostate glands, hysterectomy and biith

injuries. Most commonly these patients experiegnce

temporary detrusor areflexia, which fades away with

recovery from the surgery.

2.4 Treating and managing urinary incontinence

Neurogenic bladder dysfunctions may lead to irrside renal damage and

bladder wall destruction before incontinence be®me issue. Therefore it is

important to treat this condition at an early stég#. Although many different

types of treatments are available in managing wyimacontinence, none has

proved universally satisfactory. Some of the mosinmon treatments and

management methods are discussed in this section.
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2.4.1 Medication

For the vast number of people who suffer from ugniacontinence, drugs are
the initial treatment. There are many drugs avélaim the market and all owing

the same effects [19].

If the problem is detrusor overactivity, the radbrtreatment is to give a
medication that is capable of reducing the detrusggractivity, possibly by

blocking the parasympathetic transmission suchsasguanticholinergic drugs.

Oxybutynin chloride and Tolterodine are two of tmest commonly prescribed
drugs. These drugs increase bladder capacity, akereladder filling pressure
and improve compliance [53]. However the main peablof these is the short
duration of action, therefore when the patient stihg medication, the symptoms
return [18].

However clinical evidence shows that up to 50% atignts with NDO cannot
tolerate the side effects of the drugs such asranyth, drowsiness, constipation,

skin reactions and blurred vision [19, 54].

Recently a treatment known as botulinum toxin-Adt&x”) was introduced to
inhibit detrusor overactivity, which has effectstlag for about a year [55].
Botox inhibits the neurotransmitter release at tieeve endings, suppressing
bladder contractions [56]. However the long-terfe@s of this injection are not

yet known [41].
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2.4.2 Absorbent products

These are the garments designed to absorb uripetect the skin and clothing,
and are mostly used as a temporary method untdrengnent solution become

available.

There are two major types of absorbent products;tware body-worn products
and bed pads. They come in many shapes and siaese Rlso can be divided
into disposable and washable products. Washabldupt® are unsuitable for
heavy leaking but generally provide better protettiwhereas the disposable

products are less vulnerable for urinary tractatites (UTI) but high in cost [5].

Improper absorbent products may contribute to bkaakdown and urinary tract
infections. Furthermore absorbent products are rgdgpenot recommended for
the spinal cord injured patients, which might léadoressure source due to the

lack of mobility.

All the treatment and management methods describedection 2.4 are
associated with their own side effects. They dopnovide permanent solution to
the problems associated with the bladder. In 200&asey and Dahleberg
concluded that the neural prosthésiz bladder and bowel management is less
costly than the conventional methods (Figure 217 laigure 2:8) [58].

2 A neural prosthesis is a device or technique tsetipplement or replace lost or missing function i

neurologically impaired individuals [57].
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Figure 2:7 — Annual cost of conventional methods

Mean cost of conventional methods of bladder andebacare before and after using electrical

stimulation as a treatment was calculated usirangte size of 12 [58].
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$40000‘_-‘_“_'__,__,-_..-.—-- :
i
$20 000 |
L
$0 L - S . . |
1 2 3 5 6 7 8 9 10

Year

Figure 2:8 — Cumulative bladder and bowel care cost

Estimated cumulative cost over ten years of pemssing conventional bladder and bowel care

methods or electrical stimulation [58].
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2.5 Electrical stimulation for bladder inhibition

For many years electrical stimulation has been ecessful treatment for
problems of the lower urinary tract, especiallynary incontinence caused by

sphincter weakness or bladder overactivity [32,583,

In humans, stimulation of the sympathetic nervasiray from T10-L2 spinal
levels (Figure 2:2) results in relaxation of detnusnuscle and contraction of
urethral sphincters causing inhibition of urinationStimulating the
parasympathetic pathway arising from S2-S4 (Figug3 has the opposite effect
[60].

2.5.1 Neurostimulation and neuromodulation

Electric stimulation can be mainly divided into twaategories as
neurostimulation and neuromodulation. In neurositon nerves or muscles
directly stimulated to achieve immediate respondé$]; whereas in
neuromodulation the influence of activity in oneursd pathway modulates the
pre-existing activity in another through synaptiateraction (alters the

neurotransmission process) [33].

2.5.2 History of neural prostheses

The first reported case of attempted neuromodudaiio patients with bladder
dysfunction is by the Danish surgeon Saxtroph iA8L& treat urinary retention
[60, 61]. Since then there have been many discesen this field and some of

them are highlighted in this table.
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Table 2-3 — History of electrical stimulation for Hadder dysfunction.

Table shows the discoveries by scientists regarelagtrical stimulation to treat bladder dysfunotio

over the past century.

Year Scientist Discovery
Intravesical stimulation of the bladder to treat
1895 M.H. Saxtroph _ _
urinary retention [60, 61].
Electrical stimulation of proximal stump of the
o cat’s pudendal nerve resulted in a pronounced
1895 J. Griffiths . . o
relaxation of the bladder, if its wall is in the
contracted state [62].
1037 Langworthy and | Detrusor inhibition on vaginal or anal dilatation
Hesser has been observed [25, 63].
Bladder wall stimulation implant was developed
1954 Boyce _ _
to induce bladder emptying [61, 64].
Pelvic nerve stimulation studies on cats and dogs
1955 Ingersoll
[65].
Electrodes implanted in wurethral and anal
sphincters to deliver electrical stimulation. This
1963 Caldwell _ _ _
is reported as the first attempt in management of
incontinence [66].
1963 Kock and Vesical motor activity has been inhibited by anal
Pompeius stimulation [67].
. Electrical stimulation of the sacral anterior ropts
1963 Habib _
of human and animal study [68].
. Detrusor inhibition in human by pin-prick
1964 Rossier and Bors o _ _
stimuli applied in the perineal region [69].
1968 Alexander and | Radio controlled implant and also exterpal

Rowan D

electrode systems with vaginal and a1nal
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electrodes that stimulated the anal sphincters,
pelvic floor muscles and pelvic nerves to control
incontinence. The stimulation increased the

urethral resistance and inhibited the bladder [22].

_ Finetech-Brindley sacral anterior root stimulator
1969 Brindley . .
first tested on animals [26].

Demonstrated inhibitory postsynaptic potentials
and inhibition of discharges of parasympathetic
neurons due to spinal reflex with a puderJdaI

DeGroat and | afferents of a cat. Also reported that stimulation

1969
Ryall of these somatic afferents may have Rboth
excitatory as well as inhibitory influence on the

bladder depending on the intravesical pressure

low or high [70].

. Stimulation of pudendal afferents was shown to
Sundinand | o
1972 induce bladder inhibition due to pudendal|to
Carlsson _ _
hypogastric spinal reflex [71].

Stimulation of pudendal afferents was shown to
induce bladder inhibition due to pudendal|to
1974 Sundin pelvic spinal reflex. Assumed to be of main
importance for detrusor inhibition in humans
[72].

First use of electrical stimulation explicitly for
1975 Godec bladder inhibition using functional electrical

stimulation applied to the anal sphincters [73]

_ Sacral anterior root stimulator first implanted |on
1978 Brindley .
patients [26].
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1978

Fall

The pudendal to spinal reflex mechanism was

activated by intravaginal electrical stimulation|in

cats [74].

1979

Janez

Urethral and bladder response to anal electric
stimulation were evaluated by cystometry in|55

patients with bladder dysfunction [24].

1982

Kondo

Mechanical stimulation (squeeze) of the penis
for bladder inhibition [75].

1983

McGuire

Bladder inhibition was achieved through tibjal

nerve stimulation [76].

1983

Lindstrom

Showed the activation of sympatheti

c

vesicoinhibitory neurons and inhibit the

parasympathetic vesical motor neurons. Also
shown the sphincter muscle contraction is |not
necessary to achieve detrusor inhibition |by

afferent stimuli in animals [77].

1984

Nakamura and

Sakurai

Detrusor activity was suppressed using
transcutaneous electrical stimulation applied to
the penis [78].

1985

Brindley and
Donaldson

An implantable system, where pudendal nerve
stimulation was controlled by detrusor pressure

was tested for six months [41].

1986

Vodusek

It was shown that, in human the bladder
inhibition can be achieved by stimulating the
pudendal afferents of the dorsal penile
stimulation and showed that all that is required

for bladder inhibition is depolarising the
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pudendal afferents. Furthermore detru
inhibition was achieved by direct pudendal ne
stimulation using needle electrode and using

currents [79].

SOr
rve

low

1988

Schmidt

Implantable stimulator connected to an electr

making contact with S3 nerve root [33].

pde

1991

Fall and
Lindstrom

Concluded that dorsal penile/clitoral nef
stimulation activates inhibitory sympathe
bladder pathways and inhibits the preganglid
bladder motor neurons through a direct routg

sacral cord [80].

ve
tic
nic

> of

1996

Sheriff

Neuromodulation of detrusor hyperreflexia
multi pulse magnetic stimulation of the sac
roots [81].

by
ral

1996

Hansan

Transcutaneous electrical stimulation of
sacral dermatomes to treat idiopathic detry
instability [82].

the

ISOr

2000

Grill and Craggs

First implantation of “BION” micro stimulaton
which delivers chronic stimulation of t
pudendal nerve. This can be implanted ug

minimally invasive techniques [83].

e

5iNg

The attempts to use electrical stimulation for tileatment of bladder dysfunction

have found their way into clinical practice [61]n©of the best examples is the

Finetech-Brindley stimulator (Figure 2:9), thatfao has been implanted in more

than 2500 patients over the last twenty years [BAg implant is very reliable
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and there was an average one fault in the implanevery 19.6 implant-years

and some patients having the implant for more tiamty three years [27].

Electrodes

Internal Stimulator o Sacral
Nerves

Nerve Plexus

Bladder ~. gl

Urethra é——)

Bowel
Vocare- NeuroControl Corperation USA ®

Figure 2:9 — SARSI
The Finetech-Brindley Sacral Anterior Root Stimatatmplant. The implantable receiver (Internal
Stimulator) is connected by cables to electrodasga next to the sacral nerves carrying motor siber

to the bladder detrusor muscle [83].

Electrical stimulation is recommended prior to atizer treatment for bladder
dysfunction provided the following criteria are m5].
« Underlying conditions should be treated accordingtior to electrical
stimulation treatment.
» Conditions such as urinary tract infections, vapuiacharge should be
treated prior to stimulation.
e Patient’s cooperation and ability to manipulatedieice is essential.
* Neuromuscular structure involved in urinary storagast be at least
partially preserved.
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Short term electrical stimulation is non-invasiyeactical and generally well
accepted by the patient, the devices are reasomallly and the risk for the

patient is negligible [25].

Although electrical stimulation methods are widelgcepted, these treatments

still have greater potential for use of urology rthaurrently realised [85].
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Chapter 3 - The project concept

3.1 Introduction

The chapter initiates by showing the backgrounditento a requirement of a new
device and highlights its advantages. Sectiond&dusses the different detection
and treatment methods that can be used. The basapbes behind the project are
explained in section 3.5. The chapter describesaotrerall thesis hypothesis and
introduces the basic principle of the device openatThe chapter finishes with a
discussion of how this “proof of principle studyart be realised with the available

facilities.

3.2 Background

Urinary incontinence is a major medical and sopiablem, which affects nearly
200 million people worldwide [3]. Approximately ¥6of the urinary incontinence
population suffers from incontinence as a resulteifusor overactivity [10]. Urinary
incontinence has devastating effects on the lifeudflerers and their carers as well as
enormous cost to the nation [5] and the cost obnticence to the NHS is expected
to reach £2 billion by year 2020 [8]. The conven#b treatment for overactive
bladder is anti-muscarinic drugs [17, 19, 43, $3&wever research has shown that
nearly 50% of neurogenic patients can become teinat¢o these oral agents [20,
87] or cannot tolerate the side effects [12, 1®lerEfore improved management and

treatment methods are required to reduce the lemg-tost.
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3.3 Design requirements

The conventional management and treatment metheslsrided in chapter 2 have
their own disadvantages [58]. Even though eledtristamulation for bladder
overactivity is a better treatment than conventiomaethods [58], further
modifications are required in order to be accefgdhe wider community. These
modifications are addressed as design requirenadérikee novel device described in

this thesis.

3.3.1 Wearable device

Most of the currently acceptable electrical stiniola devices for achieving good
bladder capacity, deliver stimulation through inmiéad electrodes [88] and have
certain disadvantages.

» Implanting electrodes is a surgical procedure asssba@ated with degree of
risk [61].

* Reliability of the implantable system is an issuel aepair requires another
operation [61].

* Implants cannot be used on children due to theidrgrowth.

* Some bladder dysfunction symptoms change over #&intk non-destructive
treatment is preferred [89].

* Unpublished data of a recent study suggested thetrieal stimulation as a
treatment option for women with overactive bladdeduces their infertility
rate [90]. In such a condition this would be areidesatment.

* Sometimes patients prefer to experience the adiget ©f stimulation, before

making the decision to have an implant.
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* Some women experience mild incontinence due toaotwe bladder during
their menstrual cycle. For such a condition, a akl device would be an

advantage.

All of these points lead to the requirement foroa4nvasive device.

3.3.2 Conditional stimulation

Electrical stimulation can be applied in two di#fat ways, continuous [91] or
conditional [31, 32]. In continuous mode, the stiaion is applied throughout
filling of the bladder while in conditional modeetistimulation is applied only when
a hyperreflexic contraction occurs [92]. Currenstsyns for long term stimulation
use the continuous mode [31]. Although a contisustimulation system is easy to
design [31], it would have many disadvantages whempared to conditional
stimulation [92].
» The effectiveness of bladder inhibition may be {edi by habituation
resulting from repetitive activation of spinal estes [12, 30-32, 86, 93, 94].
* On average conditional stimulation increases tlaeldgr capacity by 6% to
18% when compared to continuous stimulation [92,9%4 95].
» Also conditional stimulation has been shown to @ase the bladder capacity
by 79% to 250% over no stimulation [31, 92, 96,.97]
* It may cause tissue and neural damage [12, 33886,
» It reduces electrode life [31, 32, 61, 86].
* As the stimulator be switched on throughout the gawer consumption is
high, therefore low battery life [12, 30, 31, 66].8Recent study showed that
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the conditional stimulation reduces the stimulatiome by 73%, when

compared to continuous stimulation [95].

In principal detrusor inhibition is only necessalyring an involuntary contraction
and thus stimulation can be turned off between rectibns [30]. Studies have
proved, applying stimulation at the start of a caction can completely suppress it,
while increasing the bladder capacity [94].

The above factors suggest that conditional stirarahas more benefits over
continuous stimulation. Therefore the novel dewioglained in this thesis will

provide stimulation upon satisfaction of a conditrelated to detrusor contraction.

3.3.3 Warning indicator

Most neurogenic patients with urge incontinenceehdtle or no sensation prior to a
detrusor contraction [41]. By using a condition@nsilation system, it is possible to
inform the patient when the stimulation is appljad, 61], using body area network
(BAN) or wireless communication link. In this wagtgent is aware about the status

of the bladder and can determine when to empty30286].

3.3.4 Cost

The cost of electrical stimulation devices is @ty limiting factor for patients using
the therapy. The currently commercially availablestems such as Medtronic
“InterStim” (Figure 3:1) device costs around £1@,087]. In this project, the device
is designed to keep the cost as low as possibteagat can be used widely in the

health system.
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Figure 3:1 — “InterStim” implant.
“InterStim” is an implantation neurostimulation s that sends mild electric pulses to the sa@ale)

the nerve near the tailbone that influences bladdetrol muscles [99].
3.4 Design principle

The novel device has incorporated all the featudescribed in the design
requirements in section 3.3 to become more usendty. The design principles
behind this device for detecting and treating dsirwoveractivity are discussed in
this section.

3.4.1 Detecting NDO

As this is a conditional neuromodulation systemeatain condition needs to be
satisfied in order to deliver the stimulation. Thisndition should relate to detrusor
contraction and over the past few years many methasle been demonstrated to be

related. Some of these are highlighted in the Takle
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Table 3-1 - Methods for detecting detrusor contragon.
This table compares the detection methods suggbsgtezsearchers and remarks the outcome of thg stud

in order to determine a reliable method.

Detection Method Remarks
During ambulation, the mean
detection is about 23% and
_ . _ | stimulation was switched an
Patient Allowing patients to switch _
o . _ after mean delay of 57s since the
activation on the stimulation when |a _
o start of contraction. Is not
[12, 100, 101] | contraction is felt. _ o
suitable method for activating
stimulation as the reliability is
highly limited.
Recorded afferent nerveRequires a surgical procedure,
Electroneurogray _ _ _
activity related tg thus associated with  risk.
phy of sacral _ o _ _
. mechanical activity of thelmprovements in recording
roots
bladder by placing nervequality and sophisticated signal
[92, 94, 102, .
103] cuff electrodes on the S3rocessing methods are
roots. required.
By placing catheters in the
bladder and the rectum to
Measuring obtain the pressurePatient’'s mobility is restricted
detrusor pressuredifference. A contractiondue to this method. This cannot

[12, 30, 31, 100]

was identified when detrus(
pressure exceeds

12cmH_O0.

pbe used as a chronic solution.
8_

External urethra

Record the electrical activ

ity oRdes a reliable method fq
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sphincter EMG | of the muscles whichdetecting contractions, but may
[86] correlate with pelvic floor not be feasible for everyday use.
by inserting fine wire

electrodes.

Provides a reliable method for

i

. _ detecting bladder contractions;
sphincter (EAS)| of the sphincters through _

_ however this can only be used|as
EMG needle electrodes inserted|2-

_ a temporary method due to the
[59, 95, 104] | 3cm deep into EAS.

External anal | Record the electrical activ

usage of invasive electrodes.

Considering the tabulated information, the methardrécording EMG from urethral
or anal sphincters could be modified to be non siweand practical method for
daily use. Considering these two sphincters, ihasd to place electrodes of a
wearable device adjacent to the urethral sphinctirsrefore the better option

appears to be the external anal sphincters.

The external anal sphincters, which are also irateds by the pudendal nerve
exhibits bursts of activities associated with bkxddontractions in cats, rats as well
as in humans [104-106]. In 1981, Blaivas conclutlet during dyssynergia, the
increase in activity in the sphincters occur caleait or immediately after the onset
of the detrusor contraction [107]. These studieggest that EMG of the external
anal sphincters is robustly modulated during ND@ #wus can be utilised as the

trigger signal for conditional stimulation.
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3.4.2 Treating NDO

As explained in section 2.5, electrical stimulatioeis been shown as an effective

treatment to inhibit the detrusor contraction.

Table 3-2- Electrical stimulation treatment for NDO

The table compares some currently available etedtstimulation treatments, in order to determine t

best method for the novel device.

Treatment

Method

Remarks

Dorsal genital| Placing cutaneous electrodeSimple, effective and non-invasive.
nerve (DGN) | over the dorsal base of penislowever not reliable methods as
stimulation | [110] in males and justplacement of electrodes are difficult
[12, 30, 31, |cranial to clitoris [111] in and is not a practical solution.

91, 95, 100, | females.

108, 109]
Intravesicular| Direct stimulation of the Higher current intensities are

=

stimulation | bladder via a catheter with|aequired, thus it is painful.
[60] special stimulation electrode.
The intravesicular electrode |is
a cathode.
Magnetic | A specially designed cojlProduces consistent and predictable
stimulation | (9cm focal point) placed overacute inhibition of  detrusg
[81] the sacrum and connected tolayperreflexia. It's a non invasivg

high frequency stimulator.

but due to placement of a coil (
the pelvis, the practicality of th
device will be limited. Also chroni

effects are not yet know.
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Percutaneoug A stainless steel need|drovides a reliable treatment optipn
Tibial nerve | electrode is insertedfor NDO, however regular visit tp
stimulation | approximately 3-4cm intpthe clinics are required because the
(PTNS) medial malleolus. A stick-oppatient cannot perform the
[60, 112-114]| electrode is placed on therocedure by himself.
same leg near the arch of the
foot. These are connected to a
low voltage stimulator.
Vaginal . . Showed significance increase |in
. The vaginal device shown |n . . o
electrical _ . bladder capacity with minimal
. . (Figure 3:2) was inserted to o .
stimulation . supervision. High currents afe
the vagina of the female _ _ _
[115-117, _ required for the stimulation and
patient and constant voltage o
117] . _ . also the treatment is limited to
stimulation was applied.
females.
Intra-anal | The anal device shown (rLong lasting bladder inhibition was
stimulation | (Figure 3:2) was inserted tagecorded and the treatment can|be
[23, 115, 116, the anus of the patient andsed for both male and female.
118] constant voltage stimulatigniMinimal supervision is required.
was applied. However high stimulating currents
are required.
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Figure 3:2 - Anal (left) and vaginal (right) electiode carriers.
Shows the intra-anal and intra-vaginal electrodesilby Ohlsson and Fall, to study the effect ol

and direct pudendal nerve maximal electrical statioh [115].

According to Table 3-2, there are many methodslavia for treating NDO of which
the dorsal genital nerve stimulation is the mosedusiue to the non-invasive
procedure. However dorsal genital nerve stimulatid®iTNS and magnetic
stimulation limits the mobility of the patient. Tiedore the methods that can be
incorporated into a wearable device that can be bsethe patient daily is intra-

vaginal and intra-anal stimulation.

In 1989, Ohlsson compared the intra-anal and waiginal stimulation and showed
that long lasting bladder inhibition can be achtwdth a device delivering intra-
anal stimulation [115, 116]. Furthermore intra-astinulation can be used for both
male and female patients. Therefore in this studynstrectal stimulation to the

Pudendal nerve is applied through intra-anal device
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3.5 The project concept

Based on the detection and treatment methods disdus section 3.4, a closed loop
electrical control system to treat urinary incoatioe can be realised as shown in the

Figure 3:3.

3.6 Study design

With the concept of the project being set, the aldrypothesis of the project can be
described as “the novel wearable conditional neodwtation device can be used to
treat urinary incontinence” and the device can bened as “ACONTI” Anal

ConditionalNeuromodulator foil reatingl ncontinence).

There are certain design steps involved in protghypothesis.

» First, is to come up with a suitable design of pheg, based on the anatomy
of the anal canal and an evaluation of previous et®dthat had been
designed for this purpose.

» Test the method on people with NDO and to see wvenethe detrusor
contractions can be detected and the continencedietained as a result of
trans-rectal stimulation through the device.

» Design, build and test the required electronicuirg for data processing,
which can then be integrated to the device.

* Finally, evaluate whether the device delivers optimstimulation to the

nerves of interest.
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Direct response
Contract the

urethral sphincters

to stop the flow

Reflex response :
Activates the
. Suppress the
' — Transrectal
| bladder contractions . ,
stimulation
and urge to void
5 f Yes

/ Detect EMG Process the EMG ,
Is it above the
activities from : signal and obtain —
. threshold?
anal sphincters equivalent DC value
§ No ™

Figure 3:3 — The project concept
Electrodes of the device detect the EMG signalsftbe anal sphincters, acting as a surrogate torétéral sphincters. The signal is then processed
and when it exceeds the predetermined threshadidases the stimulation of the pudendal nerve topsess the bladder and to contract the sphincters
[119].
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3.7 Other considerations

3.7.1 Clinical setting

Even though the device is designed for all typeseafrogenic incontinence such as
multiple sclerosis, Parkinson’s disease etc, th@airexperiments were carried out
mainly on spinal cord injured people. The reasarttics was the easy access to the
facilities and the patients, in the Royal Natio@athopaedic Hospital (RNOH) and
the involvement of the principle supervisor ProficNael Craggs and the assisted

nurse Judith Susser being a part of the hospgelreh staff.

Acute traumatic spinal cord injury (SCI) remainsastly problem to the society. A
report published in 2005, showed that nearly 133 €I cases reported worldwide
each year [120] and in UK it is estimated nearly080 people living with chronic

SCI [121]. Approximately 54% of this population haeme degree of urinary
incontinence [122]. A recent survey showed thaprgithe SCI community bladder,
bowel and sexual dysfunction was their primary @wnco be resolved [49, 123].
Chronic renal failure was the most common causgeath following SCI [81, 124].

Figure 3:4 shows the priorities of the spinal ciojdred people.

Even though the device was designed for both mehvemmen, the experiments
were carried out only on men. This is because tiet@gher percentage of men
(81%) with SCI compared to women (19%) [125] ane #asiness of carrying out

the procedures in men, such as collection of urine.
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Figure 3:4 - Priorities of the spinal cord injured population — United States [49, 123].
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3.7.2 Ethics approval

All research projects involving data collection frchuman participants require
prior ethics approval. This is to ensure the safaghts, dignity and well-being
of the participant and those of the researchers shidy has received approval
from the Local Research Ethics Committee of the d&Rdyational Orthopaedic
Hospital NHS Trust via the National Research Ethiggstem (NRES).
Participants were invited for the assessment thraag official invitation letter
together with the patient information sheet. Patienolvement required fully

signed informed consent. The patient consent ferattached in the Appendix 1.

3.7.3 Diagnosing bladder dysfunction

Although history and physical examination are ukedthe initial evaluation of
patients with NDO, more exact measurement is redquio identify the nature of
the bladder dysfunction [126]. Some of the diagieasiethods are detailed in the
Table 3-3.

Table 3-3 - Bladder dysfunction diagnostic procedues [127]

Diagnosing method Remarks

Postvoid residual urine | If the PVR is high, the bladder may be acontractile

(PVR) or the bladder outlet may be obstructed.
Uroflow rate is the volume of urine voided per unit
Uroflow rate time and mainly uses to evaluate bladder outlet
obstruction.

Assess the bladder capacity, integrity of the

Subtracted cystometrogramsphincter mechanism and the presence of detfusor

instability while filling the bladder with a liquid
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(mostly sterile saline) and measuring the bladder

rectal pressure.

a

Urethral pressure

profilometry

Measure functional urethral length and maximal

urethral closure pressure to determine the presence

of stress incontinence. By combining static and

voiding cystogram, the degree of urethral motion,

bladder neck and urethral sphincter function duri

filling and voiding can be assessed.

ng

Helps to identify the presence of coordinated

and

uncoordinated activity in the sphincters. EMG

cter

Electromyography _ _ _
allows accurate diagnosis of detrusor sphin
dyssynergia, which is common in SCI.

Used to evaluate any bladder lesions or bladder
Cystoscopy

stone.

Videourodynamics

Is the standard evaluation of patient with

incontinence. This allows to visualise vesicourat
reflux as well as the pressure-flow relations

between the bladder and urethra.

hip

Considering the methods mentioned above, in oalevaluate the efficacy of the

“ACONTI”, cystometrogram combined with electromyaghy were used to

evaluate neurogenic detrusor overactivity.
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Chapter 4 - Realisation of the design

4.1 Introduction

Having revealed the concept of the project and amrpt why the specific
approach was taken when compared to the currendljable methods, the next
step is to find out how the design can be achigmexttically. The previous
chapter highlighted the requirements of a wearatd®ice, which delivers

stimulation upon satisfaction of a certain conditibn this case the condition is to
detect bladder contractions related to the detruseeractivity. Another

requirement of the design is low cost. Major degigguirements of the device
are it should consists of electrodes for detecbtaylder contractions, a signal

processing unit and electrodes to deliver the satmg current.

This chapter starts by discussing the models tlea¢ wsed in the past, which was
the foundation of the new development. Sectionillu8trates how the shape of
ACONTI was obtained considering the anatomicalcstme of the pelvis. Having

obtained the required shape, the next step wastrrdine the materials for the
body and the electrodes. Once all the design facéoe collected the actual
building of ACONTI is described in the section 4uad the chapter finishes with

a summary.

4.2 Previous models

Table 4-1 analyses advantages and disadvantadgks ahal and vaginal devices

that have been used over four decades to trearyrimcontinence.
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Table 4-1 — Analyse some of the non invasive weatalievices used in the past to treat Ul through ebtrical stimulation.

Device

Design

Advantages and disadvantages

“Anal continence aid”
Hopkinson and
Lightwood 1967

[25, 128]

Made by Cardiac Recorders Limited and show
Figure 4:1(a)

When the device is in place and the stimulal

pudendal nerve do not stimulate; only ref

activity is detected with latency of 65ms.

nturned to full strength motor fibres of the

ion

ex

“Portex” pessary
(Figure 4:2)
Alexander and Rowan
1968
[128, 129]

Pessary is modified to carry two stainless stegd
wound (10 turns, 25 SWG) stimulating electrod
which lie anteriorly in the vagina. The electroc
mid-point subtends at an angle of6070 to the
centre of the pessary. These wires are then
within the pessary, in zig-zag to a midpoint of
electrodes and connected to a miniature stimu
under the axilla through a conventional cal

Devices Implants Ltd designed this pessary.

The method of construction ensures that
Wi
leads can withstand the mechanical stre

es
iwhich take place within the pessary, particula
es

during insertion. Normally the stimulator

led
micturition.
the .
maximal contraction of the relevant muscles
ator

hardly obstruct the micturition at the great

However it failed to produg

le.
strength of the stimulation. Out of 28 patier

the success rate was 46% [130].

switched on and only switched off to permi

the
5Ses

rly
IS

e
and
est

its,
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Vaginal device
Soldenhoff and

McDonnell 1969
[25, 128, 131]

An electrode pessary similar to tampon insel
into the vagina and connect it to the stimulatax,
which is powered by 9V battery. This system V
made by Vitalograph Limited.

rtg¢dluntary micturition in  all subjects i

ainimpeded or nearly so by these when they

[72)

are

vadly switched on. Reported 80% success rate on

28 women with stress incontinence [130].

The shape of each patient's anal canal Wase different sizes were used (Figure 4:3a). The
determined by using soft wet plaster of Paris iasiplug needs to be manoeuvred to obtain the |best
Intra-anal plug the finger-piece of a thin plastic glove. A Perspg@ossible contraction. The success rate was
Hopkinson 1972 plug was made to the determined shape with |tgieater in children as the plug fits better. The
[23] parallel circumferential electrodes 1cm apadlug has not proved a better treatment as most of
placed to lie above and below the neck of the plilgg patients cannot keep it in. Success ratg of
(presumed site of recto-pubalis). 57% on 63 patients [130].
_ _ _ Stimulation caused only slight or no pajn.
Anal plug The device (Figure 4:1b and Figure 4:1c) has two . _ a‘
_ _ _ Voluntary perineal contraction caused no visiple
Brindley, Rushton and | internal electrodes arranged to lie near [the _ . . _
. . movement of the device. Direct stimulation |of
Craggs 1975 pudendal nerve (at the anorectal junction) and |two . _
the motor fibres activated external urethral
[128] external electrodes. _ _
sphincters as well as left or right
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(independently) of the ischiocavernosus muscle
and caused maximal contraction through hoth
sexes, sustaining continence against 110mm of

Hg.
“Continaid” The transrectal stimulator consists of bipolarakcThe device is switched off during micturition. |In
(Figure 4:3) tampon, a flexible cord and a small plastic caseme patients the device caused abdominal
Merrill, Conway and | containing the 9V battery. The tampon is inseftechmps and mild diarrhoea. It was proved tg be
DeWolf 1975 so that the bulbous portion of the tampon |iesgood method of assessing a requirement for a
[132] within the rectal sphincter. chronic stimulator.
The stimulator can be kept inside a pocket| or
Anal plug attached to the belt and powered by a 9V battedPugs are commercially produced in fqur

(Figure 4:4a)
Sotiropoulos 1975
[133]

There are two parallel electrodes which are lchfferent sizes: 25mm (large), 24mm (medium),

apart on the surface of hour glass shaped Perstégmam (small) and 15mm (infant) in diamet

plug. Once the device is positioned inside the aidle product showed better response among the

canal electrodes rest in close contact with the

wall above and below the level of the pubo-rect

ayaunger ones.

alis
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muscle.

“Incontan” device
(Figure 4:4b)
Eriksen 1987

[116]

The complete system consists of 12V batts
electronics and electrodes integrated in plastig

housing. The stimulator is automatically activa

when the ring electrode touches the wall of thd ana . o
possible for the patient to sit in comfort and

canal.

The device is intended to strengthen pe

muscles by continuous stimulation. The dey
2ry,

caused anal soreness and changes in b

S

function in some of the patients. However

ted
device fits the anal canal well, making

move around normally with the stimulator

place.

vic
ice
owel
the

it

in

- 69 -



Chapter 4 — Realisation of the design

() |

on A3 a4 . i
Figure 4:1- (a) Anal plug used by Hopkinson and Ligtwood. (b) and (c) show lateral and

anterior view of the anal plug used in Brindley, Rghton and Craggs experiment [128].

Figure 4:2 - The x-ray of ‘Portex’ electric pessary[134].
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(&)

Figure 4:3 — (a) The small portable electrical stimlator and range of five Hopkinson's intra-

anal plugs to fit most patients [23]; (b) The extanal transrectal stimulator “Continaid” [132].

Figure 4:4 — (a) Sotiropoulos anal plug [133]; (bYhe “Incontan” device with the top and the

battery removed [116].
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Since the 1970’s there has not been major developofethe anal devices to
treat urinary incontinence through electrical stimion. However some devices
have been developed as pelvic muscle toners (Fdpein which some ideas
can be utilised in the design of ACONTI.

{a) (b) (c}

Figure 4:5 - Commercially available pelvic muscledners.
(a) Anuform, (b) Liberty electrode, (c) Anal elesdle PR13. The body of these devices made out of
GE plastic MG47 and the electrodes are made ostiafless steel [135].

Hopkinson’s anal device provides the foundatiodesigning ACONTI. Over the
years some modifications have been made to thigiever the basic shape
remains the same. Whatever the design, it shoul@dsy to manipulate and
should be well accepted by patients. Furthermoshauld provide satisfactory

retention in the anal canal during stimulation.

4.3 Shape consideration — anatomically

The device is to be inserted into the anal caral.order to deliver successful
neuromodulation three main criteria need to besBati. Those are;

« anatomical stability of the device during patieraiivity.

» effective recording of EMG signals from the extérauaal sphincters.

» optimal stimulation to the Pudendal nerve.

In order to derive the shape of ACONTI, it is beti® understand the structural

anatomy of the anus and the rectum (Figure 4:6).
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Figure 4:6 — Coronal plane cross-section of the asuand the rectum of an adult [136].
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The anal canal is about 4cm long and passes downavaed backward from the

rectal ampulla to the anus. The anal canal is eowar, tubular structure and it

continues to the wider muscular tube called theurad35].

4.3.1 Anatomical stability of ACONTI

The ACONTI has to be easy to insert, without cagisimuch pain. Once in place

it should be secure and should not move due to mewe or stimulation. The

points that should be considered in designinghhtgoe relate to stability. These

are listed below.

The head of ACONTI should be narrow and the dian&teuld gradually
increase (similar to the anal plug used in Brindlegxperiment in the
Figure 4:1b and Figure 4:1c) to provide easy insert

The device should be flexible in order for it tolléw the 4.13/mm
curvature of the ano-rectal junction [137].

The part of the device that sits on the anal céstam) should be narrow
to be held easily without applying much pressurétheowalls of the anus,
in order to minimise discomfort.

To stop ACONTI moving during stimulation, an apprbasimilar to
“Anuform” (Figure 4:5a) can be adopted; by makimgisthmus near the
end of the device so that the anal verge can be neasit around it.

To prevent the device sliding further in to thefiog, a small guard can be
introduced at the end of ACONTI similar to the nfadition Glen [138]
introduced to the Hopkinson device (Figure 4:7)isTalso makes the

device easy to remove and as a support for holtiegables.
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e e S

(a) (b)

=

Figure 4:7 - (a) Hopkinson's continence aid anal pl, (b) the modified plug introduced by Glen
[138].

4.3.2 Effective recording of the EMG signals

The effectiveness of conditional neuromodulatiorpesels on how well the
condition for stimulation is detected. The main sideration is how specific
muscle signal currents can be recorded withoutifsignt interference unrelated
to the function is required.

The lateral wall of the anal canal is kept in apijas by the levator ani muscle
and the anal sphincter. The anal canal comprigenef longitudinal muscle layer
as an internal anal sphincter enclosed by extesplaincter [139]. The external
sphincter is formed with three main parts (showntle Figure 4:6). A
subcutaneous part which encircles the lower enth@fanal canal, a superficial
part which is attached to the coccyx posteriorlg paerineal body anteriorly and
finally the deep part of the anal sphincter enesdhe upper end of the anal canal
[140].

During bladder filling, the activity in the longilinal muscle increases, therefore

it is accepted that bipolar surface electrodesréoording striated muscle EMG
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are usually placed in the direction of the musitieef[141]. Due to the structural
anatomy the recording electrodes should be cortsttwonsidering the following
factors.
» The two recording electrodes should be placed albegxis of ACONTI
and should be equally separated on the circumferenc
* Recording end of the device should be wider thadtem in order to
push the electrodes towards the wall of the anta@hsfers as similar to the
“Anuform” (Figure 4:5a).
« The reference electrode should be placed someveheceically inactive
such as the stem, therefore the stem should be evidagh to hold the

ground electrode.

4.3.3 Optimal stimulation to the Pudendal nerve

It is important to ensure that when a nerve is @@ted, that electrical current is
delivered to the nerve in an adequate amount tergés an action potential as
well as the stimulating currents be focused suchtocasninimise unwanted

stimulation of other nerves.

The ano-rectal junction is the closest part of ¢fastro intestinal tract to the
Pudendal nerve. Therefore if the stimulating etesttis can be made to sit on the
ano-rectal junction, the stimulating current can Omrected to Alcock’s
(Pudendal) canal. As the Pudendal nerve runs halteat 10 o’clock and 2
o'clock position (Figure 4:8), it will be benefitiaf there are two sets of

stimulating electrodes.
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Figure 4:8 - Shows the transverse plane image oféhmale pelvis at the ano-rectal junction.

Pudendal canal is marked in red circles, and ftin@ stimulation the stimulating electrodes idgdie located in grey circles [142].

-77 -



Chapter 4 — Realisation of the design

As the rectum is much wider than the anus, theustiimg head can be made
wider too, giving more space to place the embedadkscironics as well as to push
the stimulating electrodes more towards the Puderalzal. The anode can be
made bigger than the cathode, to increase thergwtensity near the cathode as

the stimulation occurs close to the cathode.

Based on these considerations, the shape of ACQidiml be derived and is

shown in Figure 4:9.

4.4 Material consideration

Having derived the shape of ACONTI based on anaioimy next step is to
determine the suitable material for the device thecelectrodes. The main factors
that need to be addressed in determining the radeare bio-compatibility

within the body and patient compliance.

4.4.1 Device material

The anal and vaginal devices discussed in Tableusd perspex for the device
body. As ACONTI is to be non-implanted, the matedaes not have to be
implant grade, but should be biocompatible. Dugg@lastic nature (availability
of different grades), silicone rubber is a betteoice than perspex and this will
make the device easier to follow the curvaturenefanal canal. In addition to the
elastic nature, silicone also has low surface temschemical and thermal
stability which made it to be used widely in theallecare [143]. As the silicone
polymers are structured with an inorganic backbowhjch minimise the

chemical reaction with living organic system, gdadcompatibility results in

devices in this nature [144].
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[ . | | |
100mm

Figure 4:9 — Final shape of the ACONTI represent t@ scale shown.
The top figure shows the axial view while the bottdigure shows the longitudinal view. Small

circular dots represent the cathodes; large ciraltds show the position of the two anodes. Round
rectangular electrode on the stem is the grounctrelge, and that near the end is one of the two

recording electrodes.
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The silicone rubber that is available in liquid rfois widely used in injection
moulding applications and available in differenadgs with a range of hardness
of the cured rubber. In order to determine theaklgt grade cylinders with
dimensions 5cm in length and 1cm in diameter waslema LSR10-LSR90.
These cylinders were then analysed for their eli&gtand the ability to hold
electrodes. Based on this analysis it was conclaladLSR40 is the best grade
for ACONTI. Therefore MED-4940two part liquid silicone rubber from NuSil
Technology was used in this application. This srieted rubber, which can be

used on external devices or implantation for lbas 29 days [145].

4.4.2 Electrode material

Most electrodes that are used for electrical statmoh are polarisable electrodes.
However to reduce the complexity of using two eled¢ materials; the same
material is used for both recording and stimulatielgctrodes. Polarisable
electrodes are either made of noble metals likénpian, iridium, gold or non-

noble metals/alloys such as titanium or stainléssl $146].

Table 4-2 highlights material properties of sommpwnly used bio electrodes.

® This is the medical grade (restricted) siliconbher, which has the hardness grade similar to as
LSR40.
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In the devices mentioned in Table 4-1 and the petviscle toners in the Figure
4:5 the choice of electrode material is medicatlgrstainless steel. Stainless steel
iIs a cost-effective engineering material with goomirosion resistance and a
range of mechanical and physical properties couplgd inert, easily cleaned
surfaces that are well suited to a wide varietynwdical applications, where
hygiene is a major requirement. AISI-316 (medicahdg) stainless steel is
specially produced with enhanced chemical commsitn order to be suitable
for close and prolonged contact with human tisd4€]. Therefore medical grade
stainless steel was used as the choice of mattralboth recording and

stimulating electrodes.

4.5 Manufacturing of the device

With the basic shape of the device being derivesktbaon the previous devices
described in Table 4-1, the next stage was to rsakee devices to be tested in
clinical studies. In order to have a repeatabkigiewith accurate measurement
and method of filling with liquid silicone rubbeit, was decided to produce a

mould. This procedure was handed over to pattekkema

In order to design the mould for filling the rubparprototype device was made
using epoxy which is shown in Figure 4:10.
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Electrode positions

Figure 4:10 - The master model of the device.
The master model was made by the pattern makeg @gpoxy to the exact measurement shown in
Figure 4:9.
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Table 4-2 - Desirable material properties for somenetals commonly used as bio electrodes [148].

. o . o Stainless
Platinum Iridium Gold Silver Tantalum Titanium
steel
Corrosion resistance X X X X X X
Biocompatibility X X X X X X
Electrical conductivity X X
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In determining the size and the shape of the @ldefy, the surface area of the
recording electrode should made to the maximunwalbde size to minimise the
electrode impedance. As explained in section 4.&.3pair of stimulating
electrodes will be added to the device for bildtstimulation and the anode was
made bigger than the cathode. Sample electrodekiped by the pattern maker

are shown in the Figure 4:11.

Figure 4:11 — Sample electrodes.

The electrodes are made out of medical grade stsinsteel. (a) recording electrodes are round
rectangular shape of 5mm x 10mm, (b) circular sheabode electrodes of diameter 5mm and (c)

circular shape anode electrodes of diameter 8mm.

The electrode connection in the device is showthenFigure 4:12.

Electrode Body of mould with recess

// / . fc"holding electrode

\\x

. Aloop of the bared connector
Elastomer of device body wire crimped into turned

. over skirt edge of electrode
Insulated connector wire

Figure 4:12 — Shows how the electrode is connectetien it is in the device, embedded in silicone
rubber.
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Using the master model shown in the Figure 4:10pcauld was made out of
aluminium loaded epoxy (Figure 4:13).

A support to keep the
Rubber seal around electrodes in place

the mould

Risers for the

excess rubber

Figure 4:13 - The main mould for filling rubber.
The two halves of the mould will be screwed togetiefore filling. The rubber will be injected into
the mould from I. The electrodes were glued tonttmaild temporarily.

A two part liquid silicone rubber (MED-4940) wasx®ad 1:1 and then injected to
the mould. The mould was then put into the ovenlafidor more than 24 hours
at 70C. When the mould was checked, the rubber wasureticIt was left in the
oven further 2 days, but still the rubber was nated properly. Therefore this
approach failed for the following reasons.

e The rubber was inhibited by the mould material

* The cables used for connecting the electrodes hauverall diameter of

5mm. Due to this cable and the support to holdeteetrodes injection of

the rubber was hard.

» It was difficult to keep the electrodes in placeusyng temporary glue.

In order to overcome these problems a new metha deaeloped: the design
stages are described in Table 4-3.
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Table 4-3 - Highlights the problems faced in the m@vious approach and the solution to overcome them.

Problem faced in the previous

yhen

ugh

Stage _ Solution Design procedure
design
Rubber was not curing due to the
(@) reaction of rubber with epoxy andMade the mould out of heatMMelted metal was poured over the master model v
a
not enough heat transferred to theansferrable material. it is resting inside a block.
inside of the mould.
It was hard to push the rubber . . o
Kept all the electrodes on th®rientation of the device in the mould was changed
because the mould was blocked|by _ 0
(b) same half, so they can be heland the recording electrodes that were”1&art were
the cable and the support to hold _ N
_ ~ | using the mould itself. brought to 120(4 and 8 o’clock positions).
the electrodes in the opposite side.
Attached the electrodes to the _
_ _ o A hole of Imm was made in each electrode, thro
Keeping the electrodes steadymould using fishing line: angd o _ .
(c) which can pass a fishing line and tie on the otie,

during the filling.

can be cut at the end

release the electrodes.

5]

so that it stops the electrode moving.
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The wires were soldered to the electrodes (using
_ _ Wrapped the wires arounghosphoric acid to dissolve the oxide layer). These
Wires touching the wall of th S _ N _ _
rubber tubing in the middle.were wrapped around the silicone rubber tubingctvhi
(d) mould so they are not embedded in _ _ _ _
Used enamelled copper wirewas held using 1mm rod passing through the midflle o

of thickness 0.125mm. the mould. When the rubber is set this rod can be

D

the device.

pulled out.

The rubber was then vacuum centrifuged and then
Curing the rubber and preventintysed the pressure chambenjected into the mould. This mould was kept insa&de

(e)

air bubbles. and the hot plate. pressure chamber at a pressure of latm. This system

was then kept overnight on a hot plate.
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Recording elect{‘g,grs
f [t 3
=

Low melting point

metal

Rubber tubing

1

. II‘. .
. . *\\

Figure 4:14- Shows the design stages explained hetTable 4-3.
(a) The mould which is made out of low melting gaimetal. (b) All the electrodes are in the same
plane. (c) Electrodes are held in place usinglarisline. (d) The copper wires are connected & th
electrodes and wrapped around the rubber tubindl'i{e rubber free from air bubbles was injecting

through the inlet.

The resultant device (shown in the Figure 4:15)psto expectation. This new
version of ACONTI was tested clinically, and gaverpising results which will

be described in chapter 5.
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MRI at mid rectum
(axial plane)

Pudendal n.
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" R sphincter
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Figure 4:15 — ACONTI device in 3-dimensional plane
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4.6 Conclusion

The foundation for the design of the novel weardidéelder control device was
derived from the Hopkinson’s anal device. The etads position of ACONTI

was based on the anatomy and neurophysiology @rtbeectal region.

The chapter described the actual manufacturindhefdevice together with the
problems faced thus led to design limitations sashincreasing the distance
between the recording electrodes. These limitatimars be overcome by using

more sophisticated method.

Based on the anatomy and practical experience, a¢ &wssumed that the
stimulating head of ACONTI sits on the ano-rectahgtion. However precise
measurements have not being taken. The positiold dmi measured by taking
MRI images of ACONTI when it is in the pelvic ogé of a patient. Once those
images are produced further details regarding iposing electrodes can be
analysed. An experiment to optimise the stimutpttectrodes of ACONTI is

described in the chapter 7.

With these two results ideal positions for the gtmtes can be obtained. Once all
the relevant information is known, this device viod redesigned to be built using

an industrial method.
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Chapter 5 - Clinical efficacy of the ACONTI

5.1 Introduction

Once a satisfactory design was obtained, as desciibchapter 4, the next stage
is to perform some clinical studies to determine dfficacy of the design. This
chapter starts by recapping the background leattindpe clinical experiments
and then moves onto describing the aim and thectbgs of these experiments.
Section 5.4 explains the patient selection andettpgipment set-up. Then the
chapter divides into two main sections based orettperiments, where section
5.5 describes detecting NDO and 5.6 describesingeddDO. Each of these

sections talks about the objective, method, resmitsanalysis and discussion.

5.2 Background

Urological problems following SCI, mainly neurogendetrusor overactivity

and/or detrusor sphincter dyssynergia, cause sevgray incontinence [12, 32,

49, 95, 101, 122]. Approximately 54% of the SCI coumity suffer some degree
[122] of incontinence and restoring bladder, boaetl sexual function is their
main priority [40, 49]. Even though anti muscarimgicigs remain the common
management [5, 12, 17, 20, 28, 43, 86, 95], 50%enirogenic patients cannot
tolerate the side effects of these drugs and hawe gompliance [20, 87]; leading
to a need for alternative treatment modalities sagtelectrical stimulation [12,

28, 95].
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Most of the currently available devices were saldtiver continuous stimulation
[31, 100]. The principle of conditional neuromodida was introduced in order
to overcome some of the problems associated wittiragous stimulation such as
stimulation becoming ineffective due to habituateord high power consumption
[12, 28, 31, 33, 86]. Accordingly, a condition mux satisfied to deliver the
stimulation. Most previous studies used rise inavsical pressure as the trigger
for the stimulation [30-32, 41, 92, 149]. As expkd in chapter 4, ACONTI sits
in the anal canal and monitors the muscle activitihe external anal sphincters,
which act as surrogates for the urethral sphindieing DSD to trigger the

stimulation of the pudendal nerve [40].

5.3 Aim and objectives

The aim of the research is to develop a wearabtalitonal neuromodulator
device to treat NDO and restore continence for pleeple with neurogenic
incontinence. This aim can be divided into two mgirestions as objectives,
which are:
» Does the device detect the surrogate external sptahcter EMG with
related to the detrusor activity during NDO?
» Does the device stimulate the pudendal nerve sapioige NDO, leading

to increase in bladder capacity?

The two experiments described in the sections Bb5a6 are intended to answer

these questions.

5.4 Clinical set up

As explained in 3.7, the study was conducted in gpimal injury unit of the

RNOH. In order to commence the study appropriateepta group and the
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necessary equipment must be set up as describ#dsirsection. The patients

participated in the study required a fully informednsent. The study was

conducted in the context of good clinical practice.

5.4.1 Participant selection

Twelve complete and incomplete SCI men were sealefttethe study based on

appropriate inclusion and exclusion criteria.

Inclusion criteria

Participants must be aged between 18 years to @bs ydue to their
independence in taking decision.

Participants must have had their injury at leasiny-four months prior to
the study. This is to ensure that the time for ratuecovery and
physiological instability has finished.

Individuals must have a complete or incomplete @garcral spinal cord
injury at upper motor neurone because lesionseavétebrae below T10
may have denervation [150].

Participants must have proven NDO and/or DSD agateld by previous
urodynamics studies.

For the practical reasons and to improve the aabdpy as well as to
avoid any confounding errors during analysis, amign were considered

at this stage.

Exclusion criteria

Patients with any other neurological disorder.
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» If the patient had a history of any implanted dewviar bladder function, or
if they had a surgical intervention at any timehe bladder, sphincters or
any infection in the rectum.

« To minimise autonomic dysreflexia during cystomefgtients with any
past or present cardiovascular conditions.

 Also if the patient gets recurrent resistant ugnaract infection or
reported any of the symptoms on the day, patierst @a&luded from the
study until they are positively treated.

« Patients who had botulinin toxin interventions tiher bladder or bladder
outlet [151].

« If the patient is participating in any other drugdy they were excluded in

order to avoid conflicting drugs.

In addition to these, the participant will be resfeel to stop anti-cholinergic
drugs or other drugs being taken for their bladaerdition (such as oxybutynin,
toltarodene or detrunorn) for a period of 5 daysl&ys if it is xf) prior to the

assessment. If the subjects proved to have histbryTl, a single dose of
Genitamicin (80mg) was given intramuscularly agaarsy possible UTI caused

by the repeated catheterisation.

Those who met these criteria and were includechén study are listed in the
Table 5-1. These details were extracted from theemigs notes and by further
discussion with them. All subjects who participatedhe study signed a consent
form having first been fully briefed and given tl@portunity to have their

questions answered.

* Modified release version of the drug.
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Table 5-1 - Patient details.

CISC = intermittent self catheterisation, M = mexdiion, FC = Foley catheter, IP = incontinence pad

Patient Level of injury Complete/ Incomplete ASlrade Date of injury Bladder management
P1 T11-T12 Incomplete - May 2006 CISC, M
P2 T10-T11 Complete A March 2005 CISC, M
P3 C3-C7 Incomplete D October 2002 CISC, M
P4 T4 Complete A September 2007 CISC, M
P5 T12 Incomplete D April 1998 M, FC
P6 L5-S1 Complete - 1992 CISC, IP
P7 T11-L1 Complete - August 2005 CISC, M
P8 C4-C6 Incomplete - September 1997 CISC, M
P9 C6-C7 Incomplete D 2000 CISC, M
P10 T6 Incomplete C June 2007 CISC, M
P11 T3-T4 Complete - January 2001 CISC
P12 T2 Complete - 1987 CISC, M
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In the Table 5-1, the injury levels of the patieat® shown according to the
relevant vertebral level. In some of these patientsltiple vertebral sites are
shown either due to the several injury sites ofgpmal cord or due to the fact

injury is located in between the particular vergsbr

One of the inclusion criteria of the selection bé tpatients was that the injury
should be above T10. However patients P1, P2, B&nd P7 have their injury
below T10. The reason for including them for thedgtwas, these patients were
taking oxybutynin for bladder control and previau®dynamics investigations

have shown hyperreflexic bladder.

5.4.2 Experimental setup

The experiments were carried out in the Royal NatidOrthopaedic Hospital
(RNOH) in Stanmore. The experiment session was rgigael by Professor
Craggs (consultant clinical scientist) and the ichh work with regards to the

patient was carried out by a specialist urologysaur

Performing cystometrogram

According to the bladder dysfunction diagnostic moels, described in chapter 3,
it was concluded that standard cystometrogram préoeoe the best method for
assessing the efficacy of the device. Cystometryaismethod to obtain
pressure/volume curve by filling the bladder withygiological saline at a
constant rate while monitoring changes in intrasaspressure. Any detrusor
contractions greater than 15cp@H are considered abnormal [152]. Detrusor
pressure is obtained by standard subtraction cystgmwhich is the subtraction

of the abdominal (rectal) pressure from the intszced (bladder) pressure [153].
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First of all, the patients were laid flat on thedbe a comfortable position. In
order to measure the bladder pressure, standalfd Bl&e catheter (Figure 5:1a)
inserted into the bladder through the urethra, andt.5Fr rectal line inserted
through the hole at the midline of ACONTI (Figurells) was used to measure

the rectal pressure.

(a) (b)

Figure 5:1 — Bladder and rectal lines
Shows the 4.5Fr (a) bladder line and (b) rectad lio measure the intravesical and the abdominal

pressure respectively.

The other ends of these catheters were connectdtletdigitimer pressure

transducers, which then were connected to 10mhggrcontaining sterile saline
to flush the pressure lines. These lines were @@k (zeroed to the air), before
connecting to the Lectromed amplifier system. Sadiion of these two pressure

values (showed the detrusor pressure) was dome isaftware.

Volume assessment involved filling the bladder wa#iine via the filling line.
The filling line was 10Fr catheter and was connédte the pump with sterile
saline infusing at room temperature. This fillinel was also used for
catheterising the subject by connecting to a twg ta@ system. The filling line
was connected to a pump (Lectromed, UK) with themraemperature sterile

saline as the infusion fluid.
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At the end of each filling a rest period of at keige minutes was obeyed, in

order for the patient to change his position toimise any tendency for pressure
sores.

This set up is shown in the Figure 5:2.

Lectromed amplifier

Syringes to _
flush the line =

Bladder_line

Saline bag
. Filling line

PENLIT R WIS

Volumetric pump

RS Arrangement to empty
s the bladder

Figure 5:2 - Cystometrogram set-up
The figure shows the setup of the catheters to uneathe abdominal (rectal line) and intravesical
(bladder line) pressure. The other ends of theeetsrs are connected to pressure transducers. The
filling line and the attachment to empty the bladaile connected to a two way tap system.
ACONTI was inserted to the anal canal (facing tleeteodes anterior) using KY gel. The cable of the
device was connected to the amplifier through aneotor box. Each individual has their own device

and at the end of the experiment. At the end ofekgeriment this was washed and cleaned with
Milton solution.
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Signal processing

For the purpose of clinical study, the EMG signatedted by the recording
electrodes of the device was then passed ontogbedmed amplifier. The 5361
amplifier is a general purpose isolated preamplifigainly intended for bio
potential signals [154]. The input signal is AC ptad with a time constant of
0.03s.

This analogue signal is then passed to the dataisaibon system by Cambridge
Electronic Devices (CED), which was set to alloywass band of 20 Hz to 10
kHz and a sweep time of 200ms. This signal is pwetessed using SPIKE
software also from CED. This software gives thesdi@n of post processing

easily such as for filtering, rectifying etc; whishmplifies the signal analysis.

The final part of the system is a Digitimer DS7 céleally isolated constant
current stimulator. This can deliver current up@mA with stimulus pulse
duration varying from 50-2000us. The triggeringnsil for stimulation is
provided through the Spike [155].

All of these systems are fully approved by the pesm EMC directive
“89/336/EEC”. Arrangement of this system is showirigure 5:3.
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8 Digitimer DS7
stimulator

Lectromed
amplifier system

CED 1401 plusdata
acquisition svstem

CED Spike software

Figure 5:3 - Shows the laboratory equipment set-up.
The two pressure transducers and the EMG signata@reected to the Lectromed amplifier. These sigmeth converted to digital signals using CED 14@fadacquisition
system, which then pass these information thesenrdtion to Spike software for graphical user ifstee and for further signal processing. Finall\s tbénds the signal to

activate the stimulation pulses.
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When recorded the raw EMG signal consists of thieah@nal sphincter EMG as
well as interference from other sources such a% fneains. Therefore this raw
EMG signal is first filtered using digital band gadter with cut off frequencies
60Hz — 500Hz, then this signal is full wave reetifiand smoothed with a time
constant of 1s. The reasons for using these paeasnfedr processing the signal

will be explained in chapter 6.

5.5 Detecting NDO

In order to suppress the detrusor contraction,sitimportant to start the
stimulation early. Therefore, when using conditiomeeuromodulation the

contraction should be identified easily and eadyprevent the leakage.

5.5.1 Objective

The objective of this experiment is to assess dtegtionship and its reliability of
the EMG signals recorded from the external anaingpérs through the device, to

the detrusor contraction.

This part of the study measures the bladder capatthe individual and helps to
conform the presence of NDO. Further it analysesléiwel of the external anal
sphincter EMG signal, which will be used as theyger for conditional

stimulation.

5.5.2 Experimental protocol

The bladder was drained of urine before each bla@ilieOnce all the filling
lines, catheters and the device were in place pkieed in 0 and the informed

consent was obtained, the standard cystometrogras performed at non-
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physiological rate of 60 ml/min while recording &sphincter EMG. At the start
of the experiment the subject was asked to cougénture that the equipment
was positioned and recording correctly [156]. Blgwdssure monitoring was not
carried out during cystometry, but signs or symarh autonomic dysreflexia
were monitored. Maximum cystometric capacity (MG&3s established when
there is leakage, patient discomfort or when 500ohime was reached [157].
The volume at first sustained contraction (VFC) ¢whhe B> 15cmH0 above
the baseline for at least 10s [40, 41, 95]0, MC@ #re maximum [ were
recorded. This procedure was repeated three timesrder to determine the
repeatability of the results. For the patients withobserved NDO present, the

experiment was terminated at this point.

5.5.3 Results and analysis

Standard CMG with anal sphincter EMG and the preegssignal are shown in
Figure 5:4 and the urodynamics traces of each iehdal showing the detrusor
pressure, raw EMG signal and the processed sijusirated in the Figure 5.4.
The pressure, volume data and the level of prodesigmal during DSD of each

subject is shown in the Figure 5:5.
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Figure 5:4 — Standard CMG with external anal sphinter EMG
P.es Pana and Re; represent the bladder, abdominal and detrusospres (by subtracting,R from R,.9 respectively. EMG of the anal sphincters represen
“Raw EMG” and the waveform used for triggeringiltefed, rectified, smoothed EMG shown as the “pased” signal. dyc = time at which the processed signal

crossed the threshold linggI= time at which the detrusor pressure reachedeahdemHO the baseline.
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Figure 5:5 - CMG traces of the twelve subjects
These graphs are source scaled and only the inmposignals (related to setting the stimulation
threshold) are shown to highlight the detrusor @ution.
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Out of the twelve patients that participated in siwedy four had to be turned down
due to absence of NDO. Subject P6 had a low comtplitadder, in which the
detrusor pressure increased with the filling; hosvehe MCC reached at 300ml. For
the subjects P7 and P10, filling of the bladder teasinated when the pump infused
500ml and 450ml respectively. The MCC were 550mil @®0ml including the
natural filling. For these two subjects there wacehigh pressure present and the
bladder can accompany any volume of saline. Thghtribe due to the fact that all
the neural pathways to the bladder may have damaged results of injury.
Furthermore they had no NDO but instead aconteabithdders and show signs of
overflow incontinence. Patient P8 did not show amtyease in detrusor pressure or
guarding reflex, however there was leakage and#@€ was approximately 300ml.
This may be due to weak urethral sphincters. Cenisig all these observations P6,
P7, P8 and P10 will not benefit from this study.

Bladder capacity

One of the objectives of this experiment was to sueathe bladder capacity of each
individual, so that it is easy to know when to expa dyssynergic response in the
next part of the study and also to conform the gmes of NDO. Figure 5:6 and

Figure 5:7 show the bladder volume at first sust@icontraction and the mean

variation of the maximum cystometric capacity respely.
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Table 5-2 - Volume at first contraction and the maknum cystometric capacity of the participants.
The volume at first contraction was obtained by soeimg time and multiplying it by the fill rate. € maximum cystometric capacity was obtained by oméeg

the amount of fluid withdrawn from the bladder ageach fill.

Subject Volume at %' contraction (ml) Max. cystometric capacity (ml)
Fill 1 Fill 2 Fill 3 Fill 1 Fill 2 Fill 3
P1 138 140 - 150 155 -
P2 72 40 83 100 87 105
P3 109 118 118 145 145 175
P4 73 45 39 105 82 55
P5 175 234 278 180 235 280
P6 122 66 50 370 300 300
P7 - - - 550 - -
P8 133 157 91 245 307 370
P9 231 205 246 257 212 255
P10 300 300 - 466 425 -
P11 283 330 291 410 395 355
P12 279 307 205 450 500 337
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Figure 5:6 - Shows the variation of the volume atiffst contraction
The volume shown is the mean of the three filleach individual and error bars represnt the stahdar

deviation.
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Figure 5:7 - Shows the variation of the maximum cyemetric capacity
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Capacity shown is the mean of the three consecfitiseon each individual and error bars repregbet

standard deviation.

The maximum cystometric capacity of each individuatied from 55ml to 500ml
and the mean MCC was 221 + 128 ml. When bladdersilbd artificially, there is a
tendency for the detrusor muscle to stretch andraowdate more volume at each
time. Figure 5:8 highlights the increase in bladckgpacity of each subject on each

consecutive fill.
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% E 300
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=
E 200 —4—P9
=
p P11
100
P12
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Figure 5:8 - Shows the intra subject change in blader capacity due to repeated filling.

These data were analysed with Friedman test (aséetéct differences in treatments
across multiple test attempts [158]) in order ttedwine the significance in increase
in the bladder capacity across the fills. The tsswiere p = 0.9048 across all three
fills, showing that increase in bladder capacityoas each fill was not statistically

significant.
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Maximum detrusor pressure

Another problem of NDO is high detrusor pressureictv may lead to vesicoureteric
reflux, repeated bladder infections and renal failif left untreated. Figure 5:9
shows the variation of the maximum detrusor pressafreach individual during
detrusor sphincter dyssynergia [13].

Table 5-3 - Maximum detrusor pressure during the cotrol study

The maximum detrusor pressure is the highest peadded in the control study.

Maximum R (cmH,O)
Subject

Fill 1 Fill 2 Fill 3

P1 59 55.54 -
P2 78 83 97
P3 99 110 93
P4 118 116 84
P5 148 167 99
P6 o7 48 27

P7 13 - -
P8 53 61 46
P9 60 63 50

P10 10 14 -
P11 75 80 83
P12 96 69 72
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Figure 5:9 - Variation of the maximum detrusor presure of each individual with error bars

representing the standard deviation.

The maximum detrusor pressure varied from 50 gmitb 167 cmHBHO across all

subjects and the mean pressure was 88 + 27,0mH

Level of processed signal

The main reason for carrying out this experimentoigietermine the level of the

processed signal during DSD of the neurogenic pitieso that it can be used as the
trigger in conditional neuromodulation. Figure 5dltbws the level of the processed
signal of each individual at the start of the fissistained contraction at which the

stimulation should be applied in order to supptesscontraction.
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Table 5-4 - Levels of the processed signal
These results were obtained by reading the levehefprocessed signal when a sustained contraction

occurred (time at which detrusor pressure crossesii,0).

Subject Level of processed signal (1V)
Fill 1 Fill 2 Fill 3
P1 5.15 10.99 -
P2 2.25 4.17 3.7
P3 15.2 9.08 8.31
P4 3.8 3.45 9.1
P5 36.5 324 35.6
P6 283 280 254
P7 - - -
P8 4.1 5.0 3.6
P9 25.4 33.5 35.5
P10 4.9 3.3 -
P11 7.6 5 4.6
P12 8.1 10.6 10.7

- 114 -



Chapter 5 — Clinical efficacy of the ACONTI

40

35 § I

30

25

20

15

10 } T
: 4 :
: 4
D T T T T T T T T 1
PL P2 Pz P4 P5 P9 PIL  PlL2

Level of processed signal
(nv)

Figure 5:10 - Variation of the level of the procesd signal of each individual.

Error bars representing the minimum and maximuroneed values at the start of first contraction.

The level of the EMG signal varies 2.25uV to 36.5prvVeach individual depending
on their lesion and the state of their sphinctétewever for stimulation it is

necessary to avoid any false negative situaticgretore the minimum level of the
processed signal identified on this experiment Wwél used as the trigger level for

each of the subject.

Relationship of the processed signal to the detruscontraction

One of the objectives of this study is to determvimether the external anal sphincter
EMG can be used as a reliable trigger signal wailation to detrusor contraction.

For all the eight subjects with NDO, the time atiabhthe rise in detrusor pressure
and the time as which the there is a significainge in the processed signal were

noted.
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Table 5-5 - Time difference in detecting contractio by processed signal and detrusor pressure as

indicated in Figure 6:6.

Patient Evc - Taet (S)

P1 15

P2 12

P3 0.1

P4 -0.6

P5 -2.09
P9 15
P11 -1.8
P12 3.2

According to the data shown in the Table 5-5; oerage, using an EMG threshold is
3.4s faster than setting the trigger level on tegusor pressure. The stimulation
could have been delayed only on three subjectsehemthis delay was less than
2.1s.

5.5.4 Discussion

Serial cystometries were conducted in patients WIYO to assess bladder capacity
and to find out the level of processed EMG sigmabiider to determine threshold
levels for conditional neuromodulation. The meaaddler capacity of each of these
subjects is 221 + 128 ml. This capacity is very lmmpared to a healthy volunteer.
This means the number of catheterisation per dayigh; therefore this capacity
needs to be improved using the proposed device siftadlest bladder capacity was

found on people who had required a high dose afrastarinic drugs. Also this
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study proved that increase in bladder capacity thuerepeated filling is not

statistically significant (p >0.05).

The patients with NDO had high level of detrusagsure with the mean of 88 + 27
cmH,O. If these high transient pressure were left até@ may result chronic renal

failure and repeated bladder infections [12].

The mean value of the level of processed EMG signahg DSD is 13.7uV. This
value varies with each person. For the next pathefstudy this signal will be used
as the trigger for the stimulation. It is importaot obtain the best level of the
processed signal as the trigger, because misstantaaction or being delayed to
apply stimulation will result leakage of the uriffdnerefore the minimum level of the
processed signal during DSD will be used as thggér level for conditional

neuromodulation.

The level of processed signal is not very high acheof the patient, but this can be
improved using amplifiers which will be discusseelxihchapter. Furthermore by
increasing the size of the recording electrodeqiedity of the recorded EMG signal
can also be improved. Finally if the recording #ledes can be pushed further into
the sphincter muscle, by increasing the width efdevice near the sphincters, better
contact can be made with muscle resulting increaaenplitude of the EMG signals.
However the limitation for this is; it can permatignstretch the tissues of the

patient.
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5.6 Suppressing the detrusor overactivity through the

device

Once the suitable patients with NDO and the retstigp between the external anal
sphincter and detrusor contraction were identifils@, next stage was to focus on
suppressing these contractions through transrstitatilation using the mechanism

of conditional neuromodulation; as per semantiospefration of ACONTI.

5.6.1 Objective

In incontinence due to neurogenic detrusor overigtat low volumes, the detrusor
muscle contract even though it does not satisfysthation to urinate. However in
most of the patients the urethral sphincters remaiiosed during detrusor
contraction in order to prevent the leakage, whghknown as detrusor sphincter

dyssynergia.

In order to treat NDO through conditional neuromation, whenever a detrusor is
detected; the stimulation is applied to the Pudema#mve. As a result of that
continence is achieved in two ways, sphincter e@mtiton to prevent the leakage as

well as bladder suppression to increase its capacit

Objective of this study is to evaluate the efficadythe Pudendal nerve stimulation
in increasing the bladder capacity as well as prévg the leakage using the

external anal sphincter EMG as the trigger fordbeditional neuromodulation.
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5.6.2 Method

Experiment set up remains the same as explainesdtion 5.4. First part of the

procedure is to obtain the intensity of the stirtintacurrent.

Setting the stimulating parameters

It is important to set the stimulating current ke toptimum level. Lowering the
amplitude saves the battery life, but may not beugh to generate an action
potential in the pudendal nerve. The stimulatiors walivered through DS7 constant

current stimulator by Digitimer.

The sensory threshold was defined as the inteasityhich the subject could initially

feel the electrical stimulation through the device.

For the incomplete SCI patients, the sensory tilmldsivas determined by giving a 5s
burst of stimulation and increased it from 5mA @nfA, until the patient felt the

stimulation.

For complete SCI patient had no sensation of timeutdting current. Therefore the
sensory threshold was obtained by evaluating metwked potentials (MEP) by
direct motor efferent. For this 30 stimulating mdsvere delivered at a given current
(varying from 10mA) and the response was averagetyUSPIKE software in order
to remove the noise. This procedure was repeattidhusm motor response (M-wave)

can be seen, and at that intensity was establsfigae sensory threshold.
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The amplitude of the stimulating current was sdinvate the sensory threshold [31,
40, 95, 159, 160] to elicit the bulbocavernosuterefl2, 108, 161].

The optimum stimulation parameters for condition@liromodulation (frequency of
15 Hz and pulse width of 200us with the maximufavedble voltage set to 200V)
were used for this procedure [25, 78, 91, 108, .16@¢ duration of the stimulation
was also set to 60s (1min of continuous stimulatiam has shown to increase MCC
by 144% [32], where as 10s on and off stimulatinecreéased the MCC by 53%-66%
[31]) [95] and repeated after 5s, as long as #teudor pressure is above 15cy6H
[31].

The trigger level for the stimulation of each sabj@as set to the minimum level of

the processed signal as explained in the previecisos.

5.6.3 Experimental protocol

When all the stimulating parameters were set, ¥pe@ment begins by catheterising
the bladder. First of all, the conditional neuromiadion principle was tested on each
subject by performing standard CMG at 60 ml/minbwstimulation through the

device to investigate whether the electrical statiah could suppress the detrusor
contraction. In case of the patient cannot tolethgestimulation, the intensity was
lowered during any point of the study to a beardelel. If this experiment was

successful the final part of the experiment beginperforming standard CMG at 15
ml/min (closer to the physiological rate). Fillimgas continued until there is leakage,

patient discomfort or when the 500ml capacity wasched. [157] Signs or
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symptoms of autonomic dysreflexia were monitored dnthe patient complaints

any discomfort the experiment was terminated dtpbant.

5.6.4 Results and analysis

Stimulating current

Example motor evoked potential waveform, which wesed to determine the
threshold of the complete SCI subjects is shomhenFigure 5:11. Table 5-6 shows

the sensory threshold and the stimulating curréetoh of the subject.

0.00199 M-wave

EMG
Volts

Stimulating artefact

uuuuuuuuu

T ML e i b e e
0.005 0.010 0015 0.020 oq
seconds

Figure 5:11 — Motor evoked potential
Shows the average of 20 samples of MEP recordedghrthe device electrodes, when stimulating with a

current of 30mA in complete SCI patient.
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Table 5-6 - Shows the sensory threshold and the mtillating current of each subject, which was

utilised in delivering the stimulation.

Subject Sensory threshold (mA)  Stimulating cur(@emd)
P1 30 57
Incomplete P3 30 60
SCI P5 3 40
P9 20 25
P2 30 60
Complete P4 30 60
SCI P11 50 90
P12 40 80

Even though the subject P5 had sensory threshoBin#, the stimulating current
was set to 40mA, this is because 6mA is too low aildnot stimulate the nerve.

Stimulating current of P9 was not doubled as 40na& wot tolerable for him.

According to the Table 5-6, the mean stimulatingrent across all subjects was
59mA with standard deviation of 20mA.

The distance between the stimulating electrodeshef device and the external
sphincter is about 5cm and from the Figure 5:11ldatency between the stimulating
pulse and the start of M-wave is 2ms, results #lecity of conduction as 25m/s.
The motor fiber that conducts this information ig #pe in which the conduction
velocity is between 15 - 30m/s [148, 163] showinat the stimulation resulted direct

motor contraction.
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Figure 5:12 illustrates the urodynamics traces wahd without conditional
neuromodulation using processed EMG signal asttteshold. Figure 5:13 shows

the neuromodulation effect on the bladder conditibaach individual.
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Figure 5:12- Shows the effect on detrusor contraain with and without stimulation.
(a) NDO contraction and DSD of P3; (b) neuromodatathrough the device using EMG threshold sehatdotted line in the processed signal to

trigger the stimulation while filling the bladdet @0ml/min. Thickening of EMG trace is due to stimsiartefact pulses. It can be clearly seen that
detrusor contraction diminished with the stimulatio
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Figure 5:13 - Shows the effect of single burst (60stimulation on detrusor pressure in each
participatant.
The bladder was filling at 60ml/min, and the tegdevel for activating stimulation was set on the
processed signal. In some traces, only a parteoptbcessed signal can be seen. This is due tsighal

being saturated during the stimulation, but faygering this saturation does not cause any problem.
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According to the Figure 5:13, the conditional nenoalulation through the device
has successfully suppressed the detrusor contmagtid®1, P2, P3, P4, P5 and P11.
For the patient P9, due to high sensitivity, thenglating current used was 25mA
(when his threshold was 20mA). Failure to produceugh current to generate
action potential on the pudendal nerve resultedbeaig able to arrest the detrusor
contraction [161]. For the subject P12, the symptooh autonomic dysreflexia
(sweating and headache) occurred during the expatinbDue to these reasons the

experiment was terminated at this point for P9 Rhd.

Time between each contraction

As the bladder being filled with saline, detrusontractions become more frequent
reducing the time between each suppressed cowoinacht one point (when the
bladder reached MCC), the stimulation can no lomgjabit the contraction resulting
the discomfort to the patient or leak. This phenoeameis shown in the Figure 5:14

and the measurements are shown in the Table 5-7.
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-129 -



Chapter 5 — Clinical efficacy of the ACONTI

Table 5-7 - Shows the time between each detrusorrtoaction of each individual.

Subject Time between each contraction (s)
to1 tio tr3 t34 tss ts.6 ts.7 tin

P1 648 72 - - - - - 132
P2 240 210 300 - - - - 171(
P3 928 385 292 221 78 27 - 1189
P4 370 90 128 120 92 254 7( 1672
P5 507 136 112 98 67 52 41 570
P11 597 220 139 75 60 57 - 623

The graphical illustration of the data shown in frable 5-7 is shown in the Figure

5:15.
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Figure 5:15 - Time between suppressed hyperreflex@ontractions during the continuous filling at

15ml/min.

- 130 -



Chapter 5 — Clinical efficacy of the ACONTI

According to the figure the time between each @miiton decreases with the
increasing number of contraction. The decreasimg liakes the shape of the
exponential decay curve. However, for the subje2t the time had increased
between contractions 2 to 3, this because as tss dontraction happened earlier
compared to others and it required few blocks ahuation bursts to inhibit.

Therefore this effect of stimulation might haveethed his bladder.
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Figure 5:16 - Average time between each contractioacross all subjects. Error bars represent the

standard deviation.
The average time between the contractions 1-2113 9.3.98min and that of 2-3 is
3.09 £ 1.92min.
As a result of conditional neuromodulation, theddker compliance had increased

resulting decrease in the number of catheterisaéquired.

. . t
Increasan bladdercompliance = " x100% Equation 5-1
0-1
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The mean increase in bladder compliance acrossubjects is 179.21%. In other
words, the catheterisation time of the patient imamleased by an average of 2.8
times (from 548s to 15315s).

External anal sphincter EMG trigger level

As explained the earlier experiment, the triggeelavas set as the minimum value
of the processed signal resulted in the three otk fills. The threshold algorithm
successfully detected all true contractions rasgltho negative (true negative or

false negative) detections.

External anal sphincter EMG was not monitored dythmre stimulation, due to large
stimulating artefacts and therefore 5s stimulattirperiod was left followed by 60s

automatic stimulation.
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Figure 5:17 - Show the real time implementation ofhe conditional neuromodulation based on the levaln processed signal to trigger the stimulation.
With the bladder filling, contractions become mamed more frequent and at one point (contractionbwini0), the bladder can no longer be suppressed.

Processed signal been amplified to shows the triggel.
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Four false positive (1, 2, 3, 4) and six true pesidetection (5, 6, 7, 8, 9, 10) were
triggered by the algorithm. In order to visualibe trigger level, only half of the
processed signal is shown here. This is due touliing artefact being picked up,

and it is high compared to the trigger level.

The positive predictive value (PPV) or precisioteraf a test is the probability of
true positive result [164].

. - True postive .
Positive predictivevalue = — , Equation 5-2
True positive+ False postive

The PPV was calculated for all six patients pgsated for this study and is shown in
the Table 5-8.

Table 5-8 - Calculates the precision rate and thegocentage of unwanted stimulation of a given

threshold level for each patient.

Threshold | Negative Positive % of
Patient unwanted PPV
level (UV) | 1rye | False| True | False stimulation
P1 5.15 - - 2 - - 1
P2 2.25 - - 9 - - 1
P3 8.31 - - 13 5 14.17 0.72
P4 3.45 - - 16 2 5.88 0.89
P5 324 - - 6 4 22.28 0.6
P11 4.6 - - 6 3 14.75 0.67
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Across all these trials there were 52 true positbwécome and 14 false positive
outcomes over 2hours and 55min trial period. Orrage there were 8.67 (£ 5.12)
true positive and 2.33 (x 2.06) false positive oeeperiod of 26 min (+ 9.5s),

resulting the positive predictive value of 0.79.

False positive outcomes are due to the fluctuatibabdominal pressure and this

resulted to 9.13% of stimulation.

Suppression of the detrusor contraction

It is important to stimulation to be switched auadimally immediately after the start
of contraction. The Figure 5:18 shows the delayvben the start of the contraction
and time taken to suppress the contraction, whigeniean values of each subject is

shown in the Table 5-9.
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Stim
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emH20

Figure 5:18 - Time taken to start the stimulation ad the time taken to suppress the contraction.

t, = delay in starting the stimulation,% time taken for the detrusor pressure to reachetk from the start of stimulatiopttime taken for the from the start of

stimulation to 50% decay of the contractigys time taken for the detrusor pressure to readmtbO (from the base line) from the start of stimulatio
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Table 5-9 - The mean value gft, t. and § (indicated in the Figure 5:18 )

Patient £(s) b (s) t(s) b (s)
P1 1.795 3.17 6.77 9.31
P2 1.127 26.327 38.497 78.737
P3 1.187 110.285 167.892 233.305
P4 5.31 27.05 37.42 55.4
P5 2.18 6.81 12.45 48.2
P11 4.05 3.28 7.74 25.85

According to the table the stimulation starts afe®s (x1.7s, range 1.13-5.315s).
Since the start of stimulation it takes nearly 89(541s, range 3.17-110.29) for the
detrusor pressure to reach its peak. It takes 485 §2s, range 6.77-167.89s) for the
contraction to decay to 50% of its peak and 75(¥84.13s, range 9.31-233.3s) to

reach the 15cmj® above the base line.

Table 5-10 - Shows the rise in detrusor pressure @uo the delay in commencing the stimulation.

Patient Stimulation delay (s) Change g EemH,0)
P1 1.795 8.12
P2 1.127 3.21
P3 1.187 1.0
P4 5.31 2541
P5 2.18 6.05
P11 4.05 18.15

- 137 -



Chapter 5 — Clinical efficacy of the ACONTI

30
25 s
5 20 /
) .
o T 15
£ 5 /’/
r 10
o ./
g e
o
. *
a 1 2 3 1 5 6

Stimulation delay(s)
Figure 5:19 - Correlation between the mean delay istimulation, since detecting the contraction and
the rise in the detrusor pressure during that time.
The graphical representation in Figure 5:19 shdwas the time delay is responsible
for increase in detrusor pressure and follow limegression. Statistical analysis on
Pearson correlation resulted r=0.99 showing that ttho parameters are highly

related, while 2-tailed t test resulted p=0.000®vehg the values are highly

significant.

Detrusor pressure analysis

The maximum detrusor pressure of each inhibitedtraotion was measure and

shown in the Table 5-11.
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Table 5-11 - The maximum detrusor pressure of eackuccessfully inhibited contraction of each

individual.

Maximum detrusor pressure (cr®)

P1 P2 P3 Pa Ps Pes P7
P1 27.85| 56.44 - - - - -
P2 40.74| 48.89 72.96 - - - -
P3 69.25| 73.07 70.6% 59.04 - - -
P4 46.22| 55.2| 69.18 21.37 61.89 5313 52.25
P5 23.36| 41.1| 39.03 - - - -
P11 39.64) 43.89 48.14 48.84 - - -

Subject

According to the Table 5-11, the mean of peak detrypressure was 48.52catH
(¥10.25cmHO, range 34.5-63.93cmB). The peak R of the F' suppressed
contraction was 41.18 + 16.2cnBl The 29 and & contractions were 129% and
145.7% of the ¥ contraction respectively. The Figure 5:20 highligthe mean peak

detrusor pressure of each subject.
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Figure 5:20 - Maximum detrusor pressure during condtional neuromodulation of each individual,

the error bars represent the standard deviation.

One of the objectives of the experiment was to cedthe maximum detrusor
pressure during bladder filling. Table 5-12 compahe mean peak detrusor pressure

before and after stimulation.

Table 5-12 - Shows the mean of the maximum detrus@ressure across each fill during control

study and with conditional stimulation.

Patient Control Rie: (max) Pget (Max) with CN

(cmH0) (cmH,0)

P1 57.27 1514

i 86 54.2

P3 100.67 53.03

i 106 51.25

PS5 138 345

P11 79.33 A513
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Figure 5:21- Change in mean peak detrusor pressurgcross all subjects with and without

stimulation.

The mean R of the control study was 94.5 £+ 27.4cpiHand that of conditional

neuromodulation study was 48.5 £10.2 ¢g®H When the maximum Pdet of the
control study and the conditional neuromodulaticasvanalysed using Wilcoxon’s
signed rank test resulted p value of 0.01. Thisashthe reduction in maximum

detrusor pressure due to conditional stimulatios statistically significant.

Maximum cystometric capacity

One of the main criteria of this experiment is teasure the increase in bladder

capacity due to conditional neuromodulation
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Table 5-13 - Shows the maximum cystometric capacifgcross each fill during control study and

with conditional stimulation.

Patient Control MCC (ml) MCC due to CN (ml)
P1 152 195
P2 97 488
P3 155 530
P4 81 510
P5 232 289
P11 386 405
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Figure 5:22- Change in maximum cystometric capacit@across all subjects with and without

stimulation.

The mean MCC of the control study was 183 + 112md ¢hat of conditional
neuromodulation study was 402 £134ml. When theimas cystometric capacity

of the control study and the conditional neuromatoh was analysed using
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Wilcoxon’s signed rank test resulted p value of30.Uhis shows the increase in
maximum cystometric capacity due to conditionaimsiation was statistically

significant.

5.6.5 Discussion

In every patient examined, conditional neuromodaitathrough the device increased
bladder capacity by 220% compared to the contuaystThe increase in maximum
cystometric capacity was statistically significatdowever, it is possible that
conditional neuromodulation over week or months @radually increase capacity
beyond the modest acute rise seen here, in a siwdg to the gradual increase in

capacity seen after posterior rhizotomy [31, 165].

The later the stimulation starts during a detrusmitraction, the higher the detrusor
pressure will become and therefore less chance thdp prevent incontinence. The
average delay was 2.6s; hence having low EMG triggeel might benefit to
suppress the contraction. Inhibitory stimulationsinbe delivered soon after hyper-
reflexic contraction, conditional neuromodulationayn not be effective at
suppressing contractions that begin during theo®S phase [92]. The average time

takes to suppress the contraction back to 15€nkas 75.13s.

The ability to switch on stimulation is essentiabr feffective conditional

neuromodulation. This relies on two key factorg gnecision of the threshold level
and the delay between the detection and switchimthe stimulation. The adaptive
threshold should detect all true contraction (dertsi of 100%) in order to avoid the

leakage until the MCC is reached. The chosen tbidstkevel for each subject
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resulted the precision rate of 79% and the falsgtige outcome contributed to
9.13% of stimulation. This can be improved at atage by keeping track record of
all the activities (bladder diary) and reprogramgnitne threshold level to the
required. There is high significant correlationvbetn the delay in stimulation to the

rise of detrusor pressure during that time.

During the continuous filling with conditional neumodulation switched on, the
bladder contractions can inhibit, but with theifid contractions become more
frequent. The average time between tfledd 29 contraction is 9.13%. Due to the
continuous filling the bladder compliance increaseyl 179%, reducing the

catheterisation by 2.8 times.

In conclusion the conditional neuromodulation tlglouthe device proved to be an
effective treatment for neurogenic detrusor ovevagt The initial study showed

that increase in bladder capacity and reductiondetrusor pressure is highly
significant. It also showed that the external apdlincter EMG recorded through the
device can be used as a trigger level for the ¢mmail neuromodulation, resulting

this device as a closed loop control in treatingud®r overactivity.
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Chapter 6 - Design and realisation of the

electronic circuitry

6.1 Introduction

Although ACONTI was tested and used clinicallystdpbes not allow patients to
use this daily, as the device is not portable. &loee the next stage in
development is to include a self-standing systerhickw requires no external
equipment while the device is being used. The mlaat circuitry described in

this chapter is a standard design and requirepeca components.

This chapter begins by stating the objective oigiesg the electronic circuitry.
Then the chapter divides into two main sectionshasamplification and signal
processing (section 6.3) and the stimulator degggttion 0). Each of these
sections, starts by giving a background about tamire of the signals and
highlights the design challenges. Then it discuskessystem that is currently
being used and moves on to derive the specificdtorthe required circuitry.
Under the realisation of the circuit (section 6.8t section 6.4.4), each of the
individual circuit is discussed together with thperformance followed by the
overall system testing. Results and discussion h&sé two sections are
highlighted in section 6.6. The following specifica in table 6-1 was resulted

due to this circuit.

Table 6-1 — The specification for the electronic tuitry

Power supply Two 9V PP3 batteries

Connection to the device Mini DIN connector
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Gain of the recording circuit

20000 (in 3 stages)

Input coupling

AC coupled with time constant 0.03s

Input impedance

5.6M (differential)

High pass filter cutoff 1Hz
Low pass filter cutoff 500Hz
Common mode rejection ratio 88dB

Notch filter

Tuned at 50Hz and 41dB attenuation

Comparator reference voltage

Variable betweendcOS\t

Stimulating current

Variable between 10mA to 80mA

Stimulation on time 60s
Stimulation off time 3s
Maximum stimulating supply voltage 200V
Stimulating frequency 15Hz
Stimulation pulse width 200ps

Charge balancing

RC circuit with 30ms time constant

6.2 Aim and objectives

It is very important that the device be simple asthe daily use. The aim is to

increase the mobility of the device. At a first ggaof this design, all the

electronics will be mounted into a box, which cam Wworn on a belt. The

connection to and from the device is made via @ wihich runs through the

buttocks to the belt-worn box. Although this is tanslard signal processing

system, realising a circuit especially for ACONThkes the circuitry simpler,

which is important in miniaturisation and also alf future hardware and

software modifications. This also provides someigims into the electronic

circuitry.
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Obijectives of the design are listed below: -

» Design amplifier which is capable of detecting lamplitude signal and
amplify to a processable level.

» Filter and process the signal so that the conditiwnstimulation can be
determined accurately.

» Design a constant current stimulator which provisksiulation pulses, in
which the amplitude and the pulse duration can drged depending on
patient requirements.

» Design a system, which consumes low power in otdemaximise the

battery life.

6.3 Amplification and signal processing

Often in biomedical engineering, current and vatagitputs must be amplified,
attenuated or filtered safety in order to achiédweliest possible electronic signal

with minimal risk to the patient or the operator.

In order to decide whether to apply the stimulatmmnot, it is required to
compare the amplitude of the EMG to a pre deterchleeel. In order to do this,
the signal needs to be processed and as thisis arhplitude signal, it requires

amplification.

6.3.1 Background

In order to achieve good signal processing, iteiguired to know some basic

characteristics of the biomedical signals of irgere

EMG signal characteristics

Electromyography (EMG) is one of the widely usedebectric signals, it
represents the electrical activity of the musclé6]1 On arrival of an action
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potential, each motor unit contracts and causeslectrical signal that is the
summation of the action potentials of all of itsnsttuent cells [167]. The
characteristics of the recorded EMG signal variéh e tissues through which
it passes and the type of the electrode used &xtat The tissues, electrode-
electrolyte interface act as a low-pass filter #mel rejects some high frequency

components [168].

The SENIAM recommendation for filtering EMG sigrale to use a high-pass
filter of 10Hz and a low-pass filter with cut-offelquency of about 500Hz [168].
This is a generalised frequency spectrum, butekelts of the clinical testing can
be used to determine the frequency spectrum itioelto external anal sphincter
EMG.

EMG signal processing

In EMG signals, the maximisation of the signal tese ratio should be done with
minimal distortion. Therefore it is important thahy detecting and recording
device to process the signal linearly. The follagvoharacteristics are important
for achieving this requirement [169].

» Differential amplifier — Any signal common to bo#lectrodes will be
removed only the difference signal will be amplifi@herefore relatively
distant noise signals, such as ECG, motion artefaxctThe accuracy of
this differential signal depends on CMRR, it isaeenended for EMG
amplification at least 90dB of CMRR.

* Input impedance — In order to reduce the attennatitd the distortion of
the EMG signal due to the effect of input loaditigg input impedance of
the differential amplifier should be large as pbksiHowever in order to
provide return path for the bias current, this afigpls input impedance is

limited by the value of the bias resistors. In &ddi to these, the
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difference in electrode impedance should be mirethi® provide a better
signal processing.

» Filtering — The EMG signal contaminated with noisée quality of the
signal can be improved by filtering between 10-590H is advisable to
use a filter such as Butterworth for this purpaseprder to preserve the

linearity.

Considering the safety of the patient, it is adyise power the circuitry by
low voltage (3-15)V battery. This will also redupewer line interference

distorting the signal [169].

Noise and interference

It is difficult to obtain high quality bio-electrisignal, because the signals have
low amplitudes (in the range of uV to mV) and se aasily corrupted by
electrical noise and interference. EMG signals ta&nrecorded either from
‘surface’ electrodes on the skin above the mustlaterest, or ‘intramuscular’
electrodes inserted into the muscle [170]. Everughorecording the surface
EMG is more convenient, it also suffers from greatgerference due to poor
connection [171]. Interference comes from artifi@aurces, such as movement
artefact, lights, electromagnetically coupled slgn@aom power lines, radiated
signals from mobile phones, radio/TV transmittets &loise generated due to
movement induced artefact can be removed usinglapass filter with a cut-off
frequency between 2-20Hz, while the notch filteused to remove power line
interference [170, 172-174]. Furthermore by usingaplifier with high CMRR,

can reduce the effect of common mode signal pratibgehe body.

These issues need to be considered in order tanaad signal processing and

achieve the true sensitivity of the system.
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6.3.2 System that is being used in clinical setting

Currently for the clinical set up a commerciallyadable amplifier system was
used and is shown in the Figure 6:1. The ampldistem is a general purpose
isolated preamplifier developed by Lectromed andnipaintended for bio
potential signals. For the purpose of recording BMG signals through the
wearable device, certain settings of the fronthaf amplifier were adjusted and

are shown in the table 6.1.

Figure 6:1 — Shows the Lectromed 5361 differenti@mplifier,

This amplifier is approved by the 89/336/EEC dinext The two pressure transducers and the EMG

signals from the device are connected to the ¢ldselectrically isolated bio-potential amplifier.

Table 6-2 — The settings of the front end of the latromed amplifier [175]

1 (This is due to a fault in the system)

Gain
and gain accuracy of +2%
Coupling AC coupled with time constant 0.03s
Input impedance 5.6M (differential)
Low pass filter cutoff 500Hz

Common mode rejection ratio (CMRR) 90dB

Tuned at 50Hz and set to 20dB

attenuation at the notch frequency

Notch filter

This amplified EMG analogue signal was then passet CED 1401 data

acquisition system in order to convert to a diggmnal, which can be further
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processed through SPIKE software programme. Thetesy was developed by
Cambridge Electronic Devices. The analogue sigrad wampled at a rate of
333kHz [176].
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Figure 6:2 — CED 1401 plus data acquisition systemact as an interface to the real time analogue
signal and SPIKE digital signal [176].

This digital signal was then displayed through SPlgaphical user interface. An
example waveform is shown in the Figure 6:3.
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Figure 6:3 — Shows the EMG (green) and the detrusgressure (blue) of a signal recorded

through SPIKE programme.
At this point digital signal processing can be atlde the recorded signal,

through SPIKE software. In order to analyse thgqudemcy components present in
this signal Fast Fourier Transform (FFT) can beliegpand is shown in Figure
6:4.
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Figure 6:4 — The raw EMG waveform shown in the Figee 6:3 is transformed in to frequency

domain by 512 Hanning window in order to assess ifsequency components.

According to the Figure 6:4, there is a large DEIADcomponent present and
most of the signal is concentrated below 500Hz rd@foee online band-pass filter
was added to the system.

The digitally programmed band-pass filter provid€aiB attenuation in the stop
band. The reason for choosing 60Hz as the loweofuvas to eliminate the
50Hz mains interference, but better attenuatiormains interference can be
obtained by using a 50Hz notch filter.

The filtered signal was then rectified and smootire@rder to obtain the DC

equivalent. These results are shown in Figure 6:5.
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Figure 6:5 — Optimising the processing parameters.
The raw EMG signal (green) was digitally filteredttwband pass 60Hz-500Hz, to remove the noise
and interference. This filtered signal was thentified (grey) and smoothed with different time

constants. Pink wave shows the smoothing time aahsf 0.1s, where as the red is 1s.

After testing with different values it was decidedat 1s is the best smoothing
time constant to be used as the trigger signah@istimulation. Even though this
is comparatively slow time constant, in this apgiicn it did not cause any

leakage of urine.

The threshold detector for triggering stimulatioasaset on the smoothed signal.

When the signal exceeds this level, the stimulatvas activated automatically.

All of the signal processing mentioned above issiamsed in Figure 6:6.

- 153 -



Chapter 6 — Design and realisation of the electearircuitry

003

ooz

Fe_fm_Fil
m¥V

0ol

oz

mV

oo

Filt EMG

02

oz

ullu]

Faar EMG
m¥

100

e et
50 :ﬁ::::

Pores
emH20

i T T " Lk
30 40 50 60 70 80 90 100 110 120 130 140 150 10 170 180 130 200 210 220 230
3

Figure 6:6 - The bladder pressure is shown in Pveand the EMG signal recorded through
ACONTI is shown in “Raw EMG” channel.
This channel will then be band-pass filtered ammshas “Filt EMG”. Finally this filtered signal Wil

be rectified and smoothed and is shown as “Re_Sith_Fi

6.3.3 Derivation of the required system

Considering the system that is being used in timécal study, the block diagram
of the proposed circuitry can be derived as showthe Figure 6:7.
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EMG
signal Differential Notch High-pass
> Amplifier Filter Filter ‘
Low-pass
Filter
Stimulator Comparator Smoothing Full wave \
‘ — —

Filter Rectifier

Figure 6:7 - The block diagram of the proposed cinait.
The EMG signal is amplified by the differential alifipr and then passed on to three stage filtering
circuit to remove 50Hz interference, movement adefDC offset and high frequency components.
This signal is further processed through a preftievave rectifier, followed by the smoothing it
This processed signal is compared with the prerahed threshold. If it crosses the threshold level
the stimulation will be activated.

Section 6.3.4 describes the design and the testingach of these functional

units.
6.3.4 Realisation of the circuit

Pre-amplifier

This is the heart of an EMG recording system. Tlhasid requirement that
biopotential amplifier has to satisfy are [177]:

» The physiological process to be monitored shoutdoeanfluenced by
the amplifier.

» The measured signal should not be distorted.

« The amplifier should provide the best separation s@nal and

interference.

» The amplifier should provide protection from anyaa.
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Input impedance

EMG of the external anal sphincters is recordedubh the recording electrodes
of the device. In order to obtain a less attenuatgtal, the electrode skin
interface should be low impedance. This can beeaeki by maintaining good

electrode skin contact and by using electrodes Mithimpedance.

The electrodes’ impedance were measured when AC@OMSIin saline solution
using the Wayne Kerr 6500B precision impedanceyaeal Figure 6:10 shows
the impedance of the left and the right recordilegteode of the device over the
range of frequencies from 20Hz to 10kHz. Accordimdrigure 6:10, at 1kHz the
electrode impedance is around(®zhowever when the device is in the body
impedance of the left recording electrode relativéhe ground electrode of the

device was 11.73k, whereas that of the right electrode was A®8k

This may be due to the electrodes not making gamutacts with sphincter
muscles. If the electrodes can be pushed towardghmcters, by increasing the
diameter of the recording part of the device, timpedance can be reduced. Also
by applying KY-gel ensures good electrode condiigtiv

Another method to minimise the effects of imbaknt electrode impedance is
by using buffers at the amplifier input [178]. Howee as the signals are of low
amplitude and by using an amplifier without a gaiti reduce the signal to noise

ratio.
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v

: BUF1| ———{ Signal 1

: BIFA ———————{ Signal 2

Figure 6:8 - Each electrode is connected to a buffamplifier, so that the mismatch of the

v

electrode impedance can be minimised.

An alternative approach to minimise the effect igihhelectrode impedance is by
using an amplifier with high input impedance. Timgpedance should be at least
100 times the electrode impedance to avoid attemuaf the input signal [168].
However the sensor circuit must provide a pathtierinput bias current of both
inputs [179-181]. A simple circuit to solve thisoptem is by placing a resistor
from each input terminal to the ground as showthénFigure 6:9 [179].

Sensor

cireuit —— - IA

A
s

o

[

’H

&

Figure 6:9 - A simple circuit to provide the path br the bias current.
Zd, Zc1 and Zc2 are the amplifier differential ihfmpedance, common mode impedance of the input
1 and the common mode impedance of the input 2eatisely. Rb1l and Rb2 are the two external
resistors to the ground to provide the return biasent [179].
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rris
ks
L |
£

| B THe
6. [
Aslun =

(a). L

Figure 6:10- Shows the electrode impedance versugduency, when the device is in a saline solution
(@) Impedance between the left recording electraahel ground (b) electrode impedance between thht rigcording electrode and the ground.
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When the device in the body, the impedance of #fe dnd right recording
electrodes at 200Hz (mid-band EMG frequency), wWi#e303I2 at -26.% and

8.83kK2 at -24.9 respectively. This can be represented using theshsitbwn in

Figure 6:11.

9.25k 8.05k
175n 220n
Left electrode

Figure 6:11 - Model of the recording electrode

Common mode rejection

Using a single electrode would result two-phaseotigsation signal, which
contains mains at approximately 100mV. This is @erably large compared to
the EMG signal, thus the amplifier may saturateisTis overcome by using
bipolar configuration, which is recording using twtectrodes and a reference
and passes onto a differential amplifier [168]08¢ rejection of common mode
signal is one of the most important characterist€sa good bio potential
amplifiers [177].

The common mode rejection ratio (CMRR) is definesl the ratio of the
differential mode gain (4§ over the common mode gain JA Ideally the
common mode signal ¢¥) can be removed by using an amplifier with infnit

CMRR and using electrodes with matched impedaége-(Z,).
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li:"

out

Figure 6:12 - Instrumentation amplifier with non-infinite CMRR and non-infinite input

impedance.

The common mode signal .V causes currents to flow through, and Z.
Therefore the output of the amplifier is a comhimatof the common mode and
the differential signal as shown in the Equatieh. 6

V Z, -7
V. . = Vo +—m 4y 72 T Equation 6-1
out A\j [ b CMRR cm{ Z }] q

n

where A = differential gain; { = biological signal and = input impedance of
the amplifier.

In order to increase the amplifier performancesieond and the third term of the
Equation 6-1, CMRR of the amplifier should be iraged and also the difference
between the electrode impedance should be redudet® increasing the input
impedance of the amplifier [177].

Imbalance of the electrodes impedance is not unaomim biomedical signals.

The bias resistors are required for the return vpayhof the current. Input
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impedance of the amplifier is limited by the valugdhe bias resistors. The star
configuration shown in the Figure 6:13, proposermogk bias circuit, to maintain
the high common-mode input impedance and not toaethe CMRR [179].

PL iz ]j kg
Sensor _ -

~ circuit : E
Rptf i im
UR[}3 i
v

Figure 6:13- An optimal biasing circuit with three resistors in a star configuration.
Zd, Zcl and Zc2 are the amplifier differential ihpmpedance, common mode impedance of the
input 1 and the common mode impedance of the iBpaspectively. Rp1l, Rp2 and Rp3 are the three

external resistors to the ground [179].

In practice the perfect elimination of the maingrhis not possible, but it is
recommended in biomedical applications to obtainRERviof 10000 (80dB) or
more [167].

AC coupling

Figure 6:4 shows that the EMG signal being distbutéth large DC component.
It would be desirable to block this by simply adglia capacitor working as a
passive high pass filter as shown in the Figurd .6:1
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Wout
C I
Wint e

Figure 6:14 - AC coupled amplifier using simple Rdilter.
A capacitor C results charging effect from the inpias current. Perfectly matched capacitors are
required at both inputs, to maintain high CMRR. Thsistor R reduces the mismatch of the input

impedance as well as provides the return pathhfoirtput bias current.

This would eliminate the electrode offset potestiathich limits the gain of the
amplifier due to saturation. Therefore this arranget permits a higher gain
resulting in high CMRR.

Gain

In order to provide optimum signal quality and ad®g voltage level for further
signal processing, the ratio of the input voltagehe output voltage should be
large and in the range of 20,000. The presencegbflbvel of interference signal
restricts the gain of the pre-amplifier. The gainhe pre-amplifier is reduced and

several amplification stages being added to thieesy§l77].

The required frequency response depends upon dljedncies contained in the
EMG signal. About 95% of the EMG signal is normaliythe range up to 400Hz
[168]. Gain bandwidth product of the amplifier liithe bandwidth of the
recorded signal, but most of the EMG amplifiers easily meet such bandwidth

with high gain.
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Considering all these factors, the following cito{itigure 6:15) was derived for

initial amplification of the EMG signal.

———{\out

@ R1 R2

F3 -5V

Figure 6:15 - Shows the circuit diagram of the preamplifier.
The amplifier shown is INA118 instrumentation aifipt and is powered by +5V battery supply. The

ref electrode and the ref pin of the amplifier eo@nected to the ground.

The INA118 amplifier has a wider power supply rarfigen £1.35 to £18V, but
for this application it is powered by +5V. The paveeipply lines are de-coupled
using 100nF capacitors (C3 and C4.)

R1, R2 and R3 were chosen to be high enough teaserthe CMRR of the
amplifier and should be low enough to prevent dieration of the amplifier due
to offset voltages. The bias resistors R1, R2 aBdafrRe 4.71\M2, 4.71MQ and

10MQ respectively. Furthermore C1 R1 and C2 R2 areiyms$sgh pass filters

with cut-off frequency of 0.34Hz to block any D@mals. Therefore C1 and C2
were chosen as 100nF each. All these resistorscapdcitors are matched to
0.01% tolerance using the impedance analyser. @dpscitor resistor network,

act as a high pass filter as well as a path fo biarent.
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The resistor R4 was used for setting the gain aiegrto the Equation 6-2.

50kQ

G=1+ Equation 6-2
The gain of the amplifier was set to 200, therefBxe = 251.%2. The gain
bandwidth product of the amplifier is 800kHz, tHere with a gain of 200, the
amplifier bandwidth limits to 4kHz. As most of tieMG frequencies are below

500Hz, INA118 amplifier satisfies the bandwidthuggments.

The frequency response of the amplifier (Figure6p:fested by injecting a

sinusoidal wave using the TTi TGA1241 arbitrary efrm generator.

1000

100

Gain

10

1 T T T T T
10 100 1000 10000 100000 1000000 10000000

Frequency (Hz)

Figure 6:16 - The gain vs frequency of the INA118raplifier.

The inputs of the INA118 are individually protectnt voltages up to +40V. If

the input is overloaded, the protection circuitirpits the input current to a safe
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value of approximately 1.5 to 5mA. These inputs@@ected even if the power

supplies are disconnected or turned off [180].

According to Equation 6-3 this high pass filtershe time constant of 1.471s;
therefore the cut-off frequency is 0.1081Hz (Ecquat-4).

T=RC Equation 6-3
1 .
f=—rH Equation 6-4

2T

The common mode gain (Aand the differential gain (A of the amplifier were

calculated.
A= 3?_224::]/\/ =200 Equation 6-5
A= 20mv = 1639x10°° Equation 6-6
122V
CMRR= A = A% = 2.4405x10" = 8775dB Equation 6-7
A.  1639x10

However this calculation does not take the imbadancthe electrode impedance

into consideration.

Common mode analysis of the amplifier

Let Z, and % be the electrode impedances efdRd R respectively.

Im pedancef the-veinput(Z) = 1 ! 1 Equation 6-8
+
( R+ st ( R, + sz
Im pedancef the+veinput (Z;") = 1 ! 1 Equation 6-9
+
(R2+Rej (R1+le
z' Z .
commormodevoltage=v,, - Equation 6-10
Z2 +Zi Zl +Zi
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Substituting the measured impedance values to iequét8 and equation 6-9

gives,
Im pedancef the-veinput (Z,) = 1 1 1 = 3572MQ
+
( 47IM +10M ] ( 47IM + 8831(}
Im pedancef the+veinput (Z") = 1 1 1 = 3574AMQ
+
( 47IM +10M j (4.7JM + 10303(]
Therefore;

3574 3572\
883+ 3574M 1030+ 3572\

Amplifier'scommommode voltage=v,, { } =V, 42x10*

Therefore the CMRR of the amplifier = 200 / 4.20¢'E 113.56dB

Output offset voltage

The DC levels of inputs and the output of the afigliwere measured using
ISO-Tech IDM93N digital multi-meter and the valuebtained are shown in
Figure 6:17. This DC offset value limits the gaiintlee amplifier, which might

cause saturation.

2248mV

19.8mV

Figure 6:17 - DC offset values of the amplifier mesured by the digital multi-meter.
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The bias resistors of the differential amplifierkigure 6:15 are 14.710 each.
The manufacturer’'s data sheet of the INA 118 speithat there can be bias
current typically in the range of x1nA upto +5nA.itW the bias resistor
configuration this can generate offset voltage uf8&5mV. Even though there
are capacitors to block any DC from the electrodeste is still offset voltage
generated at the amplifier input due to bias curr€his is what was shown in
Figure 6:17. The difference of the input offsettagks (22.4-19.8) is amplified
with the gain of the amplifier (x200) to producejmut offset voltage of 536mV.

Noise calculation

In general, the noise introduced by the biasingst@s diminishes as their value
increases, provided that they are large enough [TH@refore, for the purpose of

noise calculation the circuit can be simplifiedragigure 6:18.

925k  63.64n

Vout

—— —

8.05k 68.75n

O]

Figure 6:18 - Simplified recording electrodes andhe amplifier.

Noise from resistor A;

J4KT RB =/4x138x107x300x 925x10° x4000= 78276nV

Noise from capacitor B;

1
2x 1414x200x 6364x10°°

| pmp. ol Xﬁ@ = 2x10™%2x J4000=1581681V
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Noise from resistor C;

J4KT RB =/4x138x107° x300x 805x10° x4000= 730230V

Noise from capacitor D;

1

2% 1414x200% 6875x10° * 1000 =146412nV

1 _
I x———+/B =2x10™?x
Amp_ Noi 27fC

Noise from amplifier E =107 x4/4000=63246nV

Therefore the total noise in the amplifier frontdgn

oy = /NG +1E +12 03 +n2 = 25V
Notch filter

The most frequent common mode signal coupled inkoogpotential system is
the 50Hz, sinusoidal interference from the main#qro[182]. Minimizing this
interference signal requires shielded cables betwlee patient and the apparatus

and use of narrow band rejection filter (notcrefijt[177].

A simple notch filter is shown in the Figure 6:1€ing a single op-amp, provides
high performance using both negative and positegliback around the amplifier
[183].
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T
R4
Cl
I + "
— 1 |- l——:
3 R1 §
-
= RSu R2 3
oV

Figure 6:19 - Active operational amplifier notch flter circuit [183].

However the components should match at least 1%etier to obtain a notch
depth 45dB. Also the quality factor (Q) cannot lagied in this arrangement. In
order to ensure the optimum operation, the sounpedance should be less than
1002 and the load impedance ZM183].

Therefore in order to be able to vary the Q and ammpedance matching

problems, active twin T notch filter circuit wasedlsin this application.

The variable Q function for the notch filter is pided by the 1R potentiometer
R4. The notch frequency is determined by Equéiidn.

1

f = Equation 6-11
notch 27TRC

In order to provide the notch frequency of 50H=2 tbllowing component values
were used. C1 = C2 = 1.49nF; C3 = 3.05nF; R1 = R212MQ; R3 = 1.06M2.
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Vout
I =
Vin -+ ' o
1.06MO + R4
R3 | 1kQ
1.49nF L 1 4onF
| vy
C1 C2 X

Figure 6:20 - Active twin T notch filter circuit with variable Q [183].

The two amplifiers are from a TS358 dual operati@maplifier package which is
powered by 5V supply. The power supply lines aeeadipled using 100nF
capacitors to reduce the power line interference.

The resultant circuit was tested on the TektroridXST2004B four channel digital

storage oscilloscope.

The potentiometer was adjusted until good rejectibrihe notch frequency is
obtained. The frequency response of the notchr fdstshown in the Figure 6:21.
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100

10

Vout {V)

1 10 100 1000

0.1

Frequency (Hz)

Figure 6:21 - Shows the frequency response of thetch filter. The input to the notch filter is a

sinusoidal wave with amplitude 10.2V.

Analysing the above diagram, the notch frequencyatiss0.026Hz and the
attenuation at notch is 41.28dB.

It is advantageous to lower the Q to ensure sorneetien over wider range of

frequencies [184].

High-pass filtering

As shown in the Figure 6:17, the output of the gmeplifier has a DC offset of

536mV, this signal needs to be filtered beforeheartamplification, otherwise

this may cause saturation of the signal. As theadigeeds high pass filtering as
well as further amplification, a multiple feedbaigh pass filter with gain was

chosen.
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The designed filter is a"2order Butterworth multiple feedback filter withtewif
at 10Hz and gain of 10. In order to determine tloengonent values, the

following design equations were used.

The transfer function is given by:

Voo . —AS
V,, S'+taws+a)

n

Equation 6-12

Where, A = voltage gain;s = complex frequencyj); w. = cut-off frequency;

a = 1/quality factor (Q) = }/ \/Efor Butterworth

From Appendix 2, multiple feedback filter desige:arranging the Equation

6-12 gives,
C,=AC, Equation 6-13
R, = —(Cl +Cs +Cy) Equation 6-14
aw,C,C,
R, = ; Equation 6-15
’ a)<:2C3C4R5
By solving the Equation 6-13, Equation 6-14 anBquation  6-15

the following components values were obtained=Q00nF, R = 53.59K2, C; =
100nF, G=10nF, R =4.73MQ

-172 -



Chapter 6 — Design and realisation of the electcarircuitry

10nF
Cd R5| |4.73M0O
100nF | 100nF

Vout

Figure 6:22 - Multiple feedback high pass filter

The amplifier used is from the TS358 dual operaticemplifier package and

powered by 5V, where the power lines are decoups#nly 100nF capacitors.

The filter was tested using the TTi TGA1241 arbitravaveform generator and
the Tektronix TDS 2004B four channel digital staagscilloscope. The Figure

6:23 represents the frequency response of thegdaigs filter.

10
=
"g. 1 T T T 1
= 1 10 100 1000 10000
0.1
Frequency (Hz)

Figure 6:23 - Shows the frequency response of thégh pass filter with gain of 10.
The input to the filter is a sinusoidal wave with@itude 520mV.
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According to the Figure 6:23 the attenuation at 1348.3dB (including the gain
of 10).

Low-pass filtering

One of the SENIAM recommendation for filtering EMS®nal is to use a low-
pass filter with cut-off frequency of about 500Hz temove unwanted high
frequency interference [168]. Further gain is algooduced at this stage using an
active filter. The designed filter is &“@rder Butterworth multiple feedback filter
with cut-off at 500Hz and gain of 10. In order &tefrmine the component values,

the following design equations were used.

The transfer function is given by;

\Y/

out -

v

n

_chZ

s* +aw, s+

Equation 6-16

Where, A = voltage gain;s = complex frequencyj); w. = cut-off frequency;

a = 1/quality factor (Q) = }/ \/Efor Butterworth

From Appendix 2, multiple feedback filter desige:arranging the Equation

6-16 gives,

Equation 6-17

= Equation 6-18
Re awcC2R1R4 - R4 - R1 A
= 1 Equation 6-19
i a)<:2C2R3R4
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By solving the Equation 6-17, Equation 6-18 and &mun 6-19 the following
components values were obtained.=R10k2, C, = 100nF, R = 8.92Q, R, =
100k, G5 = 1.136nF

Vout

Figure 6:24 - Multiple feedback low pass filter

The amplifier used is from the TS358 dual operaticamplifier package and

powered by 5V, where the power lines are decoups#alg 100nF capacitors.

The filter was tested using the TTi TGA1241 arlsgravaveform generator and
the Tektronix TDS 2004B four channel digital staramscilloscope. The Figure

6:23 represents the frequency response of the & filter.
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Figure 6:25 - Shows the frequency response of thew pass filter with gain of 10.
The input to the filter is a sinusoidal wave with@itude 520mV.

According to the Figure 6:23, the filter has a-ofitslope of 34.8dB/decade.

Full wave rectification

Currently the filtered EMG signal has two polastidhowever it is required to
determine the amplitude therefore this signal negmsbe rectified. The

conventional full-wave diode rectifiers cannot mgcsignals whose amplitudes
are less than threshold voltage (approximately P.@GVthe diode [185, 186].

Precision rectifier is implemented with an op-ammd dancludes diode in the
feedback loop. This effectively cancels the forwaoitage drop of the diode, so
very low level signals can still be rectified withinimal error [187]. There are
various precision rectifier circuits available, lulite to the simplified design and
the easiness of choosing the components, the fioltpdesign recommended by

Burr-Brown was used.
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Vout

Figure 6:26 - This precision rectifier requires twoamplifier and the two resistors R1 and R2.

The amplifiers used are TL082 low power dual FEEragonal amplifier. The
main reasons for choosing this are low power, guaalkaging and high gain
bandwidth product (GBW) of 4MHz. An amplifier witligh GBW is important
for this application, as the rectified signal haghhfrequency component present.

The amplifiers are powered by +5V and are decoupsag 100nF capacitors.

The input signal is high pass filtered with timenstant 32ms (5Hz) to remove
any further DC components present. R3 = (Okor input bias current

compensation, while C2 is 1.06uF.

R1 R2 R1 R2
iy et i

L el O L
——( Vout D2 —{ Vout
= Vin 2o
] T ('f' L
R4| | . { R
0 L
L -J_—

Figure 6:27 - (a) During the positive half of the gcle the circuit acts like a voltage follower. (b)

ﬁd_|"i_;ll> o

(a)

During the negative half the circuit acts as a sinmp inverting amplifier.
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During the positive input signal diode D1 becomeerse biased. The current
flows through the forward biased D2 to the non rting input of the second
amplifier. Since there is no feedback path, noentrflows through R1 and R2.
Therefore the second amplifier act as a voltagevar, resulting the Vout =
Vin. During the negative half D2 becomes reverseséd and the output of the
first amplifier drives the resistor R1 through femd biased diode D1. The
second amplifier acts as a unity gain inverterultesy Vout = - Vin. The
capacitor C1 ensures the circuit is stable with seeond amplifier in the
feedback loop. According to the application bulidtl88] for good stability and
best speed R1.C1 = 1Y45BW of the second amplifier. Therefore calculation
resulted C1 = 15.9pF. R1 = R2 = IDkand matched to 0.001% using Wayne
Kerr 6500B precision impedance analyser. R4 wasamao be 20R to provide
path for bias current of the second amplifier.

The full-wave rectification circuit was tested ugithe TTi TGA1241 arbitrary
waveform generator by injecting sinusoidal wavefamth different frequencies
and the Tektronix TDS 2004B four channel digitabrage oscilloscope for

monitoring the output.

According to the Figure 6:28, there is slight distm of the leading edge of the
rectified output for the input frequencies 250Hzd abO00Hz. This can be
improved by using an amplifier with higher GBW. Ftme EMG signal

processing in this application, this will not bgeblem. Therefore the circuit

remains unchanged.
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/‘\/’r\/\/r\u’/\ 4 f\\-/\ \\/—\ / -\\g/-\‘u

CH2 200mY M 250ms HY e [ CHZ 200my M 250ms
(a) (b)

N NONNVN P YNV

CHZ 200mY M 1.00ms I I CH2 200mY M 500us
(c) (d)

Figure 6:28 - Shows the input and the output to théull-wave rectification circuit at different frequ encies. (a) 10Hz , (b) 100Hz, (c) 250Hz and (d) 300
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Smoothing

Smoothing is an essential part followed by full-wanectification. In order to
compare the processed signal with the set threslioisl ripples needs to be
smooth. The easiest and cost effective method reove this is by using RC
filter. However there will be small ripple drop ass the series resistor [189], but
as the signal will be used for comparison it woubd be a problem. The effect of
RC filter to the ripple voltage is shown in the g 6:29 and inthe  Equation
6-21.

Figure 6:29 — In a RC filter, at position 1, the viage across the capacitor is Y
The capacitor discharges through the resistor fima t until the voltage reaches position 2. From
position 2 to 3, the capacitor recharges [190].

During the period from 1 to 2

Vi; =V, exp(—Lj Equation 6-20
RC

Hence the ripple voltage ¥ -V, is given by

t .
Vipe = Vo (1 - eXp[_R_CD Equation 6-21
In clinical studies to obtain required amount ofosithing digital filter with time

constant is 1s was used. However this will slow ndwe response, therefore
when building the electronic circuitry two stagefiltiering being used. One is

single pole passive low pass filter and the otbdéwib pole active low pass filter.
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The reason for choosing the passive filter is torigeof the high frequency ripple
before the active stage.

The designed passive filter has a cut-off frequerfcyHz and is shown in Figure

6:30 . RC values were chosen according tortheRC  Equation  6-3  and

-1 Equation 6-4.
2T
R1
\Vin )-'—III“I( Vout
S0.5k0
EEE, oy |
330nF

Figure 6:30 - 1st order passive low pass filter wlit cut-off frequency 5Hz.

The response of the passive filter is shown irRilgeire 6:31.

1 10 100 1000

0.1

Vout {V)

0.01

Frequency (Hz)

Figure 6:31 - Shows the frequency response of th& arder passive low pass filter.
The input to the filter is a sinusoidal wave withg@itude 1V.
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According to the Figure 6:31, the filter has thé-afi slope of 17.07dB/decade.

For the active filter stage Sallen-Key"arder low-pass filter was used. The
reason for choosing the Sallen-Key is to obtain-mwerted signal at the output
as well as to obtain faster response. The filtes designed using the calculations
provided by Bronzite [191] and is shown in the Fey6:32.

)
=l L
R1 R2 l I47nf
Vin >—L I—-—«H—L_ﬂkO
470k "CE-- ._{ VDLI'[
47nF

—_—

Figure 6:32 - 2nd order Sallen-key filter with cutoff frequency 7.2Hz.

The amplifier used is TLO82 and the power linesdecoupled using 100nF capacitors.

The filter response is shown in the Figure 6:33.

1 10 100 1000

0.1

Vout {V)

0.01

Frequency (Hz)

Figure 6:33 - Shows the frequency response of th&’drder active low pass filter. The input to

the filter is a sinusoidal wave with amplitude 1V.
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According to the Figure 6:33, the filter has thé-aff slope of 24.08dB/decade.

Comparator

Comparator is a circuit that compares the inputagd with same reference
voltage. The output voltage of the amplifier flfpem one saturation limit to the
other as the processed EMG signal reaches aboverdset threshold. This
threshold level can be varied by adjusting the miateneter as shown in Figure
6:34.

+5V

Vourt

Vin J—

Figure 6:34 - Simple comparator circuit designed usg TL082 amplifier and is powered by 5V.

The built circuit for the amplifier and the signalocessing system is shown in
Figure 6:35.
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Figure 6:35 - Amplifier and signal processing circit.

6.4 Stimulator design

When the processed EMG signal reaches above thketprenined threshold, a
burst of stimulation should be delivered to theigrdtthrough the stimulating
electrodes. Since the device is small and portaible, stimulator should be
designed with few components. Section 6.4.1 dessriltsome major

considerations in designing a simple stimulator.

6.4.1 Background

Safety considerations

Electric shock may result in fatal burns and camseamuscle and even heart to
malfunction. Often the degree of damage dependeemagnitude of the current
applied, how long the current applied and whicmfmthrough the current passes
[192].
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Type of stimulators

Stimuli parameters vary widely according to theetygd muscle stimulation, the
number of channel and the type of electrodes. Memymercially available
stimulators are constant voltage stimulators, inctvhdelivered current level
varies with change in electrode-skin impedance nBEtieugh it is easy to design
an additional circuitry is required to monitor tbarrent level [193]. However in

this device focus has been made to designing deicopmstant current stimulator.

6.4.2 System that is being used in clinical setting

For the experiments described in the chapter Spaneercially available constant
current stimulator (DS7A) was used. The stimulatmarameters were set in
Spike software (Figure 6:36) and passed over tostiraulator via the data

acquisition card shown as in the Figure 6:2.

func seti(l:

var ok%;

DlgCreate("Continuous 3timulation Parameters™) ;
DlgInteger(l,"3timulation Frecquency - H=",1,100);
DlgReal (2, "Stimulation On Time - =zecz",1.0, &000,0);
ok%:=D1lgihow(freq%, tin) ;

textli:=Prints (%=, 3d, %s, %.1f, %=", "Stim: Freg = "
freg%, "Hz: Duration = ", tim, "=seca™):

return;

end;

f

Figure 6:36 — Spike software code for setting thaimulator parameters.
The software code shown opens up a dialog boxdw#er to enter the stimulation parameters. The
stimulating frequency can be set between 1Hz tdH¥Qnd the stimulating period can be set between
1s to 6000s.

Even though the stimulating frequency and the pledan be varied, in clinical
experiments these parameters were set at fixedewabf 15Hz and 60s
respectively, which were said to be the optimummslating parameters from
previous studies [162]. Reducing the variables kfiap the circuit design.
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This stimulator was developed by Digitimer Ltd aaghown in the Figure 6:37.
The specification of the DS7A stimulator is highiigd in Table 6-3.

Figure 6:37 - Shows the Digitimer DS7A constant cuent stimulator.
This is FDA and MDD compliant for clinical use. Thagger signal is connected to the stimulator
through DAC. The output of the DS7A is connectedthe stimulating electrodes of the device
through 4mm shrouded sockets [194].

Table 6-3 - The specification of the DS7A constagurrent stimulator [194].

Current 0 t0“99.9mA when the dial is in x10
position

Pulse duration (us) 50, 100, 200, 500, 1000 an@® 200

Compliance Variable from 100V to 400V

Trigger level +3V on the rising edge

Maximum trigger input +15V

Minimum pulse duration for the trigger 5 s

Maximum trigger frequency 1000 pulses /s

The stimulating current, pulse of width of 200u sl d@he compliance voltage of
200V were set using the adjustments on the fronelpaf the stimulator. The
stimulation off period of 3s was set using the wafe in order for the signal

processing and the physiological function to recdokowing the stimulation.
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6.4.3 Derivation of the specification for the stimulator

Comparing the system that currently being usedspeeification of the proposed

stimulator circuit can be derived as shown in thél& 6-4.

Table 6-4 - The specification for the simple stimaitor circuit.

Current Variable between 10mA to 80mA
Stimulation on time 60s

Stimulation off time 3s

Stimulating voltage (maximum) 200V

Frequency 15Hz

Pulse width 200us

Charge balancing RC circuit

The above specification was realised in the desigown in the section 6.4.4,
while isolating the signal processing and the pafileterface from the stimulating
circuitry.

6.4.4 Realisation of the stimulator

The stimulator circuit is made up with four functa units. Those are circuits for
adjusting the stimulation on and off time, the wwidif the stimulating pulse,

isolation barrier and the delivering constant corggulse per each trigger signal.

Stimulation duration adjustor

When the output of the comparator goes high, 60stiafulation needs to be
delivered. At the end of this period, there is t8siglation off period whatever the

output of the comparator. This stimulation off periallows the EMG amplifier

- 187 -



Chapter 6 — Design and realisation of the electcarircuitry

to recover after stimulating artefacts and alsaalaelder and sphincter muscles to

recover following stimulation.

Comparator
oP
— Astabls

e a 1 Q
Mono 60 Mono 3

O

=]

|

Output of the comparato@ of the Mono 60 an(ﬁ of the Mono 3 connected to the three input

Figure 6:38 — Logic circuit to adjust the stimulata duration.

NAND gate to generate 60s pulse for each time whercomparator output is high, while holding Q
of Mono 60 low

The above circuit was implemented using HEF4023BRIips triple 3-input
NAND gate and 74HC4538N Phillips dual retriggeraplecision monostable
multivibrator. Detailed circuit diagram with alléhsub components is presented
in Figure 6:39.
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Figure 6:39 - The stimulation duration adjustor circuit.
HEF4023BP is the 3 input NAND gate and the 74HC4b88a dual monostable multivibrator. 1Q is thep8tse output where as 2Q is the 60s pulse out@itsO
the output of the NAND gate.
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74HC4538N and HEF4023BP both are powered by 5V pamueply and the
supply lines are decoupled using 100nF capacitoisgnd C3).1R, and 2R,
are held high to prevent them resetting the ouppilge immediately. In order for
the circuit to act as a non-retriggerable monostabhhich triggering will be at
falling edge the following arrangement (Figure §:4@s used as specified in the

manufactures data sheet [195].

Cx Ry
T v
nCra T nRCte

D
s

T
|

RESET = Vcc

Figure 6:40 - Shows the arrangement of falling-edgeiggered non-retriggerable monostable

circuitry.

The input is connected to theA and thenQ is connected to th@A .

Diode D1 and D2 are 1N4148 diodes were used adety Sarecaution. In an
instance of sudden power drop the charge storemhpacitors C2 and C3 will

discharge through the monostable and may damagdegheprotection diodes.

The output pulse width was determined by the R toanstant and based on
Equation 6-22 specified by the data sheet.

T=07 XR: th Equation 6-22

Based on the calculations 3s pulse width require=CPuF and R1 + R2 =
4.105M, whereas 60s pulse require C4 = 10uF and R3 + 2G5M).
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03=1Q.20Q.19 Equation 6-23

O3 is the trigger input of the 60s pulse, and 2@astrigger input of the 3s pulse.
The Figure 6:41 and Figure 6:42 show the verifaatf the above circuitry.

+

Ba

PRSI | -

Blsacsusaana

__ CH2 S.00% 1 5.00s
CH3 500%  CH4 so0y

Figure 6:41 — Monostable output - 1.

The orange wave shows the output of the compagdes high. At the active high edge of the
comparator, the 60s pulse (blue waveform) goes tuigh0s followed by 3s pulse (purple waveform)
goes high. At the end of the 3s pulse, since thpubtwf the comparator is low, the 60s pulse remain

low.
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Figure 6:42 — Monostable output — 2.

At the active high edge of the comparator (orarige)60s pulse goes high followed by 3s pulse. At
the end of the 3s pulse, as the comparator stilhies high another 60s pulse is triggered andvtflis

repeat as long as the comparator output is high.

The 60s pulse (2Q) is then connected to the astablerder to adjust the

stimulation pulse width.

Stimulation pulse width adjustor

When the stimulation duration is determined, thetngep is to adjust the
stimulation pulses. According to the specificatiderived in section 6.4.3, the
stimulation frequency should be 15Hz and each shbel200us wide and should

be as shown in the Figure 6:43.
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Figure 6:43 - 200ps stimulation pulses.

Duty cycle of an astable circuit is given in the quiation 6-24.

Duty cycle= T - 200u 0.3% Equation 6-24

T.+T, /]{5

For the circuit operation the duty cycle shouldchese to 50% or higher [196].
Therefore the astable was designed to produce tipmisvhat was required and
then was inverted with the spare NAND gates orcitwiit and multiply with the

60s pulse.

ASTABLE o

<~ —
60¢

Figure 6:44 -Output of the astable was inverted and multipligih the 60s pulse in order to

produce stimulation pulses with duty cycle of 0.3%.

The above circuit was implemented using NE555P $dratruments precision
timer and spare NAND gates were used to implemedT fnd the AND gate

and the circuit diagram is shown in the Figure 6:45
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| HEF4023BP ?-‘«’
NE555
2Q ouT
VCC
——*—|RESET ouT[*
I— —{coNT
THRES
TRIGyN®ISC
1

R1 R2

Figure 6:45 - The stimulator pulse width adjustor ércuit consists of NE555 astable and NAND

gates.

The astable was powered using 5V supply and thelgume was decoupled
using 100nF capacitor (C2). The reset pin was ocedeto 2Q (60s pulse),

which switches on the operation of astable circuit.

Capacitor C1 and resistor values were determingg uke following formula,
with the duty cycle set to 99.7%.
t, = 0693(RA+RB)C1 Equation 6-25
t, = 0693(RB)C1 Equation 6-26

where R = R3 + R4 + R5 andfR= R1 + R2.

Using Equation 6-25 and Equation 6-26 the follogvcomponent values were
obtained R = 9.54K2, Rz = 28.82 and C1 = 10uF.

The output of the astable (OUT) was then connetdedtie 3-input NAND gate,
where all the inputs are connected together tasetn inverter. The output of the
inverter (O1) and the 2Q (60s pulse) were NAND todpce the inverted

stimulation pulses, which was connected to the apipler input.
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The Figure 6:46 shows the output of the stimulagialse width adjustor circuit.

-

o el : S ).-m“.,
2 ||

LI

. [ Ty PR Jpy
CH2 S.00Y M 5005

CH3 5.00% CH4 5.00%

Figure 6:46 — The output of the stimulation pulse wdth adjustor circuit.

The orange wave shows the 60s pulse (2Q) and tieesbiows the output of the astable (OUT). These
two signals were then connected the NAND gate hedbttput of the NAND gate (O2) is shown in
the purple waveform. The spacing between the sétiul impulses showed as non-linear, however

when this signal is expanded, the stimulation puése linear.

In Figure 6:46 some of the stimulation pulses arnssimg from the actual
displayed image, this is due to the effect knowralgasing and in common in
digital images. This can be occurred either sargpétage or the reconstruction
stage. According to the oscilloscope user manual dampling rate on each
channel is 1GS/s, this is well above the Nyquistfrency; however at a certain
recorded time, this oscilloscope can only displaQ@points across all channels
and as the display is nearly 120s long, the numbgrixels is not sufficient to

display all the stimulation pulses.
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The output of NAND gate (O2) was then passed ostitoulator circuit through

the isolation barrier.

Isolation barrier

When the 200us pulse reached the final stage, thelses need to be passed
through a constant current stimulator. As the higllages are used in delivering
the stimulation pulses, this section needs to dlatisd with the rest of the circuit
and the recording site of the patient. The reasoriHis isolation barrier is to

avoid the artefact of the stimulation flowing iritee reference electrode.

The stimulator requires two supply voltages of 2G\d 5V, which are isolated
as well as the stimulation pulse adjustor signaid Ahe following components

were used to provide this.
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Figure 6:47 - Isolation power supply circuit for the stimulation consist of two DC-DC converters

and an optocoupler.

LMEO505SC is a DC-DC converter by Murata Power Sotu (Figure 6:48)
which provides isolated 5V output for input of 5xWdahas an isolation voltage of
1kV.
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LME0505SC

| icia [P

GND1 TooT
CA1 C3
5V
GND,,

Figure 6:48 - LMEO505SC 5V DC-DC converter. 5\ is the isolated 5V output and GNR is the

isolated ground.

C1 and C2 are 100nF decoupling polyester capadisoremove high frequency
interference; whereas C3 is 35V 33uF electroly@pacitor to remove low

frequency noise.

PICO5A200S is an unregulated DC-DC converter by@PElectronics (Figure
6:49) which produces isolated 200V from 5V inpud dras an isolation voltage
of 500V.

GND,,
GN D 1 PICOSAZ005 D 1
| - 2l Je2 [c3
200V,

C1 gy

Figure 6:49 - PICO5A200S 5V to 200V DC-DC converter200V; is the isolated 200V output and
GNDj is the isolated ground.

C1l is low voltage 100nF decoupling capacitor and i€210nF is 1000V
decoupling capacitors to remove high frequencyrietence; whereas C3 is
450V 10uF electrolytic capacitor to remove low fregcy noise. Diode D1 is a

220V zener diode to regulate the output of the DCdonverter.
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HCPL2503 is an optocoupler by Fairchild Semiconduyctwhich produces
isolated output stimulating pulses for the inputspa and has an isolation voltage
of 480V.

5\ , HCPL2503

g
T vP>——4
-

Vo TTTT

GND,/ >

Figure 6:50 - HCPL2503 is an optocoupler consist afED optically coupled to a high speed

photo detector transistor.

The optocoupler is powered by isolated 5V supply laas a decoupling capacitor
(C1) of 100nF. R1 is 1@k pull-up resistor. I/P to the optocoupler is frohet

output of the pulse width adjustor circuit and theatput of this is passed to
PMOS, which will be described later. Once the atr@iconnected as shown in
the Figure 6:50, there was a drop in input curterthe optocoupler and this is

shown in the Figure 6:51.
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Figure 6:51 - Blue waveform is the output of the aable and the purple waveform is the input to

the optocoupler when the HCPL2503 is in place.

Therefore the current level needs to be boostedf@nthis purpose an emitter

follower circuit was built and is shown in the Figu6:52.

OiP

R&

5v

Figure 6:52 - An emitter follower circuit to boostthe current entering the optocoupler.
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In order to provide the required current boost,aR@ R7 were chosen to be 480
and 10@. The output of this emitter follower was then ceated to the input of

the optocoupler.

These isolated power lines and the isolated stitimgigpulse will be used in

constant current stimulator circuit to deliver gtenulating pulses.

Constant current stimulator

The final part of the circuitry is the constant remnt stimulator, which will be
switched on and off for the input trigger pulse aiso has an arrangement to
vary the output current level. Figure 6:53 illugtsathis arrangement.

5V,
200V,

ANODE
_I_
H I-I H » ZVPA4424A R3 H |-| ﬂ_i_
1P HH “ l C1
-|l")BF459
R1 - b
o]
R3

T G,

Figure 6:53 - Constant current stimulator circuit.
The anode is connected to the 200V line and wheptifse reached the PMOS and passed over to the
amplifier and the transistor setup the potentiom&e controls the amount of current to be passed

through.

The isolated trigger pulse connected to the gatheop-channel MOSFET, which

acts as a switch. The logic 0, switches on this MBPE connecting the source to
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the drain. The drain of the PMOS connected to theergiometer R1 (130),

which varies the amplitude of the stimulating teggulse.

TLC251CP is powered by 5\and decoupled using 100nF capacitor. R3 was set
to 102 and bias select pin of the op amp is connecteldet@&GND; to increase the

amplifier performance [197].

The difference in voltages of the inverting and 4norerting is fed to the base of
the BF459. As the collector current increases dueadrease in load voltage, the
voltage at the inverting input also increases. THecreases the voltage
difference, so does the base-emitter voltage, evacting the increase in output

current.

R2 and C1 combination is charge balancing ciré@gtording to the Figure 6:53,
the stimulation off time is about 66ms and if th@mslating charge to be
discharges within half this time the values of R# &€1 can be derived as shown

below.

T4 = R2.C1 Equation 6-27

If R2 = 10k and 7,,, = 30ms, resultCl = 3uF. Therefore a 250V 3.3puF

capacitor was chosen as C1.

The above design was tested on the oscilloscope avitoad resistor of Ik
between the anode and cathode and the resultshavensn Figure 6:54 and
Figure 6:55
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Figure 6:54 — Stimulation pulses
the output of the astable (OUT).

stimulator pulses with a fraquency of 15Hz shown ithe green waveform.

urple waveform sbws the output of the optocoupler and
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Figure 6:55 — Shows the stimulating pulse of pulsgidth of 200us.

The stimulating electrode impedance (@26t 26.3%) was measured when the

device in the body by measuring from the impedamcalyser. The load was
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represented by using a resistor (@3@nd a capacitor (20nF) by calculating the

impedance at 1kHz.

In order to determine the effect of supply voltéexeel, the transfer characteristics
of the stimulator was measured. The DC to DC cdevavas disconnected from
the circuit and replaced with a variable power $yippifferential probe of the
oscilloscope was connected across theCbB8sistor in order to measure the load
current. When the supply voltage is at 200V thelloarrent was set to 10mA, by
adjusting the R1 potentiometer. The supply voltages reduced from 200V to
0V in steps of 10V, while measuring the load curfeom the oscilloscope. This
experiment was repeated for the load currents wiAl@nd 80mA, and the results

are displayed in Figure 6:56.
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Figure 6:56 - Transfer characteristics of the stimiator

The stimulator circuit that was built is shown iigre 6:57.
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Figure 6:57 - The stimulator circuit.

6.5 Overall system testing

All of the design and testing of the each individuait were done using the
bench apparatus. However the real situation cameotlemonstrated in this

manner. Therefore it is essential to test the dewith biological signals.

In order to test the system using biological sign#te system was powered by
two 9V PP3 batteries and monitored using the astbpe through a differential
probe due to the safety considerations. EMG sigmadse recorded from the
thenar muscle whereas the stimulating electrodested to the wrist using self-
adhesive surface electrodes. The skin was cleasedy walcohol wipes and
conducting gel was applied to maintain good conditgt The muscle was
voluntarily contracted to investigate whether thepot of the comparator goes
high and the stimulator was set up to switch oromatically. Section 6.6

highlights the output of each stage with biologsighals.
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6.6 Results and discussion

Fismy

Stimulator -

- 206 -

Figure 6:58 — Testing the processing circuit on ther muscle EMG
EMG signals are recorded from the thenar musclegusiree electrodes. (a) output of the pre-ampl{fi¢ output at the notch filter stage (d) outplithe high paséilter (e)
output after the low pass filtration (e) filtereettified signal output just before smoothing (& tmoothed signal (grepand threshold of the comparator was set at\Vl
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At the output of the pre-amplifier, the EMG contran and noise can be clearly
distinguished. The noise level is further minimissdthe output of the notch
filter. This signal was then passed onto band-fisation to remove DC offset,

movement artefact and high frequency noise. THenaVe rectification produces
reliable output with low offset level. The threelggemoothing resulted a signal
that can be used as a triggering signal for stittariaThe threshold level of the
comparator can be varied and when an EMG contradtidetected, the signal is

sent to the stimulator to deliver the pulses.

6.6.1 Power management

If the device is switched on throughout the dawg, dmplifier and the processing
circuit will always be switched on. By measurem#re recording part of the
circuit consumes 25mA. Therefore the charge reduindeave the device on for
24 hours = 25mA x 24h = 600mAh.

During the stimulation the current consumptionhia stimulating circuit is about
125mA, when stimulated with an average current@hA. For stimulation, 15
pulses per second each of width 200 ps, therehmrdine that the device is on

for 60s stimulus duration is 200 ps x 15 x 60 =ri8@er stimulation

Clinical studies showed that each fill, around T6=2imulation is required to
increase the bladder capacity to 500ml, thereforend one day, the stimulation
will be required about 60 times. Therefore the Itoiaration of the stimulation

required per day = 180ms x 60 = 10.8s

If the maximum current used during stimulation B5tA, the total charge
required is 125mA x 10.8s = 0.375mAh.
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Therefore the total charge requires per day is 8600mAh. If 1Ah battery was

used, it can be used nearly 2 days without rechgrgi

6.6.2 Other considerations

Enclosure for the electronic circuit must be wateob (IP67) and should be easy
to hold and control using single hand. The battdfrgnging compartment should
be easily accessible by the user, and the enclosust have a belt clip for the
user to be worn it easily. The maximum allowabie 23f the box is 10cm x 7cm

x 3cm. Furthermore the box should also be ableamwn the thigh.

The box should have on/off switch and a button ¥erode the stimulation.
Furthermore an indicator for battery low sign amadther indicator to show any

fault in the system.

The cable from the device should have a mini DIdbgphnd equivalent socket on

the box too.

6.7 Conclusion

The overall system noise was not an issue in sigraessing or picking up the
EMG contractions. However the noise can be furtiedluced by the following

methods.

* When the system is integrated, the pick up frornsaiterference will be

low (because picking up through cables).

» The attachment of the pre-amplifier to the skinrntee electrode site
reduces noise pick up and minimise any degradatidghe CMRR arising

from the differences between the cable resistajiGs.

- 208 -



Chapter 6 — Design and realisation of the electcarircuitry

Introducing a notch filter does reduce the mainterference, but it cannot
discriminate between hum and the component of & Signal at 50Hz, so that
the filter distorts the signal [171] [170].

The input signal processing and the stimulatiortesysis isolated using DC to

DC converters and optocoupler, which provides alai®n barrier of 480V.

The stimulator supply voltage was set to 200V, havef the maximum voltage
required during stimulation can be measured andylseem should be modified

accordingly, this might result in less current agmgption.

By using 1Ah battery, the system can run for 2 dayishout needing to be
recharged. However if the system can be modifieith Vow power components,

this time may increase.

The system mentioned in this chapter was a progotygsign, which can be
modified with surface mount components in ordeoltain the miniaturised and

low power circuit.
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Chapter 7 - Conclusions and future work

7.1 Summary

Urinary incontinence affects one in three of theuyation at some stage in their
adult lives. This leads to a poor quality of lite sufferers and their families and
has significant impact on society. Neurogenic dsrioveractivity is a common
observation (16%) in patients with urinary incoetice and is characterised by
involuntary detrusor contractions at low bladdeduwres. The conventional
method of treating NDO is antimuscarinic drugs @tax the detrusor muscle,
which are not well tolerated by about 50% of pasemainly due to side effects.
Electrical stimulation systems currently availalibe bladder dysfunction have
disadvantages such as risk of implantation andusiition becomes ineffective
due to habitation. Therefore these systems arevitly acceptable among the
patients. A novel device was developed in ordeowercome the above stated
problems. The background leading to this developgnmeeexplained in detail in
chapter 1 together with the aim of the project d&velop a novel wearable anal
device designed to deliver conditional neuromoditaaind ultimately prove its

principle in small scale clinical study.”

Chapter 2 describes the basic anatomy and physidtagwledge required in
order to understand the working concept of the @evA review of electrical
stimulation for treating bladder dysfunction, sinte first use by a pioneering

Danish surgeon in 1878 was described in this clhapte
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Chapter 3 focuses on the semantics of the operafidhe device. The design
requirements were derived based on the disadvantafeurrently available

treatment options. Considering the design requirgspethe best method for
detecting NDO was by recoding external anal sppmE&MG, which acts as a
surrogate to the urethral sphincters during dyssyae Similarly trans-rectal

stimulation was decided as the best option foahainal device. Using these two
techniques a closed loop electrical control systeas realised and incorporated
as the project concept. Furthermore the proposedcalewas named as
“ACONTI” ( Anal Conditional Neuromodulator foif reatingl ncontinence), based

on its principle of operation.

After deriving the principle of ACONTI operatiorhd next step was to come up
with a patient acceptable model. The actual shdpeodevice was designed
based on the anatomy of the anal canal as welteaature of anal and vaginal
devices. Medical grade liquid silicone rubber wasedi as the device body
material, while medical grade stainless steel wsedufor the electrodes. The
ACONTI was made in clean room environment and tloegdure was explained

in the chapter 4.

The next step was to determine the efficacy of ARKONTI within the clinical
environment, which is described in chapter 5. Tlegeetwo stages for detecting
the conditional signal and treating NDO through roewodulation. The clinical
trials were carried out on spinal cord injured deagith NDO in Royal National
Orthopaedic Hospital, while giving special attentito good clinical practice.
This study concluded that the external anal spemEMG recorded through the
device provides a reliable signal with 100% sewisyti for early detection of
bladder contractions. Most importantly conditiosmulation through the device

successfully suppressed the detrusor contractionsixi out of eight patients,

-211 -



Chapter 7 — Conclusions and future work

resulting significant increase in their bladdera@fy by 220% compared to the
control study as well as significant reduction iaximum detrusor pressure by
48%.

In order for the device to be practical for daiseuit should act as a self-standing
system. The design of the electronic circuitry ieeph for this operation is
described in chapter 6. The system consists ofmbtaim circuits for amplification
and signal processing as well as for stimulatiohe Bpecification for these
circuits was derived by evaluating the parametieas were used in the clinical
study. The gain of the recording circuit was se2®00, which can be modified
easily and the amplifier has common mode rejeatatio of 88dB. The constant
current stimulator can deliver stimulating currebétween 10mA to 80mA with
maximum stimulating voltage of 200V.

7.2 Achievements

Achievements of this research can be summarisédlaas.

» Derived a practical principle for the operatiortioé ACONTI.

» Designed and implemented a patient acceptable nadde®CONTI based
on the anatomy of the anal canal.

« The conditional neuromodulation through the devisgnificantly
increased the bladder capacity by 220%.

» Designed an electronic circuit, which is capableaividing conditional
neuromodulation through the ACONTI device.

 Realised a system, which can be used to optimige stimulating
parameters of the device and verified that withdineent configuration of
electrodes do stimulate the afferent and effereandhes of the pudendal

nerve.
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7.3 Future work

As the ultimate goal of this project is to incre#ise quality of life of people with

NDO, there is further work that needs to be caraetito reach this goal.

7.3.1 Clinical testing

This was a proof of principle clinical study tottése operation of the device and
demonstrated on spinal cord injured men. Howewedetermine the efficacy of
the ACONTI on wider community, testing should berieal out on both men and
women with NDO due to other causes such as mulsplerosis, Parkinson’s

disease.

By modifying the device with pressure transducesay ead to use of the device
for treating other types of incontinence such assstand mixed incontinence.
These transducers can be added to the superiotioposif the device. By

measuring the abdominal pressure through theseduwarrs, a trigger level can
be set to activate the stimulation. As this israpteé modification, it would be an

advantage of proceeding further with this concept.

7.3.2 Optimising the device

The current version of the ACONTI device is thestfirprototype model
developed. In order to optimise the recording atchudating parameters the
ACONTI should be modified further.

Shape

Due to a manufacturing limitation, the recordingottodes are situated about

160 apart. The literature has shown if the two recuydélectrodes can be made
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180 degrees apart, will lead to an increase in theadigo noise ratio of the

external sphincter EMG. A similar increase can &scexpected by pushing the
recording electrodes further into the external aspincter by widening the

recording end of the ACONTI.

The field experiment study should be conducted iffierdnt shapes, sizes of the
electrodes as well as for the stimulating paramseterdecide the best possible
arrangement to achieve effective stimulation witloweest possible current. The

findings should be incorporated in to the desigthefACONTI.

With the available anatomical literature it wasuased that when the ACONTI is
in the anal canal, the stimulating head sits orati@erectal junction. Therefore, it
is important to determine the exact positioninghaf electrodes using MRI, when
the ACONTI is in the anal canal. Results of thi demonstrate the variation of
the ACONTI dimensions on different people and duieed devices of different

sizes should be constructed.

Warning indicator

Chapter 3 shows a requirement of a warning indic&to patients who are
unaware about their bladder contractions. It woldd ideal to introduce this
feature into the ACONTI via a body area network tbrough a wireless

communication link such as Zarlink ZL70100.

Electronic circuitry

The electronic circuit was designed on a matrixrdodt would be better to
develop a printed circuit board (PCB) for this gesand put this into a box,

which will be attached to a belt for the personvear.
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Ultimately this electronic circuitry can be minigged and embeded inside the
ACONTI with a rechargeable battery on the anchardia The Zarlink wireless

communication system can be added for programnhi@gystem.

7.3.3 Regulatory approval

In order to carry out clinical testing on differetypes of incontinence, it is
required to obtain the approval from Medicine ancetalthcare products
Regulatory Agency’s (MHRA).
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Appendix 1 — Patient consent form
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Royal National Orthopaedic Hospital NHS'

MNHS Trust

Brockley Hill
Stanmore
Middx HAT 4LP

www.spinalresearchcentre.org.uk

CONSENT FORM

Agreement to participate in a clinical investigation

Investigators: Professor MD Craggs, Director oih@pResearch
Dr A Gall FRCP, Consultant Rehabilitation Physicia
Mr PJR Shah FRCS, Consultant Urological Surgeon
Mr J Woodhouse MRCS, Clinical Research Fellow, bigadt
Sr J Susser, RGN, Clinical Nurse Specialist

1. | have read the information sheet concerning thiudy and |
understand what will be required of me if | taketpa this study.

2. My concerns regarding this study have been amsingy

3. | understand that at any time | may withdrawrfrthis study without
giving a reason and without affecting my normal ecaand
management.

4. | understand that the information from this stugay be published in
scientific journals, but that I will not be iden&é.

5. | agree to take part in this study.

Patient’s signature or independent WitNesS. ...cccaevvveiiiiiieeeeeeennn.

Name in BLOCK LETTERS ....ouini e,

DOCEOI'S SIGNALUIE ...evvveieieeeeeeeeee e e s e e e e e e e e e e e e eeeeeaannnnnns

Name in BLOCK LETTERS ...
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Appendix 2 — Multiple feedback filter design

Nodal analysis at node 1
(Vl ~Vin )Yl + VY, +VY;+ (Vl ~Vout )Y4 =0 Eq. 1

Rearranging, gives

V(Y +Y, +Y,+Y,) =V, Y, =V, Y, =0 Eq. 2
Nodal analysis at node 2
VY. +\VY, =0 Eq. 3
Rearranging, gives

Substituting \ in equation 2,

_M(Yl +Y2 +Y3 +Y4) _VoutY4 _VinYl =0
3
Finally,
Vout - - Y].YS
Vin Y5 (Yl +Y2 +Y3 +Y4)+ Y3Y4
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