CRANFIELD UNIVERSITY

INSTITUTE OF BIOSCIENCE AND TECHNOLOGY

PhD THESIS

Academic Y ear 2003-2004

Reinhard Fend

Development of medical point-of-care applications
for renal medicine and tuberculosis based on

electronic nose technology

Supervisors
Dr. Anthony C Woodman (Cranfied University)
Dr. Conrad Bessant (Cranfidd Universty)
Dr. Anthony JWilliams (Gloucestershire Roya Hospitd)

Dr. Arend JH Kalk (KIT, Royd Tropicd Ingtitute, The Netherlands)
Dr. Paul R Klatser (KIT, Royd Tropica Ingtitute, The Netherlands)

2004

Thisthesisis submitted for the degree of Doctor of Philosophy



PnD THESIS

ACADEMIC YEAR 2003-2004

Reinhard Fend

Development of medical point-of-care applications for renal medicine

and tuber culosis based on electronic nose technology

“Thisthessis submitted in partia fulfilment of the requirements for the degree of

Doctor of Philosophy”

© Cranfield University, 2004. All rights reserved. No part of this publication may be

reproduced without the written permisson of the copyright holder.



Table of Contents |

ABSTRACT

INTRODUCTION: Current dinicd diagnogics are based on biochemicd,
immunological or microbiologicad methods. However, these methods are operator
dependent, time consuming, expensve and require speciad skills, and are therefore not
auiteble for point-of-care testing. Recent developments in gas-sensing technology and
pattern  recognition methods make dectronic nose technology an interesting
dternative for medicd point-of-care devicess METHODS. We applied a gas sensor
aray based on 14 conducting polymers to monitor haemodiadyss in vitro and to
detect pulmonary tuberculods in both culture and sputum. RESULTS and
DISCUSSION: The dectronic nose is able to distinguish between control blood and
“uraemic’  blood. Futhermore, the gas sensor aray is not only capable of
discriminating pre- from pog-dialyss blood (97% accuracy) but dso can follow the
volatile shift occurring during a single haemodiadyss sesson. The dectronic nose can
be used for both didysate sde and blood-sde monitoring of haeemodidyss The
pattern observed for post- and pre-didyss blood might reflect the hedth gaus of the
patients and can therefore be related to the long-term outcome. Furthermore, the gas
sensor array was aso able to discriminate between Mycobacterium spp. and other
lung pathogens such as Pseudomonas aeruginosa. More importantly the gas sensor
aray was cgpable of resolving different Mycobacterium spp. such as Mycobacterium
tuberculosis, M. scrofulaceum, and M. avium in both liquid culture and spiked sputum
samples. The detection limit for M. tuberculosis in both sputum and liquid culture is 1
x 10" mycobacteria mi™ and therefore partidly fulfils the requirement set by the
WHO. The gas sensor array was able to detect ailture proven TB with a sengtivity of
89% and a specificity of 91%. CONCLUSIONS: In concluson, this study has shown

the ability of an eectronic nose as a point-of-care device in these areas.
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Introduction 1

1.1 INTRODUCTION

The increased knowledge in bionics and atificid intdligence has revolutionised
many aess of human activity. The employment of these gpproaches in medicine will
be no exception. New socio-economic factors and generd globdisation of the world
requires the development and application of new inteligent diagnosic devices
(Armoni, 1998; Moret-Bonillo, 1998).

Advances in information technology and satdlite communications combined with
nove intdligent sensors could result in the better management of epidemic diseases
such as tuberculoss or AIDS by centrd organisations such as the World Hedth
Organisation (WHO). Applying this information could lead to a better globa control
and thus, could reduce the risk of spreading the disease around the world.

On the other hand, effective clinicd care requires decison making based on
multiple data inputs, eg. symptoms, hisory, biochemicd or physcd tests. Such a
genera gpproach has not been implemented in current development drategies of
diagnogtic devices, which rely on a “one target — one result” approach (Woodman and
Fend, 2004).

In the past, nature often served as a provider of principles leading to astonishing
innovations and hence, applications. One of the mogt incredible naturd systems is the
mammdian olfactory sysem. Today, the same principle is gpplied in machine

olfaction and in “olfactory diagnosis’ (Woodman and Fend, 2004)

1.2 DIAGNOSTIC POWER OF SMELL

The origins of “odours as diagnostic indicators’ go back to around 400BC and the

father of medicine — Hippocrates (Adams, 1994). Descriptions a that time of the
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pouring of human sputum on hot cod to thermdly generate a amdl could very wdl be
consdered a primitive pyrolyss of long chan faty acids rdease of volaile
hydrocarbons or possbly lipid peroxidation, bacterid or infected tissue products.
Smilaly, traditiond Chinese medicine dso exploited the power of olfactory
diagnosis (Porter, 1997). Whilst early medicd practitioners had not discovered
bacterid pathogenicity, they clearly recognised that a disease-host interaction could
change the odour of body excretions such as swest, urine, vagina fluid and sputum
(Porter 1997). Diagnosis usng the human sense of smdl remaned one of the most
reliable methods in bedsde medicine. For many years, paediatricians associated
phenylkentouria with a mousy/honey smdl of urine Other disease like liver failure,
chronic congestive heart fallure of portcavd shunts are associated with characteristic
odour of dimethyl sulphide (Smith, 1982). Certain conditions are associated with a
maodour emerging form the skin. Among them are, squamous cell carcinoma, which
is linked to a full-offensve skin aoma (Liddl et al, 1975), or Ydlow fever, which is
often related to the smell of a butchers shop (Liddl et al, 1976; Hayden 1980).

A collection of recorded diseases and infections liberating specific odours is

presented in Table 1.1.

1.2.1 EARLY DIAGNOSISOF VOLATILE BIOMARKERS
During the 1950's and early 1960's, gas chromatography (GC) and GC-linked
with mass gpectrometry (GC-MS) provided the indrumentation with which to

separate and identify volatile biomarkers.
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Table 1.1: Diseases and their recorded liberated odours (adapted from Paviou and

Turner, 2000).

Odour Site/Source Disease
Baked brown bread in Typhoid
Stale beer in Tuberculoss lymphadenitis
Butchers shop in Yelow fever
Grape Skin/swesat Pseudomonas infection
Rotten apples Skin/swest Anaerobic infection
Over-ripe Camembert in Bacterid proteolyss
Ammoniacd Urine Bladder infection
Amine-like Vagind discharge Bacterid vaginoss
Rancid Stool Shigdloss
Full Stool Rotavirus gastroenteritis
Freshly plucked festhers Sweat Rubdla
Sweet Sweat Diphtheria
Full Sputum Bacterid infection
Putrid Breath Lung doscess, anaerpbic infection,

necrotisng pneumonia

Full-offensve in Squamous cedll carcinoma
Acetone-like Bregth Digbetes mdlitus
Musty/horsey Infant kin Phenylketonuria
Foul Infant stool Cydtic fibross
Sweaty feet Skin/swest Isovaeric academia
Burnt sugar Urine Maple syrup urine disease
CSaNbgéwty or boiled Infant breath Hypermethionemia
Fshy Sinfurine Trimethylaminouria

One of the most obvious sources where voldtile disease markers can be found is
bresth. Bresth tests date from the earliet higtory of medicine because physcians in
ancient times knew that the odour of the breath is dtered in some diseases (Philips,
1997). Some bresth aromas are highly characteristic of disease eg. pdients with
diabetic ketoacidoss smel like rotten gpples, manly due to acetonemia. Chronic
rend failure causes the breath to smell like stde urine (Phillips, 2002).

However, the modern era of breeth testing did not commence until 1971, when

Linus Pauling used dry ice to freeze out bresth volatile organic compounds (VOCs).
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To dae more than 3000 volatile organic compounds in human breath have been
identified, but the biochemicd dgnificance of mogt of these compounds is dill
unknown (Phillips et al, 1995; Phillips et al, 1999). A callection of GC-MS

goplicationsin dinica diagnosisis presented in Table 1.2

Table 1.2: The gpplication of GC-MS andyds of volailes in dinicd samples

(adapted from Pavlou and Turner, 2000).

Method Sour ce/Disease Volatile
GC Bregth, urine VOCs
GC Aerobic Gram(-) bacteria VOCs
HSA-GC Intrgperitoned fluid VOCs
GC Anaerobic bacteria Acstic, butyric acid
GC Human pus, purulent fluid :]t_)ckl)utyri ¢, isovaleric
HSA-GC Uring/ metabolic disorder Isovaleric acid
GC-MS Blood plasma, CSH liver disorder 3-methylbutand
FI-GC Breath/ liver disorder Methyl-mercaptan
GC-MS Breath/ schizophrenia Pentane
GC-MS Breath/ketos's Acetone
GC-PI Breath/ Cardiopulmonary disease Acetone, ethanol

Abbreviations GC - gas chromatogrephy, GC-MS — gas chromatography-mass
spectroscopy, HSA — head space andyss, CSF — cereébrospind fluid, Pl — photo
ionisation, VOCs — voldile organic compounds

Recently, Phillips et al presented two studies, where volatile organic compounds
(VOCs) were related to cancer. In the first study, the presence of VOCs, mainly
dkanes and monomethylated akanes were investigated in bresth as tumour markers
for lung cancer (Phillips et al, 2003a). The second study investigated the presence of

VOCs as markers for breast cancer (Phillips et al, 2003b). The results of both studies
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ae promidng, but will require vdiddion in lager trids. Even inflanmaory lung
diseases such as asthma, chronic obstructive pulmonary disease, or cygic fibross
have been associated with specific volatile markers in exhaed breath including nitric
oxide or hydrocarbons (Kharitonov and Barnes, 1997; Kharitonov, 2004).

The production of voldiles is not limited to humans. At the beginning of the 19"
century, Liebig and Woehler (1837) described the production of benzadehyde by
microorganisms. Since then many reports have been published. Among the firg was
Omdianski (1923) who reviewed nauraly liberated microbia odours. He reported
the accumulation of organic acids and doohols in cultures of Mycobacterium
tuberculosis and Pseudomonas aer uginosa.

Snce the devdopment of GC indruments, the characterisation of bacterid
volatiles of pathogenic origin has been of interest. Davies & Hayward (1984)
identified acetylcholine and suggested that it could act as a precursor of
trimethylamine, a possble early biochemicd marker of urinary tract infections (UTI)
caused by Proteus spp. and Klebsiella spp. Grametbauer et al (1988) reported the
production of a number of volatile compounds derived from 189 drains of 33
bacterid species They concluded tha even when the volaile profiles
(chromatograms) showed distinct pesks, it was not dways possble to completely
differentiate between drains of the same species. The GC-MS analysis of pathogenic
bacteria such as Pseudomonas aeruginosa, Proteus mirabilis, Klebsiella pneumoniae,
Saphylococcus aureus, and Clostridium septicum reveded that al of them produced
complex odours pattern (Larsson et al, 1978). Similarly, species of the lactic acid
family, important indudrid bacteria were extendvdy dudied usng gas

chromatographic  techniques dlowing a discriminaion between Leuconostoc  spp,
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Pediococcus spp, and Lactobacillus spp (Radler and Gerwarth, 1971). Mayakova et al
(1989) proposed a rapid method for detecting post-operdive infections in adomina
and gynaecological surgery caused by non-clodtridia anaerobes via GC-MS andyss

of volatile fatty acids.

Although the introduction of GC-MS enabled the comprehensve study of possible
discases markers, it has never emerged as a fully evauated routine ingrument for
clinica diagnoss. Fectors such as high capitd codts, laborious and time-consuming
methods requiring dgnificant expertise and the shear complexity of volatiles detected
usng GC-MS have dl conspired to limit the application of this technology (Manalis,
1983; Phillips, 1997). However, the wedth of knowledge generated by GC-MS has
ggnificantly enriched the understanding of the way the human body responds to
dissase and in paticular the potentid role of volatile organic compounds (VOC) as
diagnogic markers. The drive to develop insruments for routine clinica gpplication

without the drawbacks of GC-MS was on.

1.3 PRINCIPLES OF OLFACTION

The basic idea of dectronic noses is to mimic the human olfactory sysem. This
section describes the smilarities and  differences  between human olfaction and
meachine olfaction.

The human olfactory sysem comprises three basic dements, namely the olfactory
receptor cells, the olfactory bulb and findly the brain (Pearce, 1997a). These three
dements formed the bass for the deveopment of the atificia olfaction devices

(eectronic noses). The man components of an dectronic nose ae an aray of
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chemicad sensors, a data pre-processng unit and a pattern recognition engine (PARC)
(Pearce, 1997b). The basic dements of both olfactory sysems are as illustrated in

Figure 1.1.

Olfactory receptor Olfactory bulb Olfactory cortex

Cribiform

— Mucous
plate
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Figure 1.1: Comparison of the human olfaction with atificid olfaction (adepted

from Turner and Magan, 2004).

1.3.1 HUMAN OLFACTORY SYSTEM

The sensation of smdl is caused by the interaction of odorant molecules with a
group of speciaised nerve cdls caled olfactory receptors. The olfactory cdls are
dtuated in the olfactory epithdium, a specidised tissue in the nose (Craven et al,
1996; Bartlett et al, 1997; Pearce 1997a8). Odorant molecules are typicadly smal,
polar, and hydrophobic molecules with a molecular weight between 30 and 300 Da,

with one or more functional groups (Gardner and Bartlett, 1999). The hydrophobicity
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of the molecules is important, as the initid gep in olfactory recognition is the
disolution of the molecules in an aqueous mucous layer, which covers the olfactory
receptor cells and the epithdium (Craven et al, 1996; Bartlett et al, 1997a; Pearce
1997a). The receptor surface area is increased by a number of cilia, which lie in the
mucous layer (Pearce, 1997a). On the surface of the cilia are G-receptor binding
proteins. The interaction of the odorant molecules with the G-receptor binding
proteins gimulates the neurons (Craven et al, 1996). It is unknown how many
different types of G-receptor proteins exist, but presumably between 100 and 1000
(Craven et al, 1996). It is believed that olfactory cdls (ca 100 millions) are involved
in both amplifying the signd and generating second messenger (Gardner and Bartlett,
1994). Hence, many olfactory neurons agppear to express only one of the many
possble G-binding proteins, explaining the large number of olfactory cels (Pearce,
1997a). The second messenger controls ion channds and thus generates Sgndls,
which travel from the neuron via axons to the glomeruli nodes in the olfactory bulb
(Gardner and Bartlett, 1994; Pearce, 1997d). These signals are pre-processed by mitra
cdls and subsequently sent to the brain via a granular cdl layer (Gardner and Bartlett,
1994; Pearce, 1997a). The different G-binding proteins have an overlgpping
sengtivity to different odorant molecules (Gardner and Bartlett, 1994; Gibson et al,
1997).

The human nose can discriminate complex aromas without separating the mixture
into individua components (Pearce, 19974). Due to the high sengtivity of the human
nosg, it is possble to detect odorant molecules in very low concentrations (ppm, ppb)

(Pearce, 1997a).
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1.3.2 ARTIFICIAL OLFACTORY SYSTEM

In the atificid olfactory system, the olfactory receptor cdls are replaced by a
chemicd sensor aray. The sensors generae a time-dependent dectricd sgnd in
response to the interaction of an odour with the sensor itsdf (Gardner and Bartlett,
1994, Pearce, 1997b; Gardner and Bartlett, 1999). The olfactory bulb is represented
by a data pre-processing unit, which compensates for sensor drift and noise (Pearce,
1997b; Gardner and Bartlett, 1999). The fina stage in atificd olfaction is the PARC
engine, which is equivdent to the human brain (Pearce, 1997b). In summary, it can be
sad that dectronic noses mimic the mammadian olfactory sysem by combining non
goecific gas sensors with a PARC software to anayse and characterise complex
odours without prior separation of the mixture into individua components (Bartlett et

al, 1997)

1.4DEFINITION OF ELECTRONIC NOSES

Electronic nose is the informa name for an insrument made up of chemica
sensors  combined  with  some sort of patern  recognition  system, enabling
discrimination between, or recognition of, smple or complex odours (Gibson et al,
2000). The term “eectronic nose’ was introduced by Julian Gardner in 1988 (Gardner
and Bartlett, 1999). In 1964, Wilkins and Hatman built the first devices amed a
mimicking the human nose (Gardner and Bartlett, 1994). However, the first dectronic
nose, as an intdligent sensor system, was introduced by Persaud and Dodd (1982) at
Wawick Universty. The fird commercid dectronic noses were launched in the
earlier 1990s (Gibson et al, 2000). Among the first systems were devices from Alpha

MOS in 1993, Neotronics and Aromascan in 1994 and Bloodhound Sensors and HKR
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Sensorsysteme in 1995 (Gibson et al, 2000). A lig of commercially avaldble

dectronic nosssis shown in Table 1.3.

1.5 GASSENSORS FORMATS

The central pat of an eectronic nose is the chemicd gas sensor aray. Sensors
used in dectronic noses are nontspecific gas sensors (Gardner and Bartlett, 1999).
Hence, they should possess good dability and a high sengtivity coupled with a short
response time (Bartlett et al, 1997).

Currently the following types of sensors are used in dectronic noses (Craven et

al, 1996; Dickinson et al, 1998; Chang et al, 2000):

Metal Oxide Sensor (MO)
Conducting Polymers (CP)
Piezoel ectric based Sensors
» Sound Acoustic Wave Sensors (SAW)

» Bulk Acoustic Wave Sensors (BAW)
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Table 1.3: Commercidly avalable dectronic noses (adapted from Gibson et al,

2000).
Company L ocation M odel
Fox 2000, 3000, 4000, 5000
AlpraMOS France
AlphaKronos, Alpha Gemini
Bloodhound Sensors UK Bloodhound BH114
Cyrano Science USA Cyranose 320
Etherdata ledand FreshSense
Environics Industry Oy Hnland MGD-1
Electronic Sensor Technology USA GC/SAW System
Hewlett Packard USA HP4440A
Lennartz Electronic Germany MOSES I
Marconi Applied Technology UK e-nose 5000
Mo Tech Sensoric Germany VOCmeter, VOCcheck, OEM
modules
Ogmetech (formerly Aromascan) UK and USA  Multi-Sampler SP, CP sensors
RST Rostock Germany Sam
Smart Nose Switzerland ~ Smart Nose — 300
WMA Airsense Germany PEN
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1.5.1 M ETAL OXIDE SENSORS

These devices condst of an eectricdly heated ceramic pdlet, onto which a thin
porous film of SO, doped with metal ions has been deposited (Persaud and Travers,
1997). The doped SnO,-film behaves a an ntype semiconductor and the
chemisorption of oxygen a the sensor surface results in the remova of eectrons from
the conducting band. Gases in a sample interact with the absorbed oxygen and thereby
affect the conductivity of the SnO, film (Persaud and Travers, 1997; Dickinson et al,
1998). The change in conductivity is typicaly used as the output signd (Dickinson et
al, 1998).

The devices are run at devated temperatures (typicdly at 300 — 400 °C) to
achieve a fast response time and to avoid interferences from water. The response
characterigtics can be talored by varying the operating temperatures and the doping
agent (Gardner and Bartlett, 1994; Dickinson et al, 1998).

The sensor is characterised by a short recovery time, insengtivity to moisture and
little drift over time, and the dectricd output sgnd is proportional to the odour
concentration (Harper, 2001). On the other hand, it must be mentioned, that the

devices are typified by high power consumption and a poor sdlectivity (Harper, 2001).

1.5.2 CONDUCTING POLYMERS

The use of Conducting Polymers (CP) as sensors dates back to 1979, when Diaz
and co-workers firs dectropolymerised a thin film of polypyrrole (Dickinson et al,
1998). Since then, much attention has been paid to these materids and their unique

properties (Dickinson et al, 1998).
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Sensors are fabricated by eectropolymerisng thin polymer films across a narrow
electrode gap (Bartlett et al, 1989; Dickinson et al, 1998). The reversible absorption
of molecules onto the film induces a temporary change in the eectrical conductivity
of the film by dtering the amount of active charge cariers in the polymer dructure
(Bartlett et al, 1989; Shurmer and Gardner, 1992; Dickinson et al, 1998). CPs in an
electronic nose ae typicdly based on ether poly(pyrolle) or poly(aniline) (Bartlett et
al, 1989; Dickinson et al, 1998). In both cases, it is easy to obtain a thin polymer film,
and therefore reproducible sensors can be produced (Gardner and Bartlett, 1999). In
CP-sensors, the molecular-interaction capabilities of the polymer can be sdectivey
modified by incorporaing different counterions during polymer preparation or by
attaching functiona groups to the polymer backbone (Dickinson et al, 1998),

The advantages of CP include the low power consumption and the high sdectivity
of the sensors The shortcomings are long response times, inherent time- and
temperature drift, the sengtivity to water and the high cost of sensor fabrication

(Dickinson et al, 1998; Harper, 2001).

1.5.3 PIEZOELECTRIC BASED SENSORS

The use of piezodectric crystds as transducers for chemicd andyds was firs
suggested by Sauerbrey in 1959 and demonstrated by King in 1964 (Dickinson et al,
1998). The two most commonly used piezodectric based sensors are the Surface
Acoustic Wave sensor and the Bulk Acougstic Wave sensor (Gardner and Bartlett,

1999).
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Surface Acoustic Wave (SAW) sensor:

SAW devices condst of interdigitated eectrodes fabricated onto a piezodectric
subdrate (eg. quatz) onto which a thin film coating of a sdective materid is
deposited (Persaud and Travers, 1997; Dickinson et al, 1998). An applied radio
frequency produces an acoustic wave on the sensor surface (surface oscillation). The
adsorption of odour molecules onto the thin film coating leads to an increase in mass
and dagic module of the coaing. This change in mass and dagtic module perturbs the
wave leading to a frequency shift (Persaud and Travers, 1997; Dickinson et al, 1998).
To compensate for pressure and temperature effects the sample sensor is usudly
connected to a reference SAW device and the frequency difference is detected

(Gardner and Bartlett, 1999).

Bulk Acoustic Wave (BAW) sensor:

BAW devices condst of a piezodectric resonator with one or both surfaces
covered by a membrane such as acetyl cdlulose or lecithin (Bartlett et al, 1997;
D’Amico et al, 1997). The BAW dgructure is connected to a suitable amplifier to form
an ocillator. The resonant frequency of the oscillator is determined by the physica
and geometrica properties of the device (D’Amico et al, 1997). Any changes in the
physicd propertties of the membrane due to absorption of molecules affects the
resonant frequency of the BAW device (Bartlett et al, 1997; D’Amico et al, 1997).

Thisfrequency shift is detected (Dickinson et al, 1998).
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1.5.4 OTHER TECHNOLOGIES

Other sensor formats are in development, but none of these dternative
technologies are currently applied in commerciad dectronic noses. Among these are
optica transducers (Sutter et al, 1997, Walt, 2002), surface plasmon resonance
(Magan and Turner, 2004), eectrochemicd sensors (Bdtruschat et al, 1997), or

discotic liquid crystals (Magan and Turner, 2004).

1.6 APPLICATION OF ELECTRONIC NOSES

Since the introduction of the dectronic nose, there is an increasing awareness of
the potentid of this technology and with it a broad range of possble gpplications.
Electronic noses were designed to be used in numerous aress, ranging from food to

modern medicine

1.6.1 M EDICAL APPLICATIONS

When atempting to navigate through applications of this technology in medicine
it soon becomes apparent that there is one clear delinestor: Application of eectronic-
nose in infectious diseases or non-infectious diseases. Using these two very broad
subject headings, this section atempts to highlight both current and future

applications of dectronic-nose technology.

I nfectious Diseases

The andyss of infectious diseases represents by far the largest clinicd research

area for eectronic nose technology attracting both academic and commercia interest.
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As a reault it is sofe to gpeculate that this area will be the firg to ddiver a routine
medica gpplication for the technology.

The reasons for such widespread interest are many fold. Using conventiond
culture methods, diagnosis of infection can take 24-48 hours for bacteria infections
(identification of Mycobacterium tuberculosis can require 4-8 weeks) and often
around 7 days for fungal diseases. For appropriate early trestment including screening
for thergpeutic sengtivity, it is essentid to obtan rdevant regpid results in eesly
interpretable formats. ldedly such andyss should be amenable to use a “point-of-
cae’ and being the fird step in rapid, responsive and appropriate anti-infectious
therapy, reducing the incidence of unchecked infection and/or poorly targeted

antibiotics,

Diagnosis and management of sepsisin wound healing

The “point-of-care” analysis of the odours over the headspace of 24 low adherent
contact dressing collected from 21 patients with leg ulcers was in fact one of firs
clinical gpplications of edectronic-nose technology (Parry and Oppenheim, 1995).
Usng 20 conducting polymer sensors, a two-dimensonad odour map demondrated
clear differences between ulcers of differing bacterid aetiology. Ulcers infected with
beta-haemolytic Streptococci formed a digtinctive cluster away from the other three
categories (mixed infection, Staphylococcus aureus and control), which could not be
resolved from each other. Depite this the unambiguous separation of a least one
bacterid gpecies provided proof that host-pathogen interactions are identifiable by an
electronic nose (Paviou and Turner, 2000).

Today the andyss of wound heding remans a the forefront of dlinicd

eectronic-nose application. A recent European Union funded project “WUNSENS’
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has integrated image capture technology with the eectronic-nose technology of
AlphaMOS to develop a portable integrated wound assessment system for use at

“point-of-care’ (1ST-2001-52058).

Diagnosis and management of urogenital infections

One of the areas where appropriate and effective therapy is most dependant upon
ealy diagnoss is that of urogenita infections. Urinary tract infections (UTI) are a
ggnificant cause of morbidity, with 3 million cases each year in the USA done
(Schaechter et al, 1993; Pavlou et al, 2002). Estimates suggest that 20% of females
between the ages of 20 and 65 years suffer at least one episode per year, which in turn
increase the risk of contracting complicated or chronic urologicd disorders such as
pyelonephritis, urethritis and progtatitis (Orenstein and Wong, 1999; Lipsky, 1999).
Approximately 80% of uncomplicated UTIs are caused by Escherichia coli and the
remaning 20% by enteric pathogens such as Enterocci, Klebsiella, Proteus, and
fungad opportunisic pathogens such as Candida albicans (Krcmery et al, 1983;
Honiken et al, 1999; Pavlou et al, 2002). Current diagnostics and antibiotic sengtivity
tests require 24-48 hours to identify pathological species in a midstream specimen
containing at least 10° CFU mi™2.

A dmilar dory is true for bacterid vaginoss, in the US done there are an
edimated 10 million doctor vigts for vagind infections Bacterid vaginoss (BV) is
one of the most common causes of vagind infection with high prevaence in women
of childbearing age. Vagind infection during pregnancy has been linked to pre-term
ddivery (McGregor and French, 1997), and spontaneous abortion in the third
trimester and upper genita tract infections  including histologic

choricamnionitis (Hillier et al, 1988).

Cranfield University at Silsoe Reinhard Fend 2004



Introduction 18

With a requirement for smple, accurate and idedly “point-of-cae’ andyds, the
goplication of dectronic-nose technology in managing urogenitd  infection  has
receved consderable academic and commercid interest. The premise that andyss of
volatiles generated from wurine is dinicdly rdevant dems from severd geas
chromatographic studies during the 1970's (Pavlou et al, 2002). Whilst these early
dudies lacked advanced computation to resolve data, they did demondrate
discrimination between E. coli and Proteus spp (Haywood et al, 1977).

Almost 25 years later, eectronic-nose technology replicated these studies both in

“qoiks urine samples where discrimination between E. coli and P. mirabilis was
obtained &fter jut 4 hours in culture (Sani et al, 2001) and clinicd specimens
(Aathithan et al, 2001; Pavlou et al, 2002). Pavlou et al (2002) usng an aray of 14
conducting polymer sensors (Bloodhound BH114) discriminated between E. coli,
Proteus spp, Staphylococcus spp and no infection in a totd of 70 patients with a
combined postive predictive outcome of 99%, following 4.5 hour liquid culture
incubation (Pavliou et al, 2002). Aahithan et al (2001) used an Osmetech Microbia
Andyser (Osmetech plc, Manchester, UK), to diagnoses bacteriuria Andysng 534
cinicd urine specimens, the sendtivity and specificity of this device were 835 and
87.6 %, respectively compared to traditional culture, when the cut-off was defined as
10° CFU ml. Whils this data agan shows the potentid for electronic-nose
technology, it is the Osmetech Microbid Andyser (OMA), which warrants further
discusson. Osmetech has received 510(k) approva from the FDA for the use of ts
microbid analyser asa UTI sensor device.

The OMA is dso marketed for the diagnoss of bacteria vaginoss. A case study

on bacterid vaginoss in the United Kingdom has shown that conducting-polymer-
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based sensor arays dmilar to that in the microbid andyser could be used to
successfully diagnose 89% of test subjects as being podtive or negative for both
bacterid and yeast infections (Persaud et al, 2002; Turner and Magan, 2004).
Following the evaduation of over 1000 patients, the Osmetech device was given
501(k) approvd by the FDA in January 2003, citing that the insrument had a
sengtivity and specificity of 81.5% and 76.1% as compared to the current “gold-
dandard” of the Amsd criteria but with dgnificant improvements in speed and

expertise required (Hay et al, 2003).

Disease and management of tuberculosis and respiratory disease

Pavlou and Turner (2000) investigated the possibility of gpplying dectronic nose
technology to diagnose tuberculoss (TB). Usng a Bloodhound BH114 system
comprisng 14 conducting polymers, this group demondrated the ability of this
sydem to discriminate between different Mycobacterium spp. and other lung
pathogens (Pseudomonas aeruginosa) with an accuracy of 99 %. The system
peformed equdly wel in spiked sputum and culture (Paviou and Turner, 2000,
Paviou et al, 2004).

Gardner and co-workers have gpplied an AlphaMos Fox 2000 to identify bacteria
that cause infections of the ears, nose and throat. These diseases are often associated
with microorganisms such as Staphylococcus aureus, Legionalla pneumphilia, and
Escherichia coli. Currently, the diagnoss is based on taking a swab specimen of the
infected area with subsequent culturing, assaying and daning for classfication. The
entire procedure can take many days causng a dday in treatment. In contrast, the
electronic nose is not only able to detect the type of bacteria but aso the growth phase

in a redively short period of time (» hours). Gardner and his group analysed 180
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unknown samples using a neurd network. 100 % of the Saphylococcus aureus and 92
% of the Escherichia coli were correctly identified independent of the growth phase.
These are remarkable findings snce al Saphylococcus samples collected during the
initid lag phase were correctly predicted and this after an incubation period of only 10
min (Gardner et al, 2000)

Whilst we have highlighted a few of the infectious diseases where dectronic-nose
technology has received consderable attention, it is by no means an exhaudive
review, but it is an ingght into which infectious areas may wel see “point-of-care’
goplications. From “point-of-care’ diagnods of eye infections (Dutta et al, 2002) to
detection of Helicobacter pylori in gastroesophaged isolates (Paviou et al, 2000) and
gengd dinicd microbiology (Turner and Magan, 2004) new potentid gpplications

are being explored.

Non-infectious Diseases

The agpplication of dectronic-nose technology for the invedtigation of non
infectious disease has not as yet receved such detalled evauation. The man
specimens for these studies are blood, bresth and sweat. These body fluids are very
complex which combined with complex disease pathology, makes nontinfectious

analyss much more difficult, but as will be briefly reviewed not impossible,

Application of electronic-nose technology in renal medicine

One nortinfectious aea, which has received dggnificat interedt, is rend

medicine. The motivetion for this most probably lies in the fact that well characterised
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markers of rena disease are available. The firgt of these is microscopic haematuria
Di Natde and co-workers gpplied an eectronic nose based on eght quartz
microbadance sensors to andyse urine samples. Not only were they able to
discriminate between urine containing blood compared to normd “hedthy” urine,
they were dso able to correlate the sensor response to the amount of blood present in
urine (Di Nade et al, 1999). However, this corrdation was of a quditative nature and
no further attempts were made to find a quantitetive correlation.

Petients suffering form kidney falure generally have a characterigtic breasth odour
mainly caused by dimethylamine (DMA) and trimethylamine (TMA). Lin et al usng
these two marker substances to investigate the potentid of an eectronic nose (6
piezodectric quartzcrysads) as a diagnostic tool for uraemia based on breath
andyds, successfully diginguished between hedthy individuds and chronic rend
falure paients (Lin et al, 2001). There was, however, an overlap between patients
auffering form rend insufficency and haemodidyss paients. Neverthdess, the
bresth of kidney patients “smdt” dgnificantly different to the breasth of the hedthy
controls, indicating the potentid of an dectronic nose as an ealy, noninvasve

diagnosis system for uraemia.

Other non-infectious applications

Two further interesting gpplications for eectronic-nose technology are in the non
invasve diagnoss and management of digbetes (Ping et al, 1997, Mohamed et al
2002) and in the diagnosis of lung cancer (Di Natae et al, 2003).

Fing et al used dectronic nose technology to directly andyse exhded breath from

18 patients with type | diabetes and 14 hedthy volunteers before and after eating, and
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demondtrated that such norrinvasve monitoring could be a reidble method for
monitoring diabetics (Fing et al, 1997). Mohamed et al used an eectronic-nose and
atificid neura network andyss to demondrate that type 1l diabetes could be
detected via urine analysis with a 92% success rate (Mohamed et al, 2002).

Di Natale et al have extended previous GC-MS sudies (Phillips et al, 1999) and
demondrated the utility of eectronic-nose technology in detecting lung cancer (Di
Natae et al, 2003). All patients with lung cancer and 94% of patients free from the
dissase were correctly classfied following the andyss of dkenes and aromatic
compounds in expired breath. Whilst the sample sze (42 pdients) was rdaivey
gmdl, this study demonstrated just how broad the gpplication of dectronic-nose in

clinicd practice potentidly is

1.6.2 NON-MEDICAL APPLICATIONS

Norrmedicad applications possess the biggest share in the globa eectronic nose
market, with the food industry being the largest customer. Applications reach from
monitoring the qudity of food packaging (Forgren et al, 1999) and dairy products
(Schdler et al, 1999; Magan et al, 2001; Ampuero and Bosset, 2003; Brudzewski et
al, 2004), dasdfication of vegetable oils (Matin et al, 1999) and olive ail
(Guadarrama et al, 2001), wines (Baldacci et al, 1998), cheese (Schaller et al, 1998)
and to monitoring sausage fermentation (Eklov et al, 1998).

Aroma is not only essentid in the food industry and therefore, eectronic noses
have been gpplied by different indudtries, where the smdl of a product is as important.

The car manufacturer Renault used eectronic nose technology to andyse the emission
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of plagtic condtituents into the passenger cabin (Guadarrama et al, 2002). Schiffman
et al (1997) gpplied an AromaScan system to analyse off-odours in pharmaceutical

products caused by inappropriate packaging materials.

1.7 PATTERN RECOGNITION

Modern andytica insruments generate a vast amount of data A modern
electronic nose for example comprises up to 32 individud sensors, whereby each
sensor provides severd parameters with which the sample is described. This nont
specific description due to the nature of the eectronic nose gives an overview of the
sample (pattern) and not the chemicd compostion of it. The interpretation of such a
vadt data st is difficult and cannot be done by smply looking at the data.

Andysng such multivarigie data sats is a multi-step process including data
preprocessing, visudisng rdevant information, and findly classfication of samples

This multi-step process is collectively known as pattern recognition.

1.7.1 DATA PREPROCESSING

Electronic nose raw data might not be the most useful input varigbles for
datisica andyss due to noise, sensor drift or inconsstency (Dickinson et al, 1998;
Otto, 1999). Good results are only obtained from qudity raw data Data preprocessng
is amed to modify exiding raw daa with the hope to obtain more quaity input
variable (Batlett et al, 1997).

The most commonly used data preprocessing techniques are normalisation, mean

centering and scaling.
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Normalisation

Normalisation is a procedure to eiminate quantitative information (concentration)
from a data set. The concentration of a variable is represented by the magnitude
(vector length) (Massart et al, 1988; Otto, 1999). Therefore, for qualitative assessment

of the origina data set, each sensor response is normalised according to:

. X
X = —,omjiz (11)
a k=1 Xik
Where>q'j is the normalised sensor response,  ;; is the raw sensor response and

X, aretheindividua sensor responses.

Mean-centering
This method is amed to diminae a condant offset (drift) from a data ot
Thereby, each varigble X, , is centred by subtracting the column mean, x_k according

tor

X = X = X (12)

where i is the row index, k the column index, x, is the mean-centered variable

and x_k is the column mean (Massart et al, 1988; Otto, 1999).
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Scaling

Often sensors with smdl sgnd changes are equdly important as sensors showing
large changes. To overcome this problem, the input varigble can be scded ether to
gmilar ranges (range scaling) or to Smilar variances (autoscaing).

Range scaling is a procedure to diminae the influence of absolute vaues by

scaling them to values between zero and one according to:

= Xix = Xi(min) ,
ik ~ O£x, £1 (1.3
Xk(max) - Xk(min) “

where i is the row index, k the column index, Xi'k is the range-scaled variable,

Xgminy 1S the minima vaue in column k, and Xy may is the maxima vaue in column k

(Massart et al, 1988; Otto, 1999).

Autoscaling is a technique to scale the variables to smilar sandard deviations and

thereby reduce the effect of Sgnal changes (variance) according to:

— X = X
X s, (1.4)

where i is the row index, k the column index, x, is the autoscaed variable,

X, is the column meen, and S, is the standard deviation of column k (Massart et al,

1988; Otto, 1999).
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Unfortunately, no generd guiddines exis to determine the agppropriate
preprocessng technique and thus the different techniques ae controversaly
discussed in the literature (Despagne and Massart, 1998; Jurs et al, 2000). In many
cases, normdisation can improve the qudity of the input variables but in some case
vauable quantitative information will be removed. Autoscding for example, can
enhance noise by treating sensors delivering little information equd to important
sensors  (Dieterle and  Strathmann, 2000). The choice of pre-processng is dso
dependent on the gpplication, i.e. the nature of the data obtained from the eectronic

NOSE.

1.7.2 M ULTIVARIATE DATA ANALYSIS

Underganding and interpreting multivariate data is the key to success. The lig of
avalable multivariste methods is long, but only a limited number are frequently used
in gas s=ndng.

Multivariate methods are generdly described by terms such as parametric or non
parametric, supervised or unsupervised, or linear and nonlinear. A schemdic
representation of some of the most popular pattern recognition techniques employed
ingas sendng isgiven in Figure 1.2,

Parametric techniques modd the probability density function of the parameters
used to describe the sensor response and are based on the assumption that the data are
normal (gaussan) didributed. In contrast, non-parametric do not require a defined
datisticd distribution of the data to modd the sensor response (Massart et al, 1988).

Unsupervised learning methods are generdly used in exploratory data anayss

because they show the reaionship between samples and variables without prior
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information on the nature of the sample (Schadler et al, 1998). Conversdy, supervised
learning techniques dassfy an odour by deveoping a mahematicd modd relating
training data, i.e. samples with known properties, to a set of given descriptors. Test
samples are then used to evauate the model (Gardner and Bartlett, 1994).

Linear methods calculate a model based on linear combinations of input data. In
contrast, non-linear techniques are based on a nontlinear description of the input data.
Therefore, these methods can ded with more complex sample mixtures, i.e. more

variation within the input data (Otto, 1999).
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Parametric/Non-parametric

CDEICI @ ED

Figure 1.2: Schemdic representation of the most frequent used pattern

recognition techniques.
Abbreviationss. PCA — principd component andysds, HCA — hierarchicad duger
andyss, SOM — «f organisng maps, DFA — discriminant function andyss, BP-

ANN — backpropagation-artificial neural network.
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Principal Component Analysis (PCA)

PCA is an unsupervised data reduction method. The basic idea of the method is to
describe the variation of a multivariate deta set in terms of a st of uncorrelated
varigbles, each of which is a particular linear combination of the origind varidbles In
other words, the origind data matrix is projected from a high dimensond space into a
less dimendond space, preferably a plane or a 3-dimensond space. During the
process the origind data set is reduced in dimengons, i.e. is compressed, with as little
loss of informaion as possble This is achieved by filtering out the noise in the
origind data matrix, without removing essentia information described in the variance
of the data (Massart et al, 1988; Otto, 1999).

Mathematically, the key idea of PCA is to decompose the origind i X j data matrix
X into its i x k score matrix T, its k x | loading matrix P and the resdud matrix E
according to:

X=TP+E (L5)

where i is the number of samples, j is the number of variables and k is the

number of principal components (PCs).

PCs are linear combinations of the origind variadbles and can be cadculated as

follows:

t =X Py + X P+t X Py (1.6)
where t,is the first dement of the firsd PC, x are the origind varidbles and p

aretheloadings.
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The PCs are determined on the basis of the maximum variance criterion. Each
subsequent PC describes a maximum of variance, which is not modeled by the
previous one. According to this, the firse PC contains the most of the variance of the
data (Otto, 1999; Everitt and Dunn, 2001). The relaionship between samples can be

visudised by plotting the scores against each other (score plot).

Hierarchical Cluster Analysis (HCA)

HCA is an unsupervised method that combines individua samples to cuders
according to their smilarities to each other.

The smilarity between two samples is determined by the (Euclidean, that is one
measure, but there or others) distance between them, which can be cdculated for two

samples p1(x1, y1) and p2(x2, y2) asfollows:

Qs oy =106 - %) + (% - ¥2)°12 (L7
where dipy, p2) is the distance between the two samples.

The next gep is the reduction of the distance matrix by aggregation of clugters,
whereby the clugters with the shortest distances between them are aggregeted fird.
Sevad different formula exig for the aggregation of two clugters including single
linkage, complete linkage, centroid linkage, median linkage and Wad's method

(Otto, 1999; Everitt and Dunn, 2001).
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Discriminant Function Analysis (DFA)

DFA is a supervisad dassfication procedure amed a formdisng a decison
boundary between different classes. The decison boundary is cdculated so that the
vaiance between different classes is maximised and within individud classes
minimised. Different ways exig to cdculate the decison boundary. In a multivariate
data s, thisis done by solving an eigenvaue problem.

The egenvector (w) with the grestest egenvadue (1) provides the first
discriminant function (s1) according to:

S, =Wy X, + Wi X+t WX (1.8)

p

where w isthe eigenvector and x isthe origind varigble.

The second discriminant function (sp) is caculated from the eigenvector with the
second greatest egenvdue. This procedure is continued until al  discriminant
functions are found to solve the discrimination problem. The origind data st is
visudisad by plotting the individud discriminant functions againgt each other (Otto,

1999; Everitt and Dunn, 2001).

Artificial Neural Network (ANN)

The key idea of an ANN is to mimic the human brain by moddling the human
nervous system (Kohonen, 1988). An ANN conssts of interconnected, and usudly
adaptive processng dements. The processng dements represent the biologica

(olfactory) neurons, and their interconnections, the synaptic links. In the biologica
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neurons the input ggnds ariving through the axon ends in the synagpse. There the
information is transformed and sent across the dendrites to the next neuron (Figure
1339). In atificid neurons, this 9gnd trandfer is smulated by multiplication of the
input Sgnd, X, with the synaptic weight, w, to derive the output signa y ((Figure 1.3b)

(Otto, 1999).

a) b)
X
Axor
O o0 o Synapse w
o o o
° .
N Neurotransmitter
Dendrite
y = WX

Figure 1.3: Andogy between biologicd (a) and atificid (b) neurons.

The atificid neuron is the heat of every neurd network. In redity, a sngle
neuron recaives input sgnds, Xxi, from n neurons, aggregates them by usng the
gynaptic weights, w;, and passes the result after suitable transformation (transfer
function) as the output Sgnd vy (Figure 1.4). Important trandfer functions are given
inTable1.3.

These individud neurons are aggregated to layers. A generd neural network

consgs of an input layer, one or more hidden layer(s), and an output layer. These
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layers are usudly fully connected (Figure 1.5). As pointed out in Figure 15, the

output sgnds (y;) of the neurons of one layer act as the input sgnds (x;) for the

neurons of the following layer (Shih, 1994).

Figure 1.4: Operation of asingle neuron.

Table 1.3: Important transfer functions for neura networks (adapted Otto, 1999).

e

_\r‘

J

sigmoid

Sep function Sgnfunction | Sgmoid function | Linear function
Y Y Yy Y
] fr— +] —fr— +1 '7 +1 4
0 X 0 X 0 X 0 X
-1 - —-1 -1 1 -1 4
Ystep:‘:,]ﬂ”tx3 0 Ysign:}*'l”cx3 0 Ysigmoid: 1 Ylinear:X
10,if X<0 i-1if X<0 1+ X
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Input Signals
Output Signals

Hidden layer
Input Layer Output Layer

Figure 1.5: Architecture of a neura network.

Generdly, the input layer is conddered a didributor of the sgnds from the
externa world. Hidden layers are considered to be categorisers or feature detectors of
such dgnds. The output layer is consdered a collector of the features detected and
producer of the response (Shih, 1994).

The man advantages of neurd networks are the grest adaptability in terms of
learning, sdif-organisation, training, and noise — tolerance. Various adgorithms can be
used to train an ANN, but the most important one, and the one used in this report, is

the back propagation technique (Gardner and Hines, 1997).

The back-propagation agorithm relies on two dages, the firs being the learning
phase during which the ANN learns how to recognise each of the known odour

classes. The second phase is the vaidation of the mode during which the network is
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used to dassify unknown samples from the same classes as the training data (Gardner
and Hines, 1997). As the name back-propagation indicates, the training of the
networks sarts a the output layer and goes backwards through the layers (Shih,
1994). During the training period, the weights of individud neurons are adjusted s

that the error between actual output and target Sgna is minimised (Otto, 1999).

1.8 RENAL FAILURE AND HAEMODIALYSIS

1.8.1 THEKIDNEYS

The human body contains two kidneys. They form together with two ureters, one
urinary bladder, and one urethra the urinary system. The kidneys filter the blood and
return most of the water and solutes to the bloodstream. The remaining water and
solutes form urine, which is excreted by each kidney through its ureter and stored in
the urinary bladder. The urine is expeled from the urinary bladder through the urethra
(Tortora and Grabowski, 2000). In Figure 1.6, the organs of the urinary systems are

shown.
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Figure 1.6: The organs of the urinary sysem (from Tortora and Grabowski,

2000).

Anatomy of the Kidney

The paired kidneys are reddish, kidney-bean shaped organs bcated just above the
wast between the peritoneum and the posterior wal of the abdomen. An average
kidney in an adult is 10 — 12 cm long, 5 — 7 cm wide, and 3 cm thick and weighing
135 — 150 g (Tortora and Grabowski, 2000). The concave medial border of each
kidney faces the vertebral column and near the centre of this border is a deep vertica
fissure, cdled the rend hilus (Figure 1.7) through which, the ureter, the blood vessds,
the lymphatic vessals and nerves leave the kidney. A kidney has two digtinct regions,
namdy the rend cortex and the rena medulla The rena cortex is a smooth-textured
layer undernegth the rena capsule (Figure 1.7). The rend medulla consds of 8 — 18
rena pyramids separated by the rend columns, which are an extended pat of the

rend cortex. Together, the rend cortex and the rend pyramids conditute the

Cranfield University at Silsoe Reinhard Fend 2004



Introduction 37

functiond portion (parenchyma) of the kidney. Within the parenchyma ae the
functiond units of the kidneys cadled nephrons. A normd kidney contains about 1

million rephrons (Clancy and Mc Vicar, 1995; Tortora and Grabowski, 2000).
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Figure 1.7: Interna anatomy of the kidneys (from Tortora and Grabowski, 2000).

Functions of the Kidney —an overview

The functions of the kidney are:

Regulation of the blood ionic composition: The kidney helps to regulate the blood
concentrations of saverd ions, most importantly being sodium, potassium,

cacium, chloride and phosphate ions (Tortora and Grabowski, 2000).

Cranfield University at Silsoe Reinhard Fend 2004



Introduction 38

Regulation of blood osmolarity: The kidneys mantain a relatively constant blood
osmolarity (» 290 mOswlitre) by separately controlling the loss of water and the
loss of solutes in the urine (Clancy and Mc Vicar, 1995; Tortora and Grabowski,

2000).

Regulation of blood volume: The blood volume is regulated by either diminaing
or consaving water and thus the volume of the interdtitid fluid (Clancy and Mc

Vicar, 1995; Tortora and Grabowski, 2000).

Regulation of blood pressure: Besdes regulating the blood volume, the kidneys
are able to contribute to the control of the blood pressure in other ways. Firdly,
the kidneys secret the enzyme renin, which converts angiotensogen to angiotensin
|. Angiotensn | is converted into angiotensn Il which has a direct action on
peripheral vasocondriction leading to an increased blood pressure. Secondly, the
rend glands secret ddogterone which influences the sodium retention and hence,

the blood pressure (Clancy and Mc Vicar, 1995; Tortora and Grabowski, 2000).

Regulation of blood pH: The kidneys excrete hydrogen ions (H") into the urine
and retain bicarbonate ions (HCO3™). The bicarbonate ion is an important buffer of

H* (Clancy and Mc Vicar, 1995; Tortora and Grabowski, 2000).

Release of hormones. The kidneys are responsble for the release of two
hormones, namdy cdcitriol and erythropoigtin.  Cdcitriol is the active form of

vitamin D, which regulates the cdcium homeostass. Erythropoietin simulates the
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production of red blood cdls by the bone marrow (Clancy and Mc Vicar, 1995;

Tortora and Grabowski, 2000).

Excretion of wastes and foreign substance: Waste products or useless substances
(for the body) are excreted via urine. Waste products result from metabolic
reactions, eg. amnmonia, urea (protein metabolism), cregtinine (breakdown of
cregtine phosphate in muscles), uric acid (catabolism of nucleic acids) or hilirubin
(catabolism of haemoglobin). Foreign substances include environmenta toxins or

drugs (Clancy and Mc Vicar, 1995; Tortora and Grabowski, 2000).

1.8.2 EVALUATION OF KIDNEY FUNCTION

The routine assessment of kidney function involves the evduation of both the
quaity and quantity of urine and the concentration of waste products in blood

(Tortoraand Grabowski, 2000).

Urine analysis (= Urinalysis) is the andyss of the volume, physcad, chemicd and
vigble (microscopic) properties of urine. A hedthy adult excretes gpproximately 1 — 2
litre of urine per day. The urine volume depends on fluid intake, blood pressure, blood
osmolarity, diet as well as generd hedth. Norma urine conssts of about 95 % water
and about 5 % dectrolytes. Typica solutes present in urine are urea, cregtinine, uric
acid, sodium, potassum and smdl quantities of faty acids, pigments, enzymes and

hormones. If a disease dters the body metabolism or the kidney function, the
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compostion of the urine is changed or the concentration of norma condituents

appears in abnorma amounts (Tortora and Grabowski, 2000).

Blood tests are performed to measure either blood urea nitrogen (BUN) or creatinine.
A number of factors can raise uea levels, and a decreased glomerular filtretion rate as
in rena diseases is one of them. However, it is a poor surrogate marker for assessing
the renad function as it varies with protein intake (Tortora and Grabowski, 2000).
Credtinine results from the catabolic degradation of creatine phosphate in muscle.
Normdly, the blood credtinine levd remains congant since the rate of credtinine
excretion (via urine) is equa to the production from muscle. A cregtinine level above
135 mmol I indicates a poor rend function, but this dso varies with age, sex and

body weight, and renal function (Tortora and Grabowski, 2000).

Renal Plasma Clearance is the volume of blood that is cleared of a substance per unit
of time usdly expressed in units of millilitre per minute. A low plasma clearance
indicates an inefficient excretion (Tortora and Grabowski, 2000). Generdly the
cregtinine clearance is messured since credtinine passes eadly across the glomular
membrane and is not resbsorbed and only secreted in smal quantities. Norma range
for the credtinine clearance is 120 — 140 ml min* (Tortora and Grabowski, 2000). Of
more accurate determination of the GFR is the dearance of °'Cr-labd

ethylendiaminetetraacetic acid (EDTA) (Hadett et al, 1999).
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The clearance of a substance can be caculated according to:

Clearance of substance S:[S]‘[‘”S'T& (1.9)

plasma
where [§] is the concentration of substance S in either urine or plasma and V is

the urine volume per minute (Clancy and Mc Vicar, 1995).

Imaging Techniques are used to visudise the shape of the kidneys as wdl as to
asxss the rend function. The man methods are intravenous pyeogram, ultrasound,

computer tomography and the application of radionucleotides (Hadett et al, 1999).

Renal biopsy is peformed to assess the nature and extend of the rend disease. The
procedure is carried out under ultrasound guidance for an exact placement of the
needle The obtan tissue sample is then andysed usng conventiond light

microscopes or eectron microscopes (Hadett et al, 1999; nephrologychannel, 2004).

1.8.3 RENAL FAILURE AND RENAL REPLACEMENT THERAPY

Renal failure

Glomerular and tubular functions are highly dependent on adequate blood supply
(Kidneys receive about 20 % of cardiac output). If the blood supply is disturbed, both
functions are impaired (Stevens and Lowe, 2000). If one part of a nephron is affected,
it is likely that other parts will develop abnormalities due to the close dructurd and

functiond relaionship of nephrons (Stevens and Lowe, 2000). Rena falure occus
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when a sufficient number of nephrons are damaged and therefore the kidneys unable
to perform their tasks (Tortora and Grabowski, 2000; Stevens and Lowe, 2000). Renal

failure can be divided into two main types, namely acute and chronic rend failure.

Acute Renal Failure

Acute Rend Failure (ARF) refers to a sudden and usudly revershble falure of the
rend function, i.e. the mgority of the nephrons stop working smultanecudy. ARF
normaly develops over a period of days or weeks (Hadett et al, 1999). The dinicd
manifestation includes oliguria or even anuria, disturbed fluid and eectrolyte balance
(Stevens and Lowe, 2000). Severa diseases can cause ARF, such as centrd perfusion
falure, tubular and interdtitid diseases or glomerular diseases (Stevens and Lowe,
2000). If the cause of rend falure is not rgpidly corrected, temporary rend

replacement thergpy (RRT) may be necessary (Hadlett et al, 1999).

Chronic Renal Failure

Chronic Rend Falure (CRF) is deterioration in rend function, which develops
over a long period of time (years). As more and more nephrons are destroyed, rend
function becomes progressvely worse (Hadett et al, 1999; Stevens and Lowe, 2000).
Severa diseases can lead to CRF, dl of which cause a dow, progressive destruction
of the nephrons. The most common causes ae dissases of the glomeruli
(glomerulonephritis and diabetic glomerular disease) and diseases of tubules and
interdtitium (infective, toxic and obstructive damage to tubules) and vascular diseases

(Stevens and Lowe, 2000). Among the man consequences of CRF ae uraemia,
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polyuria, a@normadlities in biochemicd homeostass (electrolyte imbadances, metabolic
acidoss, etc.), secondary hyperparathyroidism, bone disease (renad osteodystrophy)
and findly aneemia (Stevens and Lowe, 2000). In contrast to the other forms of rend
falure, CRF is not usudly reversble and if it progresses may require permanently a

kind of RRT.

Renal Replacement Therapy

The ability to replace the kidney function by means of “atificd devices’ has
been available for 40 years (Stevens and Lowe, 2000). Nowadays, severa treatment
moddities ae avaladle induding heemodidyss (HD), heemdfiltration (HF),
continuous ambulatory peritoned didyss (CAPD), and transplantation. However,
didyss usgng an atificid kidney can only replace a pat of the excretory function,
whereas the endocrine and metabolic function of the kidney cannot be restored. In
contrast, transplantation can replace al kidney functions (Stevens and Lowe, 2000).
The didribution of the trestment moddities in the United Kingdom in 2002 is shown
in Figure 1.8. As can be seen, transplantation accounts for 37 %, HD for about 46 %

and CAPD for 17 %.
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Treatment M odalitiesin 2002

Transplant
37%

Figure 1.8: Treatment moddities in the United Kingdom in 2002 (modified, UK
Rend Registry Report 2003).

Key: CAPD: Continous Ambulatory Peritoned Dialyss, HD: Haemodiayss

Haemodialysis, Haemofiltration and Continuous Ambulatory Peritoneal Dialysis

These three trestment modadlities gpply semipermeable membranes to separate the
didyss fluid from the blood stream. Accumulated waste products and excessive body
flud diffuse from the blood dream across the membrane into the diadyss fluid.
Haemodidyss and haemdfiltration employ atificdad membranes, whereas CAPD
utilises the body’s own peritoneal membrane (Hadett et al, 1999). Haemodidyss
removes waste product via diffuson across a transmembrane concentration gradient.
In contragt, haemcfiltration provides solute clearance solely by convection, as solutes
are dragged down a pressure gradient with water (Levy et al, 2001). A more detailed

description of haemodidygsisgiven in section 1.8.4.
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Transplantation

This is the only posshility to restore norma kidney function and correcting dl
metabolic abnormadities of CRF (Hadett et al, 1999). The kidney graft is taken ether
by a dead donor or from a living reative. It is essentia, that blood group competibility
is guaranteed. Donor kidneys are usudly matched with the recipient human leukocyte
antigens (HLA) to increese the graft survival (Hadett et al, 1999). The problem
asociated with trangplantation is the requirement for long-term  immunosuppression
leading to a higher incidence of infections and mdignant neoplasm, especidly of the
skin. However, trangplantation is the best trestment moddity and is dso the most

cost-effective treatment for CRF (Hadett et al, 1999).

1.8.4 HAEMODIALYS'S

The invention of diaysis dates back to the 19" century, when Thomas Graham
discovered a method for separating gases by diffuson (Drukker, 1983). However,
haemodidyss was not widdy available till 1960, when the firs patient was treated
foo CRF by intermittent haemodidyss The miletones in the deveopment of

haemodidyss are shown in Figure 1.9.
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Figure 1.9: Milestonesin the development of haemodiayss (Drukker, 1983).

Key: CRF: Chronic Rend Fallure, HD: Haemodidysis, AV: Arteriovenous

Fundamentals of Haemodialysis

Insufficient kidney function can lead to the accumulation of excess dectrolytes,
waste products and fluid. The concentrations of these compounds can reach toxic
levels and need to be removed from the blood stream (Patzer, 2001). To perform
haemodidyss, vascular access is required, which is normaly obtaned by an
ateriovenous (AV) figula (Figure 1.10). The figula, usudly in the foream of the
patient, should be formed before the treatment dtarts, so that it has time to become
edtablished (digenson and arteridisation). Large-bore needles can then be inserted
into the vein for each HD sesson. HD is normaly performed 3 — 5 hours three times a

week (Hadlett et al, 1999).
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Figure 1.10: Schematic diagram of the fistulaand the didyser (Patzer, 2001).

A typicd hollow-fibre diayser is shown in Figure 1.11. The diayser conssts of a
bundle of semi-permeable tubes (hollow-fibre) surrounded by a hard plagtic shdl. At
the top and bottom of the shel, digtribution caps are placed. Blood from the AV-
fisula enters the didyser through a didribution cgp on one dde, flows dong the
interior of the fibres and exits on the other sde through a digtribution cap and re-
enters the blood circulation via AV-fisula The didysate (compostion see Appendix

C) flows counter-current to the blood on the outside of the fibres (Patzer, 2001).
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Figure 1.11: Schematic diagram of a hollow-fibre diadyser.

Molecules in the blood, with a molecular sze smdler than the pore sze of the
membrane, can diffuse across the semi-permesble membrane into the didysate. The
driving force for the diffuson is the concentration difference between the blood (high
concentration) and the didysate (low concentration). The diffuson is governed by

Fick’slaw according to:

1=-pA% - paX (1.10)
dx Dx
where J is the flux [mmad ], D is the diffusity [cnf s?], A is the area of the

membrane [?], and d%x Is the concentration gradient (Sargent and Gotch, 1983).
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The diffudty D is a unique propety of the solute-solvent sysem a a specific
temperature. The sgn convention is adopted, which dates that diffuson occurs in
pogitive direction, i.e. from the region of higher activity (conc.) to that of lower so that
the concentration will be decreasing in the direction of flux. Therefore, the right hand
gde of eguation 1.10 must carry a negative dgn (Sargent and Gotch, 1983). The
Diffusty D is a congtant a any particular temperature. Therefore, equation 1.10 can

be written as.

J=- K,ADC (1.12)

where Ko is the mass transfer coefficient [cm min™] and DC is the concentration

difference [mmol '] (Sargent and Gotch, 1983).

Equation 1.11 dates that with a specific dayser (KoA is congant), the transfer of
solutes from blood into didysate will depend directly on the concentration difference
(DC). This concentration difference is the driving force of diayss. The concentration
of solutes in blood and didysate will linearly change, when solutes are transferred
from one to the other (Figure 1.12). The solute concentration in blood decreases
whilg in the didyser (csi = Cmo). In contrast, the concentration in the didysae
increases (Cpi = Cpo). The concentration difference a any point in the didyser is the
difference between these two lines (red and blue) and this concentration (violet line)

determines the flux.
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Figure 1.12: Blood and didysate concentration as a function of flux between the

two fluidsin counter current flow (Sargent and Gotch, 1983).

On the other hand, excessive body fluid has dso to be removed from the body.
However, the driving force for the remova of excessve body fluid is not same as for

the solute removd (DC). The trandfer of water form the patient to the didysate is
determined by a pressure difference (DP). The water flux can be caculated as

follows

Q- =Ky (P~ Py) (1.12)

where Qr is the ultrdiltration rae [ml min'], and P,- P, is the pressure

difference (driving force) between the pressure on the blood sde and the didysae

sde (Sargent and Gotch, 1983).
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Adequacy (dialysis dose) of Haemodialysis

Diayss dose can be defined as the amount of haemodidyss received per diayss
and the didyss frequency per week (De Pdma and Pittard, 2001). It is a measure of
how effective a didyss trestment (HD or CAPD) removes waste products from the
body (NIH, 1999)

The concept of dialyss adequacy was developed in the early 1970s to assess the
treetment efficiency of end-stage rena disease (ESRD) patients (Canaud et al, 2000).
From the very beginning the remova of smdl molecules was consdered important as
they were directly linked to the symptoms and sgns of rend falure (Lindsay and
Sternby, 2001; Keshaviah, 2002). Therefore, urea has been suggested as a surrogate
marker for smdl toxic solutes (Keshaviah, 2002). In 1975 urea gained wide

acceptance as amarker of solute removal in didysed patients (Vanholder et al, 1994).

Urea Reduction Ratio (URR)

The URR is a formula (equation 1.13), which expresses the reduction in blood

ureaduring adiadyss sesson (De Pdmaand Rittard, 2001).

URR = (BUN predialyss ~
BUN

BUN

posalys) 100 (1.13)

predialysis
where BUN isthe blood urea nitrogen.

The URR is the smplest way to measure the delivered didyss dose. It does not

include the time of didyds, the body dze and effects of ultrdfiltration (Levy et al,
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2001). Hence, the URR does not condgder the resdua rend function. The URR
should be continuoudy higher than 65 % (with a three times per week HD schedule)

to ensure an adequate treatment (UK Renal Registry Report, 2003)

Normalised dose of dialysis (Kt/V)

Gotch and Sargent (1985) introduced the KtV ratio as a result of their
“mechanigic’ andyds of the Nationd Cooperative Didyss Study (NCDS). The
sudy was performed between 1976 and 1981 in the USA with the am to find a
correlation between the diaysis dose and morbidity (Lindsay and Sternby, 2001).

K represents the didyser urea clearance (known from in-vitro studies), t is the
didyss time and V is the urea didribution volume (Levy et al, 2001). The Kt/V —
vadue is the ratio between the volume of blood clered of urea during a diadyss
sesson (Kt) and the digribution volume of urea (V) which is equivdent to the totd
body water (Kemp et al, 2001). The gold standard for determining Kt/V in HD is by
urea kinetic moddling (UKM) (Kemp et al, 2001). UKM is based on the principle of
mass badance to describe urea nitrogen production and urea remova in the body
(Shak, 1999).

The analysis of the NCDS by Gotch and Sargent (1985) reveded that a Kt/V <
0.8 (three times per week HD schedule) was associated with an increased morbidity.
They concluded that a Kt/V of 1.0 was adequate (Gotch and Sargent, 1985). Since
then, there is a controversd discussion about the appropriate Kt/V vaue to ensure an
adequate treatment (Kemp et al, 2001). The UK Rend Regisry (2003) recommends a

Kt/V vaue greater than 1.2 as an gppropriate didyss dose.
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1.8.5 M ONITORING OF HAEMODIALYSIS

Urea Monitoring

As mention above, the Kt/'VV —vadue and the URR vaue are the most commonly
used parameter to judge the adequacy of HD treatment. For both vaues, the
determinations of pre- and post-didyss urea concentrations are necessary (Levy et al,
2001; Lindsay and Sternby, 2001). The urea concentrations can be measured ether on
the blood side (BUN) or on the didysate sde (Didysate Urea Nitrogen: DUN). BUN
vaues can be inferred from DUN vadues usng well-established reationships (Knocki
et al, 2000a).

In the past few years, severd devices have been developed that can measure urea
more of less continuoudy in blood or in spent didysate (Lindsay and Sternby, 2001).
The mgority of urea measurements are based on an enzymatic reaction. The enzyme

urease catalyses the following reaction (Sternby, 1999):

~

(NH,)2CO + 2H,0 U  NHz + NH;" + HCO3’ (1.14)

The amount of urea is measured indirectly by measuring the products of reaction
in equation 1.14. This can be done by ether measuring the breskdown products
directly (NH;") or indirectly by messuring a secondary parameter (pH, conductivity)
(Sternby, 1999; Lindsay and Sternby, 2001). It is important, that enough urease is
present to convert al of the urea (Sternby, 1999).

There are a least four devices commercidly available, which can measure urea
on-line in spent didysate or ultrefiltrate (Sternby J., 1999). Three of them, namely the
Baxter Biogstat 1000 (Baxter Hedlthcare Corp., McGaw Park, IL), the Bio Care Device

(Bio-Care Corp., Hsinchu, Tawan), and the DQM 200 — Device (Gambro Lund AB,
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Lund, Sweden) measure the urea concentration on the diaysate sde, wheress the
Bdlco — Device (Bdlco SpA, Miranda, Itay) measures the urea concentration on the
blood side.

The following table summarises the four commercid available urea-monitoring

devices.

Table 1.5: Summary of the four commercid available urea- monitoring systems.

Device Place and Method of Measurement  Reference
] Dialysate Depner et al, 1996
Baxter Biostat 1000
Ammoniumsensitive electrode Hasper et al, 1997
) Dialysate Sternby, 1999
Bio—Care _ o )
Ammoniumsensitive electrode Lindsay and Sternby, 2001
Dialysate Sternby, 1999
DQM 200
Conductivity change Lindsay and Sternby, 2001
Blood - ultrefiltrate Colasanti et al, 1995
Bellco— Device
Conductivity change Santoro et al, 1996

The Bdlco — Device is desgned for a combined Haemofiltration/Haemodidyss
trestment. The urea concentration is messured in the ultréfiltrate from the haemofilter
(Lindsay and Sternby, 2001).

Knocki et al (20008) could show that a potentiometric urea sensor (urease —
coupled ammonium — sdective dectrode) is useful for fast and accurate DUN
determination in a wide concentration range from 50 to 500 mg I't. This group aso
observed that cations influence the sensor response, which leads to an overestimation
of the urea concentration. However, usng an uncoated ammonium — sdective

dectrode as a refaence dectrode can diminate the inteferences. The urea
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concentration is equd to the difference between the two sensor responses (Knocki et
al, 2000b). Current research is focused on the development of new urea kinetic
models, in particular multi-compartment models to provide a more accurate estimate
of the Kt/V vaue (Shinzato et al, 1994; Daugirdas et al, 1997; Canaud et al, 2000).
The single pool modd assumes that urea equilibrates instantaneoudy among al body
compatments, but in fact urea behaves as if it is didributed between two distinct
compartments, intraa and extracdlular. As urea is removed from the blood during
didyss, a concentration gradient is set up between the compartments. Single pool
models are overetimating the didyss efficacy by ignoring the intracorpored
compartment urea disequilibrium  phenomenon. In  contras, multi-compartment
modds account for intracorpored didyss disequilibrium and post-didyss urea
rebound effects. However, multi-compartment models require multiple blood tests to
solve the complex equaions. These difficulties preclude its use in routine dinicd
practice (Daugirdas et al, 1997; Canaud et al, 2000).

Another area of research is based on the spectroscopic determination of urea and
other smal molecules retaned in ESRD patients. Recently, two research groups
published ther results. Fridolin et al (2002) applied UV — spectroscopy to measure
small waste products in spent didysate. This group observed a good corrdation
between the UV — absorbance (285 nm) and the remova of smal molecules such as
urea, cregtinine and uric acid. Smilar results were found by Olesberg and co-workers
(2002), who used an FTIR (Fourier Transform Infrared) spectrometer. They found,
that the absorption spectrum of urea in the range between 5000 — 4000 cm* (I = 2.0 —
25 mm) is rdaive srong and diginct from other components. In both cases, the

results need to be vdidated.
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Monitoring of lonic Dialysance

Didysance (D) is a measure of the magnitude of flux (leskiness) of a didyss
membrane as a function of the concentration of solute across the membrane. It is an
indicator of how easy molecules will pass across a membrane from blood into the
didyss fluid. The measurement of the ionic didysance provides an estimation of the
urea clearance with good correlation (Mercadd et al, 1998; Petitclerc, 1999; Lindsay
et al, 2001). Other authors suggest that the ionic didysance may be equivdent to the
effective urea clearance (urea clearance corrected for recirculaion), however the topic
remains controversd (Polaschegg, 1993; Manzoni et al, 1996; Di Filippo et al, 2001,
Terud et al, 2001).

For the measurement of the ionic didysance, two conductivity probes are placed
a the didyser inlt and outlet (Manzoni et al, 1996; Petitclerc, 1999). The
conductivity of a solution is a function of the concentration d the ionic substance and
their dectrical charges (Santoro et al, 2000). In other words, the difference between
the two conductivity probes varies as a function of the ionic didysance and thus the
didysx efficency (Santoro et al, 2000). Hence, from the difference in the
conductivity an indirect measurement of the effective didysance can be obtained
(Santoro et al, 2000).

A commercidly available biosensor (Diascan™™, Hospal, Itady) enables the on
line monitoring of HD based on ionic didysance measurements (Levy et al, 2001;
Terud et al, 2001). Katopodis et al (2002) compared the Kt/VV vaue with the Dt/V
vaue, derived from ionic didysance measurements for assessng the didyds dose

The findings of this group are smilar to those of Dd Vecchio et al (1998), who found
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that the DtV vdue is a suitable and promisng paameter for quantifying the didyss

dose.

Monitoring of the nutritional status of Haemodialysis patients

The prevdence of protein/energy madnutrition is high in patients undergoing RRT
(Wolfson and Strong, 1996; Kemp et al, 2001). It has been shown in severd studies,
that nutrition is as important as the qudity of didyds in determining the outcome
(Laird, 1983; Mc Cusker et al, 1996).

Among many parameers indicating proten manutrition, the most commonly
used are serum dbumin, dietary protein intake (indicated by PCR), credtinine and pre-
diaysis serum urea nitrogen (Kopple, 1997; Qureshi et al, 1998).

The protein catabolic rate (PCR) is derived from the urea generation rate (Gy),
which is cdculated during UKM (equation 1.15). PCR is the amount of protein that
the patient is caabolisng per day. In a nutriondly dable didyss patient (zero

nitrogen baance) the PCR equasthe dietary protein (Shak, 1999; Levy et al, 2001).

PCR = 6.25 x[G,, +1.81 + (0.031 x m)] (1.15)

where Gy is the urea.generation rate (g day 1) and m is the lean body weight (kg).

The PCR is often normdised to the body weight (nPCR) (Levy et al, 2001). In
nutritiona stable patients the PCR is equal to the dietary protein intake (Shak, 1999).
Patients with nPCR > 1.0 g kg*day* can show a positive nitrogen balance and hence,

alower morbidity and mortdity (Levy et al, 2001).
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Credtinine is a routindy measured parameter and its production rate reflects the
magnitude of the muscle mass (Bergstrom, 1997). In haemodiadyss patients, high
serum credtinine levels corrdae with lower morbidity and mortdity which may seem
paradoxica but the higher credtinine reflects higher protein stores (muscle mass) and
hence implies better overal nutritional status (Bergstrom, 1997; Olesberg et al, 2002).
Almogt dl commercid avalable laboratory andysers are based on  Spectroscopic
detection of the Jaffe reaction (Soldatkin et al, 2002). The reaction itsdlf is not very
gpecific and many substances present in blood such as glucose, pyruvate can interfere
(Soldatkin et al, 2002).

A promising step towards the on-line measurement of cregtinine is the progress in
the development of credtinine — sdective biosensors (Soldatkin et al, 2002). Severa
different types of sensors were developed. They can be divided into two main groups,
namey amperometric — based sensors (Schneider et al, 1996; Kahn and Wernet,
1991) and potentiometric — based sensors (Campandla et al, 1990; Narinesingh et al,
1991). Soldatkin et al (2002) presented a new type of creatinine — selective biosensor.
This sensor is based on ion-sendtive fidd — effect trandstors (ISFET) coated with
cregtinine deiminase. The results are promising but more work need to be done before

the sensor can be implemented into routine monitoring of HD (Soldatkin et al, 2002).

1.8.6 URAEMIA AND URAEMIC TOXINS

The uraemic syndrome, one of the main consequences of CRF is attributed to the
retention of a number of different molecules, collectively termed uraemic toxins

However, the toxicity of the syndrome has not been atributed to any s€ngle
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compound; it is most likely to be due to a spectrum of compounds, and indeed the list
of potentid candidates is complex and growing, ard now numbers over 90
(Bergstrom, 1997; Vanholder et al, 2003). Their molecular weight, and degree of
protein binding have largely defined the categorisation of these retained compounds in
rend falure They comprise @ smdl water-soluble compounds, MW < 500Da, b)
protein bound solutes, and c¢) ‘middle molecules MW >500Da. Which compounds
exet a toxic effect within the body, and which accumulate innocently, is currently not
known with certainty (Vanholder et al, 2003).

Uraemic toxicity has been studied for several years. Indirect evidence has been
obtained from bioassay studies in vivo and in vitro (Bergstrom, 1997). Substances
known to be present in an devated concentration in uraemic serum have been given to
humans or experimental animds, or added to tissues, cdls, or enzymes in vitro to
prove whether they exert toxic effects (Bergstrom, 1997). It has been observed that
after infuson of plasma, serum, ultrefiltrate or didysate of uraemic patients into
animds, saverd biologica processes are affected (Bergstrom, 1997).

Patel and co-workers (1994) found that infuson of uraemic ultrefiltrate to norma
rats results in a decreased number of intestind cacitriol receptors and an increase of
receptor mMRNA concentration. Whereas uraemic serum inhibits in vitro erythropoiesis
(Kuroyanagi and Saito, 1966), fibroblast growth (Mc Dermott, 1971), naturd killer
cdl activity (Asska et al, 1988), mononuclear phagocyte function (Wessd-Aas, 1981)
aswell as pladet function (Bergstrom, 1997).

The characterisation of the specific toxins that may be responsble for the uraemic
symptom has been evolving over the years and so has the gpplication of these idess

into genera clinicd practice (Vanholder et al, 1994). Initidly, smdl molecules (eg.
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urea and credtinine) were held responsible for causng the uraemic syndrome. In the
period between 1965 and 1975 a new group of pathobiological active substances were
discovered, the so-cdled middle-molecules (Bergstrom, 1997). This discovery is
based on the observation of Scribner and his group, who found that CAPD is superior
to HD in the management of uraemic neuropathy. The peritoned membrane is more
effective & removing middle molecules than a didyss membrane presumably due to
the difference in the pore size of the membrane. (Bergstrém, 1997).

The compogtion of the middle molecule fraction is chemicdly diverse Different
authors reported the presence of peptides, oligosaccharides, organic acids, acohals,
and derivates of glucuronic acid (Le Mod et al, 1980, Zimmermann et al, 1980;
Vanholder et al, 1994; Henderson et al, 2001). However, the main attention was
directed to the peptides, which were thought to be the primary cause of endogenous
intoxication dgns in the organism (Zimmermann et al, 1980; Kovdishin, 1987)
Among the many effects caused by peptides ae the following: neurotoxicity
(Kumegawa et al, 1980), cardiotoxicity (Bernard et al, 1982), inhibition of platelet
aggregaion (Bazilinki et al, 1985), inhibition of protein synthess and amino acid
transport (Cernacek et al, 1982), polymerisation of tubulin (Brauger et al, 1983) and
the inhibition of various enzymes such as lactate dehydrogenase (Lutz et al, 1974),
adenylate cyclase (Cloix et al, 1976), catdase (Leber et al, 1980) and
acetylcholinesterase (Smolenski et al, 1993).

With improved andyticd techniques, it has become evident that severd presumed
middle molecules are in fact heterogeneous mixtures containing numerous lower
molecular weight compounds (Vanholder et al, 1994), but these molecules behave

like middle molecules during HD, due to deric configuration, eectrodatic charge,
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lipophilicity and multicompartmentad behaviour (Vanholder et al, 1994; Bergstrom,

1997).

A sdection of mgor

“ardl”, “middle’ and “large’” molecules found in uraemic

blood are summarised in Table 1.6 (Vanholder et al, 2003).

Table 1.6: Established and Suspected (*) Uraemic Toxins.

Small Molecules Middle and Large Molecules
Urea, Uric acid Oxadate Advanced glycosylated end products (*)
Credtinine Myoinogtal (*) || Parathormone (PTH)

Guanidine Derivates Phenols
Methylguanidine i :
Guanidinosucdinicacid | Magnesium b2-microglobulin
Pyrimidine Derivates Sodium Peptides
Pseudouridine Beta-endorphin
Orotic acid Water Methionine-enkephalin
Oratidine, Uridine Granulocyte inhibiting protein | and I1 (*)
AMines Degranulation-inhibiting protein (*)
) Methylamine :
Purines Tyramine Protein bound
Uric acid Putrescine
Xanthine, Hypoxanthine Spermicine Indoles and Indoxyl sulphate
Guanosine Hippuric acid, P-cresol
Indoxyl Sulphate Hydrogen ions Homocysteine, Polyamines

The uraemic syndrome itsdf comprises a wide vaiety of dgns and symptoms

(Horl,  1998) incduding  neuropathy,  encephdopathy, hypertenson  and

cadiomyopathy (Smogorzewski and Massy, 1997). Severd identified (and yet
unidentified) uraemic toxins are @ least partidly removed by HD which may result in
an improvement of the many clinica sgns and symptoms (H6rl, 1998; Dhonth et al,

2000).
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1.9 PULMONARY TUBERCULOSIS

Puimonary tuberculoss (TB) is a notifisble infectious diseese affecting the lungs
of humans, and certain mammals such as catle and badgers. In humans, pulmonary
TB is caused by Mycobacterium tuberculosis. In 1993, the World Hedlth Organisation
(WHO) declared TB a globd emergency (Ddlin et al, 1994). There are yearly an
estimated 8 — 9 million new case, killing nearly 2 million people each year (Frieden et
al, 2003). The mgority of these new cases occur in sub-Saharan Africa, South and
Southeast Ada, Latin America and the former Soviet Union (Raviglione et al, 1992,
Raviglione et al, 1995; Frieden et al, 2003). In contrast, case numbers in the past have
continuoudy declined in Western and Centrd Europe, North and South America
(Frieden et al, 2003). Nevertheless, a globd increase of TB is observable. The
reasons, however, depend srongly on the country/region. In Africa, the increase is
manly caused as a result of the burden of HIV infection, and in the former Soviet
Union due to socio-economic change and decline of the hedth care sysem
(Raviglione et al, 1995; Shilova and Dye, 2001). Immigration and increased travel are
the main reasons for the remaining prevaence in the western world (Rieder et al,

1994).

1.9.1 PATHOPYSIOLOGY OF PULMONARY TUBERCULOS' S

TB is spread by airborne droplets, particles of 1 —5 nm diameter, which contain
M. tuberculosis. Due to thar smdl dze, these paticles can reman arborne for hours
after expectoration by infected patients through coughing, sneezing or taking (Riley
et al, 1959; Louden and Roberts, 1966).

The infectious droplets are inhded and day in the avedli of the lung. M.

tuberculosis is taken up by aveolar macrophages initiging a cascade of events
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resulting ether in successful contanment or progression to active TB (Woolf, 2000).
M. tuberculosis is adle to replicate dowly but continuoudy insde macrophages. Cdll-
mediated immunity occurs in mogt individud within 8 weeks &fter infection. Alveolar
macrophages infected with the organism interact with T-lymphocytes via severd
cytokines. The relessed cytokines (especidly IL 12 and IL 18) dimulae T
lymphocytes (predominantly CD4-positive T lymphocytes) to produce interferon-g
(Schluger and Rom, 1998). Interferon g, in turn, simulates the phagocytoss of M.
tuberculosis in the macrophage. However, interferong does not directly simulate the
killing of the organism but is important in the control of the infection via the
dimulation of the macrophage to release tumour necross factor a (TNF-a). TNF, in
turn, plays a key factor in the formation of a granuloma. The Tlymphocyte response
isgpecific (Flynn et al, 1999).

When the host immune response cannot inhibit the replication of M. tuberculosis
asociated with the initid infection, active disease occurs (Frieden et al, 2003). This
progresson is most common in young children (under 5 years of age) and adults with
severe immunosuppresson (eg. AIDSHIV). Primary tuberculoss can affect dmost

every organ of the human body, but predominantly the lungs.

1.9.2 CURRENT DIAGNOSTIC TOOL S FOR PULMONARY TUBERCULOS'S

Rapid and accurate diagnoss of symptometic patients is a cornerstone of the
globa tuberculosis control srategy. Diagnogtic tests for TB can be divided into direct
and indirect methods (Figure 1.13). Direct methods are based on the detection of the
causative bedlli (M. tuberculosis) or ther product including chromatographic

methods or immunoassays. Indirect methods measure dther the specific host immune
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response (anti-mycobacteriad  antibodies) or the cdlular response (skin test or

lymphocyte stimulation assays).

Diagnosisof TB

Direct Methods

Indirect M ethods

ZN gtaining followed by microscopy - Measurement of humoral response

Culture - Measurement of cellular response

Nucleic Acid Amplification

Detection of mycobacterial antigens

Detection of tuber culostearic acid

Figure 1.13: Overview of current diagnodtic tests for pulmonary tuberculoss.
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Direct methods for the diagnosis of pulmonary tuberculosis

Microscopy

Robet Koch was the firs who isolated the tubercle bacilli in 1882. In the same
year, a dmple daning procedure was developed by Ziehl and later modified by
Nedsen. The method is based on the staining of Mycobacteria in a sputum smear
followed by direct microscopic examination. The method is based on the sability of
mycobacteria towards acids the bacteria withstand the acidic decolourisation step
during the staining procedure.

A pogtive ZN (smear-podtive), however, is only an indicator for the presence of
mycobacteria in sputum, but is no definite diagnoss for pulmonay TB. Sputum
microscopy for acid-fagt-bacilli (AFB) is recommended by the WHO and IUATLD as
the most appropriate technique for case finding especidly in  high-prevaence
countries. Nevertheless, about 40 — 60 % of patients with pulmonary TB and up to

75% of extra-pulmonary cases remain undiagnosed by this method (Garg et al, 2003).

Culture

Culture is Hill widdy accepted as the “gold standard” for the diagnosis of TB. In
the past, solid media were used for the isolation of M. tuberculosis. The man
dissdvantage of this method is the dow growth rate of mycobacteria resulting in
incubation periods ranging from three weeks (AFB pogtive) to eight weeks (AFB
negative). Traditiond <olid media ae dther egg-based (eg. Lowenden-Jensen) or
agar-based media (eg. Middlebrook 7H10 or 7H11). The most common used liquid

media are the Middlebrook 7H9 or 7H12 broth. Over the years, culture systems have
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been improved to reduce the incubation period. These improvements were achieved
by combing mild specimen decontamination, antibiotics, liquid media and growth
indicators (Kolk, persona communications). Nowadays, automated systems are
avalable to detect the bacterid growth. The BACTEC 460 (Becton Dickinson
Insrument  Systems, Sparks, MD, USA) is a radiometric system based on the
production of radioactive carbon dioxide (**CO,) by growing bacteria Bacteria
convert *4C-labeled pamitic acid present in Middlebrook 7H12 broth into radioactive
carbon dioxide (Garg et al, 2003). The mean detection time of the radiometric system
for mycobacteria is 13 days, which in turn means a dramatic time reduction compared
to traditiond culture (Roggenkamp et al., 1999). The second commercid available
automated culture sysem is the BacT/Alert instrument (BioMerieux, Marcy-I'Etoile,
France). The BacT/Alet utilises a colorimetric sensor to continuoudy monitor the
production of CO, concentration in the culture medium. The sensor placed a the
bottom of the culture tube changes its colour in the presence of mycobacteria from
dark green to ydlow. The specificity and sengtivity of the BacT/Alert is comparable
to the radiometric system (Brunello et al, 1999; Palacios et al, 1999).

Traditiondly the identification of mycobacteria cultured on convertiond solid
media was based on growth characteristics or biochemica properties such as growth
rate, colony morphology and pigmentation, niacin production, catdase test. New
identification methods include specific DNA probes or polymerase chain reection.
DNA probes have been developed to identify M. tuberculosis, M. avium, M. kansaii,
M. intracellulare, and M. gordonae directly in broth or solid culture (Ichiyama et al,

1997: Badak et al., 1999).
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Nucleic acid amplification

Nucdec acid amplification techniques include polymerase chan reaction (PCR),
drand digplacement amplification (SDA) (Wdker et al, 1992) and transcriptiorn+
mediated amplification (TMA) (Jacobs et al, 1993). These techniques are based on the
detection of mycobacterid DNA or RNA in dinica specimens. PCR technique uses
oligonucleotide primers to direct the amplification of target nucleic acid sequences via
a three-sep process denauration, primer anneding, and primer extenson (Mullis et
al, 1987).

The mogt commonly used target in “home-made’ tests is 156110, a specific
sequence for bacterid drains belonging to the M. tuberculosis complex (Kolk et al,
1992, Kox et al. 1994). PCR is an important tool for the diagnosis of extrgpulmonary
TB but dso vduable for the diagnoss of pulmonary TB. The sengtivity of PCR in
extrapuimonary TB is lower than for pulmonary TB. Nevethdess in modern
laboratories PCR on cerebrogpind fluid is the method of choice for the detection of
tuberculoss meningitis (Nguyen et al, 1996).

Severd commercid nucdec acd amplification  kits ae avaldble The
AMPLICOR MTB assay (Roche Diagnostic System, Based, CH) is based on the
amplification of the 16s rDNA sequence followed by hybridistion with a M.
tuberculosis complex specific capture probe. The AMTD assay from Gen-Probe
(Gen-Probe Inc San Diego, CA, USA) combines the amplification of rRNA and
detection with an acridinium eder-labelled DNA probe specific for M. tuberculosis
complex. PCR procedures are nowadays widdy used in microbiologicd |aboratories.

Nevertheless, the high costs and required expertise have limited the implementation of
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these methods as routine tests for TB in high burden countries (Ross et al, 1998) but

aso in the Western world (Doern, 1996).

Detection of mycobacterial antigens

Mycobacterid detection assays were largely developed 20 years ago but ill need
to prove thar vaue in a routine laboratory. Sada et al (1983) develop an enzyme-
linked immunosorbent assay (ELISA) for the detection of mycobacterid antigens in
cerebrospinal fluid for patients with tuberculous meningitis A few “defined” antigens
have been identified for the detection of TB. Among these, are the Antigen 5 and a
45/47 kDa protein complex. Antigen 5, a 38 kDa protein is excreted by growing
mycobacteria found in serum (Radhekrishnan et al, 1992), cerebrospind fluid
(Radhakrishnan et al, 1991) or bronchodveolar lavage fluid (Rga et al, 1988). The
45/47 kDa protein complex is immunodominant and is excreted by growing
mycobacteria.  Chanteau et al (2000) developed an ELISA for the detection of this
protein complex in sputum and serum. The sandwich ELISA is based on a polyclona
capture antibody and a mixture of three monoclonal antibodies as secondary
antibodies.

Another interesing antigen is lipoadbinomannan (LAM), an immunodominant
lipopolysaccharide with a molecular weight between 30 and 40 kDa. LAM is a mgor
cell wal component of mycobacteria. LAM has been detected in serum (Sada et al,
1992), sputum (Pereira et al, 2000) and cerebrospind fluid (Chandramuki et al, 1985)

using different ELISA formats. None of these tests have been properly validated.
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Detection of tuberculostearic acid

One easly detectable marker of M. tuberculosis is tuberculogtearic acid (TBSA),
which can be detected by liquid chromatography (Garg et al, 2003). TBSA is a lipid
component present in the mycobacterid cel wadl. It can be detected in dlinica
samples usng liquid chromatography or gas chromatography — mass spectroscopy.
The presence of TBSA in cerebrospind fluid is thought to be a marker for tuberculous
meningitis (Brooks et al, 1990) and in sputum for pulmonary TB (French et al, 1987).
Organisms other than M. tuberculosis present in pulmonary specimens can generate

fdse-pogtive results (Garg et al, 2003).

I ndirect methods for the diagnosis of pulmonary tuberculosis

Measurement of the humoral response

The measurement of the humora response is based on the detection of specific
anti-mycobacterid antibodies. Arloing firs described the idea of serodiagnosis of TB
in 1898. Since then, many reports describing new methods have been published. In
the past, the mgority of tests were made with crude mycobacterid preparations and
therefore lacking in specificity (Verbon et al, 1990). The use of purified antigens has
improved the serodiagnostic tests in terms of specificity (Jacket et al, 1988).
Neverthdess, the sengtivity of antibodies to single antigens is 75% a best, even in
patients with smear-positive pulmonary TB (Bothamley, 1995).

Examples of purified antigens are the 38 kDa protein , 30/31 kDa protein, and

severa heat shock proteins such as 14 kDa, 65 kDa and 70 kDa proteins (Garg et al,
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2003). Over-expression of recombinant proteins, eg. the 38 kDa protein in E. coli has
dramaticaly smplified the production of antigens (Wilkinson et al, 1997).

The diagnogtic antigen of choice is currently the 38 kDa protein (Garg et al,
2003). This protein was evauated in an ELISA by Bothamley et al (1992). In smear-
postive TB patients a sengtivity and specificity of 85% and 97%, respectively was
achieved. However, the sendtivity in smear-negative pdients was with 15%
dramatically lower.

Commercialy avalable serologicd kits are based on the detection of antibodies
againg lipoarabinomannan (LAM) (MycoDot™ assay, Genelabs, Geneve, CH) or the
38 kDa protein (ICT Diagnostics, Sydney, Audrdia). Both tests lack sengtivity when

properly evauated (Perkins, 2000).

Measurement of the cellular response

The Mantoux test is by far the most frequently used test in the history of TB
diagnosis. A purified protein derivative (PPD) is used as a skin test resgent for
measuring the delayed hypersenstivity reaction of a patient or infected person. PPD
contains many mycobacterid antigens, not dl of them beong to the M. tuberculosis
complex. A positive test may be caused by active TB, past infection, BCG vaccination
or through environmenta mycobacteria (Garg et al, 2003). Recently, a recombinant
antigen encoded by a gene specific to the M. tuberculosis complex replaced the PPD.
It showed better results leading to increased diagnosic vaue of the Mantoux test
(Garg et al., 2003).

Recently, the gamma interferon (IFN-g) assay was evaluaed as a potentid

replacement of the Mantoux test. The IFN-g test is comparable to the Mantoux test in
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terms of sendtivity and specificity. However, it requires better-equipped laboratories

to culture viable lymphocytes and an ELISA to quantify IFN-g (Garg et al, 2003).

1.9.3 DIAGNOSTIC NEEDS OF L OW AND HIGH PREVALENCE COUNTRIES

The diagnostic pathway for pulmonary TB depends strongly on the setting, i.e. on
the available resources. The usefulness of a test depends not only on specificity and
sengtivity but dso on factors given in by loca circumstances such as cods, avalable
laboratory facilities and skills of technicians,

Low-income countries are often characterised by high TB prevdence and poor
laboratory facilities. The only means of diagnoss TB is the ZN &an followed by
microscopic  examinaion. In these endemic regions, the result has to be obtained
quickly before patients disgppear and no adequate treatment is possble. Since the
prevdence is high, the identification of the causative mycobacterium is often not
required. In TB endemic aress, infection with nontuberculous mycobacteria remans
uncommon and therefore the pogtive predictive value of AFB microscopy is high.
Nevertheess, new tests are urgently needed to directly replace microscopy and culture

(Perkins, 2000).

The dgtuation in developed countries is different. The low prevaence and the
well-equipped laboratories dlow a definite diagnoss of TB. Identification of the
infecting mycobacterium and drug-susceptibility testing is routine.  The diagnogtic
needs for low prevaence countries are those in support of the eimination d TB and
include tests for the identification of latent infections, the detection of TB in

immigrants or other high risk groups the identification of outbresks and
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Characterisation of transmisson, and the discrimination between M. tuberculosis and
other non-tubercul ous species (Perkins, 2000).
The WHO recommends the following specifications for a new diagnodtic test for

developing countries:

Detection limit <3 10* AFB mi™* sputum

Sengtivity of 85 % compared to culture

Specificity of 95 % compared to culture

Require less than 15 minutes preparaion time

Long shelf-life (> 6 months)

Cost-effectiveness

Simple and robust

1.0 AIMSAND OBJECTIVES

This thess is divided into two parts. In the first part, the potentia of an eectronic
noe a a monitoring tool for heemodidyss is invedigated (nor-infectious
goplication). In the second part, the eectronic nose is applied as an early detection

system for pulmonary tuberculos's (infectious disease).

1.10.1 Am

To evduate the potentid of dectronic nose technology in point-of-care human

diseases management: Studiesin rend diseases and tuberculosis.
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1.10.2 OBJECTIVESFOR THEM ANAGEMENT OF RENAL FAILURE
To find the optima sample incubetion parameters including incubation
temperature and time as well as the minima sample volume for uraemic blood
samples.
To determine the maxima dilution for uraemic blood samples which dlow
discrimination between pre- and post-didysis samples.
To evauate the sensor reproducibility towards uraemic blood samples.
To study the influence of ureaand crestinine on the sensor response.
To evduate the long term ability of the eectronic nose towards uraemic blood
samples.
To evduate the volatile shift occurring during a sngle haemodiadyss sesson in
both blood and diaysate.

To compare the electronic nose pattern with traditiona biochemica markers

1.10.3 OBJECTIVESFOR THE EARLY DIAGNOSISOF PULMONARY TUBERCULOS' S

To invedigate the potentid of an dectronic nose to discriminate between
different Mycobacterium spp. and Pseudomonas aeruginosa in both culture and
sputum.

To determine the detection limit of the dectronic nose for M. tuberculosis in
both culture and sputum.

To invedtigate the influence of dead M. tuberculosis bacteria on the sensor

response.
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To determine the specificity and sengtivity of the dectronic nose for M.

tuberculosis in sputum.

1.11 OUTLINE OF THE THESIS

Chapter 2 describes the general materiadls and methods used throughout the report.
However, to keep a cetan structure and clearness, the specific methods including

sample procurement and sample preparation are described in Chapter 3 and 4.

Chapter 3 describes the development of an eectronic nose protocol for the

management of haemodiaysis. It aso includes specific materids and methods.

Chapter 4 describes the gpplication of an dectronic nose as a diagnogtic tool for

pulmonary tuberculosis. It dso contains specific materias and methods.

Chapters 5and 6 st the results presented in this thesis in perspective to current
diagnogtic practise and dso discuss their implications in the future. It dso describes
which steps need to be addressed to make dectronic nose technology a modern

diagnodtic instrument.
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21 ETHICAL APPROVAL

Ethicdl approvd for this study was obtained ether from the Gloucestershire
Research Ethics Committee (Study No's. 01/149G; 03/44G) or from the ethics
committee of the Academic Medicd Centre (Amsterdam, The Netherlands) (Study
No: MECO98/034). All patients and volunteers participating in this dudy gave
informed written consent before samples were taken after ora and written information
was provided. Each sample was encoded to ensure anonymity (Appendix A.1 and

A2).

2.2 GAS-SENSING SYSTEM

2.2.1 GAS SENSING SYSTEM AND HEADSPACE ANALYS'S

The dectronic nose (Bloodhound BH-114, Bloodhound Sensors, Leeds, UK) used
in this study employed 14 conducting polymer sensors (Appendix B.1). The BH114
indrument condds of a fully integraed sampling system with the sensor array and
hardware controlled by proprietary Windows based software, which aso incorporates
data collection and processing software.

The sensor unit automatically sets two cdibration points. The firg one is the
basdine, which is obtaned when activated carbon filtered (Carbon Cap 150,
Whatman, UK) air is passed over the sensor (purple arrow, Figure 3.1) a a flow rate
of 4 m minl. The second cdibration point is a reference point obtained from the
headspace of a control sample vid containing 9 ml of reverse osmoss (RO) -water
(blue arow) (Figure 2.1). The interaction of the volaile compounds and the

conducting polymer surface produces a change in resstance, which is measured and
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subsequently displayed on the computer screen.

For the andyss of the sample headspace, the sample vials were connected to the
eectronic nosxe by inserting a needle into the headspace of the sample vids (Figure
3.1). The unknown headspace is passed over the sensor surface (red arrow, Figure 3.1)
a a flow rae of 200 m mint, which was attométicaly set by the sensor unit.
Between each messurement, a time dday of 2 minutes was se&t. The individud

samples were analysed in arandom order.

Headspace Vial with Aluminium
Silicone/Teflon Pressure Release Seal

Activated Carbon Filter

Control Sample Vial
PC with control and data
acquisition software

< <4—
—»
—>
i —
Needle Electronic Nose - i
Bloodhound BH 114 IL ]
l— P —

Figure 2.1: Oveview of idedised dectronic-nose configuration. The sgt-up
consgs of the eectronic nose sensor aray, a sample and a control vid as well as two
activated carbon filters and a HEPA-Vent filter. The carbon filters ensure an odourless
arflov over the sensor surface and control and sample headspace, whereas the
HEPA-VENT filter prevents the fouling of the sensor surface. The eectronic nose is
connected to a PC running the control software and an appropriate data andyss

package.
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2.2.2 EXPERIMENTAL PARAMETERSFOR ELECTRONIC NOSE

The adjustable sampling profile condgs of five paameaes time dday,
adsorption time, basdine length, desorption time, and hold time. The sampling

profiles used in this report were set according to Table 2.1.

Table 2.1: Sample profiles used in this report.

Samples
Blood Dialysate Culture Sputum
Timedday (9 5 5 5 5
Adsorption time (s) 10 10 6 7
Desorption time (s) 15 15 14 21
Basdine length (9) 5
Hold time (9 0

2.3 DATA ANALYSESAND PATTERN RECOGNITION

To andyse the dectronic nose data, two Excel add-in software programs were
employed. Principd component andyss, hieracchicd cuger andyss, and
discriminant  function anadyss was peformed usng XLsta (XLstat®, version 34,
France) and for the neura network andysis the program Neurayst'™™ (verson 1.4,

Cheshire Engineering Corporation, Pasadena, CA, USA) was used.
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2.3.1 SENSOR PARAMETERS

Figure 2.2 displays a typicd sensor response to a sample headspace taken over
time. The parameters extracted from the sensor response are asfollows:
A. Maximum step response (divergence)
B. Maximum adsorption
C. Maximum desorption
D. Ratio between adsorption and desorption

E Area under the curve (Langmuir adsorption spectrum)

% Response

A: Divergence

B: Absorption

C: Desorption

D: Ratioof BtoC
E: Areaunder curve

Time

Figure 2.2: A typica sensor response to a sample headspace with the extractable

SeNsor parameters.

However, only two parameters, namey the maximum sensor response and the
area under the curve showed good reproducibility and were therefore consdered in

the dataandysis.
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2.3.2 PATTERN RECOGNITION

Throughout this report, a common sructure for pattern recognition was applied.
Figure 23 illustrates the two different idedised pathways employed. The
normaised/non-normalised raw data were ether used as input variables for PCA or
ANN. The principd components had a centrd postion and were input variables for

DFA and HCA

Electronic nose raw data

Data pre-processing?

Principal Component Artificial Neural
Analysis Networks

Discriminant Function Hierarchical Cluster
Analysis Analysis

Figure 2.3: Schemdic illudration of the daa andyss pahways. The blue
pathway indicates the central postion of PCA (red box). PCs were used as input
varidbles for DFA and HCA (green boxes). In contrast, artificid neural networks were

built directly on the pre-processed data matrix (red pathway).
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Data pre-processing

The raw data were under circumstances pre-processed to improve the qudity of
the input data The method of choice was normaization to vector length one (see
equation 1.1). This sep was only possible, where no quantitative information was

required to solve the discrimination problem.

Principal Component Analysis (PCA)

PCA represents the central point, whereby the principa components were utilized
in two separate ways. On one dde, they were used to reved hidden structures
(rdlationships) within the input matrix (score plot), and on the other sde, they were
used asinput variables for DFA and HCA.

However, not al principa components (PC) were used as input variables for the
subsequent methods. The number of PCs was determined by the Kaiser criterion,
which dates, that only principad components with an eigenvector greater or equa than
1 ae ggnificant (Jackson, 1991). Applying this rule implicates that gpproximately 90
— 95 % of the variance (information) of the origind data matrix is used for subsequent

methods.

Hierarchical Cluster Analysis (HCA)

HCA was used to caculae the distance between individud samples. The result is
disdlayed as clugers of rdated samples. The initid distance matrix, i.e. the distance
between principd components was cdculated usng the Euclidean distance. The

Wad's method was used to aggregate individua sub-clusters. The key idea of this
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method is to aggregate cdugers in such a way that a minimum increese in the within-
group eror sum of sguares results (Otto, 1999). Two individuad clusters were
consdered dgnificantly different when the distance between them exceeds the 95 %

confidence interval (p=0.05) (indicated by the dashed line in dendrograms).

Discriminant Function Analysis (DFA)

DFA, a classfication method, was applied to assgn unknown samples to one of
the pre-defined classes. The modd itsdf was built on a sub-set of the origind data and
vdidated with the remaining (unknown) samples. To vdidate the modd, the variables
of the withhdd samples were insarted into the discriminant functions (obtained during
the training period) and subsequently assigned to that class for which its centroid has

the smallest Euclidean distance to the unknown sample (Otto, 1999).

Artificial Neural Network (ANN)
The ANN was trained usng the backpropagation dgorithm with a sgmoid
transfer function. The origind data set was divided into two groups the training and

the test data set.

Approximately 70 % of the originad data were randomly &lected and used to train
the ANN. The remaining 30 % of the data were used to evauate the performance of

the ANN.
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Optimisation of the ANN — Genetic supervisor

To find the optima network architecture and parameters, a genetic dgorithm was
goplied (genetic supervisor). The key characterigtic of a genetic supervisor (GS) is to
improve the learning and therefore the discriminatory performance of the neurd
network. The genetic supervisor optimises the input columns (vaiables), the
configuration, and the network parameters so that the find ANN will perform wel as
a successful modd with a minimum amount of training. Each ANN solution is
described by a structure composed of three strings, whereby the strings represent the
sdection of input variables, ANN configuration, and the ANN parameters (Figure

2.4).

String 1:
Input data matrix : - Number of sensor
parameters selected

String 2:
ANN configuration Number of layers

Number of neurons/layer

ANN-solution

String 3: - Momentum
ANN parameters . Learning rate

Input Noise

Figure 2.4: Graphicillugration of asngle network solution.
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Sring 1 — Input data selection (data matrix): Each sensor parameter is treated
separady, i.e. the GS can exclude or include individuad parameters to obtain the
optima input data The incluson rate determines, how many of the origind varigbles

have to be included in the final ANN architecture.

Sring 2 — ANN configuration: The number of inputs and outputs defined for each
ANN solution autométicaly determines the first and last layer of each neurd network.
The number of inputs is determined by gtring 1, and the user defines the number of
outputs. The number of outputs is usudly equa to the number of different odour
classes. It is up to the GS to determine the optima number of hidden layers and for

the optima number of neurons per layer.

Sring 3 — ANN parameters: The ANN parameters (momentum, learning rate, and
input noise) predominantly control the training behaviour of the neura network. The
learning rate gpplies an amount of correction as a result of the error derived form a
given case. The moment averages the current error to a greater or lesser extend with

previous errors.

The GS looks for the optimised ANN architecture by sdecting input varigbles,
vaying the configuretion and parameters. Each of the resulting dStructures is then
evduated in tems of neurd network fitness The nework fitness is normdly
evduated by cdculaing the eror between ANN output and target output. The
optimised neurdl network is characterised by the smalest error and used ready for

training (Shih, 1994).
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The following parameters were used for the genetic supervisor.

Incluson rate: 75 %
Momentum: 1
Learning rate: 0.5

Input Noise: 0.03
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3.1 INTRODUCTION

An ever-increesng number of patients have to undergo regular rend diayss to
compensate for acute or chronic rend fallure. The edtimated annud rate of patients
dating rend replacement thergpy (RRT) for end stage rend failure in England and
Waes is 101 per million population indicating that approximatey 5940 patients
garted RRT in 2002 (UK Renad Registry Report, 2003). Approximately 800,000
patients with end stage rend disease (ESRD) are currently dive throughout the world
while being trested with various modes of regular trestment, haemodidyss being the
predominant form of RRT (Tetta et al, 1999; UK Rend Registry Report, 2003). The
annua growth rate of ESRD patients is estimated to be about 9% worldwide (Tetta et
al, 1999).

Data from rend regidries have shown that the average age of patients newly
admitted to RRT show a steady increase being now closely to 65 years of age (UK
Rend Registry Report, 2003). Such an ederly population shows a variety of co-
morbid conditions such as cardiovascular disease or atheroscleross (Tetta et al, 1999;
Movilli, 1999). Cardiovascular complications account for 50 — 60 % of dl deaths
among ESRD patients (NouroozZadeh, 1999). Despite dgnificant improvements
achieved in diayss technology, there is subgtantidly no evidence for a decrease in
the prevaence of cardiovascular diseases or amyloidosis during the last decade (Tetta
et al, 1999; Canaud et al, 1999; Levy et al, 2001).

The uraemic syndrome is attributed to the retention of a number of different
molecules, collectively termed uraemic toxins. However, the toxicity of the syndrome
has not been attributed to any sngle compound; it is most likedy to be due to a

spectrum of compounds, and indeed the list of potentid candidates is complex and
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growing, and now numbers over 90 (Bergstrom, 1997). Which compounds exert a
toxic effect within the body, and which accumulate innocently, is currently not known
with certainty (Vanholder et al, 2003).

Our current approach to the diadytic management of ESRF is to employ urea as a
surrogete marker for retained solutes and toxins and to modd the quantity of
trestment upon its remova from the body. Urea as such is generdly not a particularly
toxic compound, and designing treatment drategies usng more biologicdly relevant
compounds would be more appropriate, however defining these compounds is
problematic (Vanholder et al, 1994).

An dternative gpproach would be to gain information about a wide spectrum
of compounds that accumulate in rend falure, and goply the knowledge of changes in
the pattern of these compounds to devise and monitor treatment dSrategies. We have

employed the eectronic nose (EN) to provide such information

3.2 SPECIFIC MATERIALSAND METHODS

3.2.1 StubY DESGN

The study was divided into four parts to optimise and evauate the sensor response
of the éectronic nose to pre and post didyss blood, and to didysate samples, from
haemodiadysis (HD) patients, and to compare responses to blood samples from normal
controls (Figure 3.1).

The firsd pat was amed to find the optimd conditions for the sample pre-
trestment to obtain a sufficient sensor response alowing discrimination between pre-

and post —dialyss blood. The first part of this study was further divided into four steps
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(Figure 3.2). The experimental mode obtained from part | was then vdidated (part I1)
and findly the performance evaduated in terms of long-term performance and ability
to follow the didyss shift (pat I11). In the last pat (IV) the peformance of the
electronic nose was compared with biochemicd markers traditionaly used to assess

the efficiency of heemodidysis.

Part | . Optimisation of sampling
parameter

Incubetion temperature and time
Sample volume
Blood dilutior

.

Part |1: Validation of Electronic Nose

Reproducibility of sensor response
Andysis of large number of patients
under optimised conditions

Spiking of samples

d

Part |11: Evaluation of performance

Long term gtability
Shift during didyss

.

Part |V: Comparison of Electronic Nose
with Biochemical Markers

Figure 3.1 Oveview of the study desgn to optimise and evduate the sensor

response of the eectronic nose to “uraemic” blood and control blood.
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PART I: Optimisation of Sampling Parameter

Optimal Temperature (T opt)

Optimal Time (topt)

Optimal Volume (Vgpt)

STEP1
OPTIMISATION:
I ncubation temperature
STEP 2
OPTIMISATION:
Incubation time
STEP 3
OPTIMISATION:
Sample volume
STEP 4

OPTIMISATION:

Optimal Dilution (Dopt)

Sampledilution

Optimal Conditions (T opt, topt, Vopt, Dopt)

Figure 3.2: Thefour principa steps for the optimisation of sampling parameters.
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3.2.2 SAMPLE PROCUREMENT

All blood samples were collected ether from paients undergoing intermittent
HD-treatment a Gloucestershire Royd Hospitd (Gloucester, UK) or hedthy
volunteers (Control blood). All patients are treated ether with a Fresenius F6 or
Fresenius F8 didyser (Fresenius AG, Bad Homburg v.d.H., Germany) The surface
aea of the polysulfone membrane is dther 1.3 n? (F6 didyser) or 1.8 n? (F8
didyser). The blood flow varied between 200 and 350 mi/min, depending on the
patient, whereas the diaysate flow rate was kept constant a 500 ml mint. All patients
included in this study undergo haemodiayss trestment three times a week for four

hours per sesson.

Blood and dialysate collection for analysis of volatiles

Blood samples (4 ml) from patients were collected directly from the HD circuit
(pre didyser) into tubes contaning EDTA. (Greiner hio-one, Vacuette®, coagulation
tubes). Control samples (10 ml) were obtained by venepuncture. Samples were then
immediately frozen and stored & — 20 °C until andyss Didysae samples (15 ml)
were collected directly from the post didyser circuit tubing into derile tubes and

stored at —20 °C until andyss

Blood collection for biochemical analysis

The biochemicd andyss was performed on blood serum, therefore sampling

tubes with clot-activator (Greiner hio-one, Vacuette®, serum tubes) were used for
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blood sampling. From each patient, 10 ml of pre- and post-diayss blood, respectively
and from each volunteer 10 ml of control blood have been taken and analysed by the

Clinica Chemidry Laboratory a Gloucestershire Roya Hospital (UK).

3.2.3 SAMPLE PREPARATION (INCUBATION)

All blood samples were stored a - 20 °C until andysis was performed. The frozen
samples were defrosted on ice to minimise the loss of volailes. Sample diquots were
transferred into a 5 ml headspace vids (Macherey and Nagd, UK) and immediately
seded with a cimp cap with Slicon/Teflon-septum (Jaytee Bioscience Ltd., UK).
The seded headspace vids were subsequently incubated. After the incubation period,

the samples were andysed using the eectronic nose.

The origind sample volume of 25 ml of “uraemic” blood was incubated for 30
minutes. As indicated in Figure 3.2, the firs step was to find the optima incubation
temperature. The samples were incubated at 20 °C, 37 °C and 70 °C. Thirty seven
degree Celdus was chosen because it is the human body temperature. The third

incubation temperature of 70 °C was ddiberately set very high to invedigate if a

higher incubation temperature liberates more volatiles compared to 37 °C or 20 °C.
After finding the optima incubation temperature (Topt), the incubdtion time was
varied. Two point five ml of blood was incubated for 30 minutes, 45 minutes and 60
minutes a Tope. IN the next step (Step 3, Figure 3.2) al samples (pre- and post-
dialyss) were incubated under the best conditions (Top: and tpt). The sample volume
was reduced to 2.0 ml, 1.0 ml and 0.5 ml. To reduce the amount of required blood, the

sndlest possble sample volume was used and further diluted with 0.9 % NaCl
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(Sgma, UK). The following dilutions were invedigated: 1.2, 1.4 and 1:10. For dl
subsequent  experiments the following parameters were used: optima  incubation
temperature, optima incubation time, optima sample volume and optimd sample

dilution.

3.2.4 SPIKING OF BLOOD SAMPLES

Blood samples were gpiked with @) butanol/acetic acid mixture and b)
urealcregtinine solution. The samples were prepared and incubated under the

Optl mlﬁj COﬂdItIOﬂS (Topt, topt, Vopt, and Dopt).

Spoiking with butanol/acetic acid mixture

Control blood samples were spiked with a mixture containing butanol (Sigma,
UK) and acetic acid (Sigma, UK). The find concentration (in the sample) of each

substance was 2 % (V/v).

Spiking with urea/creatinine mixture

Blood samples were spiked with a solution containing urea (Sgma, UK) and
cregtinine (Sigma, UK). Control blood samples were spiked to a urea and cregtinine
level found in the average pod-diayss blood, and post-didyss blood samples were

spiked to pre-didyds concentrations. The average concentrations were caculated

from 55 haemodiaysis patients and 15 volunteers (Table 3.1).
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Table 3.1: Average urea and cregtinine concentrations in control and “uraemic’

blood.
Control blood Post-dialyss Pre-dialysis
Urea
(mmol 1) 4.5 55 21.0
Creatinine
(mmal ) 100 400 850

3.2.5 ANALYSISOF SENSOR REPRODUCIBILITY

The sensor reproducibility (drift) was studied by andysng one sample for 25
times on three different days. The same experiment was performed with undiluted and
diluted (Dopt) blood samples (Control blood). An diquot (Vopt) Of the same sample
was transferred into a headspace vids and immediatedly seded. The samples were

incubated under the optimal conditions (Topt, topt)-

3.2.6 HEADSPACE ANALYSS

The incubated sample vias were connected to the dectronic nose by inserting a
needle into the headspace of the sample (see chapter 2). The sampling profiles used in

this sudy are summarised in Table 3.2.
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Table 3.2: Sampling profiles used for the andys's of blood and didysate samples.

Samples
Blood Dialysate
Timedday (9 5 5
Adsorption time (9) 10 10
Desorption time (9) 15 15
Basdine length (9
Hold time (9)

3.2.6 DATA ANALYSIS

The origind data set was not pre-processed, since the concentration of retained
molecules in “uraemic’ blood is contains essentid information for the discrimingtion
of the different blood types. Only for the andyss of the voldile shift (section 3.3.4),
the samples within individud classes (control, pre- and post-didyss) were normaised
to length one prior to the multivariate anayss. This was done by dividing the sensor
responses for dl samples within a class by the standard deviation of this particular

class.

Principd component andyss and hierarchica cluster andyds were gpplied for
the initid experiments, i.e. optimisation of the sampling parameter (part |, Figure 3.1).
The purpose was to find a visua difference between the different blood types and not
to classfy unknown samples.

For dl other experiments, principd component andysis and discriminant function

anayss were used.
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3.3RESULTS

3.3.1 OPTIMISATIONSOF ELECTRONIC NOSE

Determination of the optimal incubation temperature (T opt)

Three different temperatures were studied, namely 20 °C, 37°C, and 70°C. All
samples were incubated for 30 minutes. Hence, a sample volume of 25 ml was used
for the following experiments. The data were andysed usng PCA and HCA.

In dl three cases, it was possble to discriminate between pre-diaysis blood and
post-didyss blood as indicated by the dotted line in the PCA-charts (Figures 3.3, 3.4,
and 3.5). Basad on these obsarvations, it seemed that the incubation temperature had
little or no influence on the outcome (discrimination). However, when the PCA results
were compared with the HCA results, this conclusion appears to be incorrect. No clear
discrimination (homogeneous clugters) between pre- and post-didysis blood was
possible to obtain using HCA, independent of the incubation temperature (Figures 36,
3.7, and 3.8). In dl three dendrograms (Figures 3.6, 3.7, and 3.8), the two different
blood types were clustered into three clusters (C1 — C3). The best differentiation was
obsarved a an incubaion temperature of 70 °C as the blood samples of only one

patient (patient 1) could not be discriminated (Figure 3.8).
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Figure 3.3: Principd component analyss showing separate clusters of post-
diadyss blood (6 samples, triangles) and pre-didysis samples (6 samples, circles). The
samples were incubated a 20 °C for 30 min. The blood samples with the same

number belong to the same patient.
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Figure 3.4: Principa component andyss showing separate clusters of post-
diayss blood (6 samples, triangles) and pre-didyss sarples (6 samples, circles). The

samples were incubated at 37 °C for 30 min.

Cranfield University at Silsoe Reinhard Fend 2004



Electronic nosein renal medicine 98

4 \
\
s \\:- @3
2 T
\\\ . 2 . 1
5 Ax A
— 4
S0 W : - @—
O A 6 ‘\
T TN
\ 5
-2 T \ @@
\
\
3 L A1 \
\
\
-4 \‘
-10 -8 -6 -4 -2 0 2 4 6 8

PC 1 (64%)

Figure 3.5. Principd component andyss showing separate clusters of post-
didyss blood (6 samples, triangles) and pre-didyss samples (6 samples, cirdes). The
samples were incubated a 70 °C for 30 min. The blood samples with the same

number belong to the same patient.
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Figure 3.6: Hierarchicd cluser andyss of pog-didyss blood (6 samples,
triangles) and pre-dialyss samples (6 samples, circles). The samples were incubated
a 20 °C for 30 min. The blood samples with the same number belong to the same

patient. C1, C2, and C3 represent the three distinguishable clusters (p=0.05).
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Figure 3.7: Hierachicd cluger andyss of pog-didyss blood (6 samples,
triangles) and pre-didyss samples (6 samples, circles). The samples were incubated
at 37 °C for 30 min. The blood samples with the same number belong to the same
patient. C1, C2, and C3 represent the three distinguishable clugters (p=0.05).
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Figure 3.8. Hierarcchicd clugter anadyss pog-didyss blood (6 samples, triangles)
and pre-didyss samples (6 samples, circles). The samples were incubated a 70 °C
for 30 min. The blood samples with the same number beong to the same patient. C1,

C2, and C3 represent the three distinguishable clusters (p=0.05).
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The best discrimination was obtained a 70°C. However, one of the problems
encountered a 70 °C was that blood proteins started to denature and therefore made
this temperature unsuitéble for an online monitoring sysem. Having the end
aoplication in mind, 37 °C is the incubation temperature of choice since the dialyser
circuit is operated a 37 °C and therefore no additiond heating element has to be
indaled in an online monitoring device. For further experiments the incubation
temperature was set at 37 °C. This decison is judified snce enough information

could be extracted as indicated in Figures 3.4 and 3.7.

Determination of the optimal incubation time (topt)

All samples were incubated a 37 °C for the following times 45, 60 ad 90
minutes. The sample volume was kept constant at 2.5 ml during the experiments

With dl three incubation times, a separation of pre-didyss blood and control
blood could be obtained as indicated by the dotted line in the PCA — charts (Figures
3.9, 3.10, and 3.11). The best separation was obtained after an incubation period of 45
min (Figure 3.9). These results were confirmed by HCA as shown in Figure 3.12. As
can be seen, post-diayss samples formed a homogenous cluster (C1), whereas pre-
didyss blood is split into two clusters (C2, C3). However, no clear discrimination
(homogenous clusters) was observed after an incubation period 60 and 90 minutes
when usng HCA. Although the pree and post-didyds samples of individud patients
were diginguishable from each other (eg.: patients 3 and 4 in Figure 3.13 or patients
1, 2, and 4 in Figure 3.14). Smilar results were obtained when the experiments were

repested. For al further experiments, the chosen incubation time was 45 minutes.
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Figure 3.9: Principd component andyss showing separate clusters of post-

diadyss blood (6 samples, triangles) and pre-didyss samples (6 samples, circles). The

samples were incubated at 37 °C for 45 min. The blood samples with the same

number belong to the same patient.
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Figure 3.10: Principd component andyss showing separate clusters of post-

didyss blood (6 samples, triangles) and pre-didyss samples (6 samples, cirdes). The

samples were incubated at 37 °C for 60 min.
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Figure 3.11: Principd component anadyds showing separate clugers of pog-
didyss blood (6 samples, triangles) and pre-didyss samples (6 samples, cirdes). The

samples were incubated at 37 °C for 90 min.
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Figure 3.12: Hierachicad cduger andyss of pog-didyss blood (6 samples,
triangles) and pre-didyss samples (6 samples, circles). The samples were incubated
a 37 °C for 45 min. The blood samples with the same number belong to the same

patient. C1, C2, and C3 represent the three distinguishable clusters (p=0.05).
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Figure 3.13. Hiegachicd cduder andyds of pod-didyss blood (6 samples,
triangles) and pre-diayss samples (6 samples, circles). The samples were incubated at
37 °C for 60 min. The blood samples with the same number belong to the same patient.

C1, C2, C3 and C4 represent the four distinguishable clusters (p=0.05).
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Figure 3.14: Hieachicd cduser andyss of pod-didyss blood (6 samples,
triangles) and pre-diayss samples (6 samples, circles). The samples were incubated at
37 °C for 90 min. The blood samples with the same number belong to the same patient.

C1, C2, C3 and C4 represent the four distinguishable clusters (p=0.05).
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Determination of the optimal sample volume (V opt)

All samples were incubated at 37°C for 45 min. The sample volume was varied as
folows 20 ml, 1 ml, and 05 ml. The sample volume had no influence on the
separation between pre-diayss blood and control blood as can be seen in the PCA —
plots (Figures 3.15, 3.16, and 3.17). For a sample volume of 2.0 ml, the HCA plot was
divided into three subclusters (C1-C3) (Figure 3.18). Nevertheless, it was possible to
discriminate between dl pre- and post-didyss samples of individud patients (Figure
3.18). However, with a sample volume of 1 ml and 05 ml, respectivdy, no
homogenous clusters were obtained using HCA as shown in Figure 3.19 and 3.20. As
can be sen in Fgure 319, only one patient (ho. 6) was misclassfied, i.e no
discrimination between pre- and post-didysis sample was possble. In contrasgt, with a
sample volume of 0.5 ml it was impossble to diginguish between dl pre- and post-
didyss samples of individud patients (Figure 3.20).

The HCA reaults are indicating a deterioration of the ability to separate between
pre-didyss blood and pogt-didyss blood with a decrease in sample volume.

Neverthdess, dl further experiments were performed with a sample volume of 0.5
Ml because it was dill possible to discriminate between pre- and post-didyss

samples of the same patient, even when no homogenous clusters were obtained.
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Figure 3.15: Principd component andyss showing separate clusters of post-

didyss samples (6 samples, triangles) and pre-didyss samples (6 samples, circles).

The samples were incubated at 37 °C for 45 min with a sample volume of 2 ml.

25

15

0.5

-0.5

PC 2 (27%)

-1.5

-2.5

0

PC 1 (63%)

Figure 3.16: Principd component andyss showing separate clusters of post-

didyss samples (6 samples, triangles) and pre-didyss samples (6 samples, circles).

The samples were incubated at 37 °C for 45 min with asample volume of 1.0 ml.
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Figure 3.17: Principd component andyss showing separate clusters of post-
didyss samples (6 samples, triangles) and pre-didyss samples (6 samples, circles).

The samples were incubated at 37 °C for 45 min with a sample volume of 0.5 ml.
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Figure 3.18: Hierarchicd cluster andyss pod-diayss blood (6 samples, triangles)
and pre-diayss samples (6 samples, circles). The samples were incubated a 37 °C for
45 min with a sample volume of 2 ml. The blood samples with the same number belong
to the same patient. C1, C2, C3 and C4 represent the four distinguishable clusters

(p=0.05).
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Figure 3.19: Hierarchicd cluser andyds pog-didyss blood (6 samples, triangles)
and pre-diayss samples (6 samples, circles). The samples were incubated a 37 °C for
45 min with a sample volume of 1 ml. The blood samples with the same number belong
to the same patient. C1, C2, C3 and C4 represent the four distinguishable clugters

(p=0.05).
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Figure 3.20: Hierachicd cduder andyss of pog-didyss blood (6 samples,
triangles) and pre-diayss samples (6 samples, circles). The samples were incubated at
37 °C for 45 min with a sample volume of 0.5 ml. The blood samples with the same
number belong to the same patient. C1, C2, and C3 represent the three distinguishable

clusters (p=0.05).

Determination of the optimal blood dilution (D op)

Didyss patients are anaemic. Hence, one limiting factor is the avalability of
blood of HD patients Therefore, the am was to minimise the required amount of
blood needed to obtan a sufficient discrimination between post- and pre-didyss
blood samples. After reducing the sample volume to 0.5 ml, the posshility of diluting
blood was investigated. The blood samples were diluted with a sterile 0.9 % NaCl
solution to obtained the following dilutions 1.2, 1.4 and 1:10. The experiments were

performed with control blood and after finding the optima dilution vdidated with
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post- and pre-didyss blood samples. A visud difference (PCA plot) between diluted
control blood samples and blank sodium chloride will be used to determine the
optima dilution, i.e the highest dilution, which ill can be distinguished from the
negative controls (0.9 % sodium chloride) will be regarded as optimal dilution.

All samples were incubated under optimal conditions obtained so far (Topt, bpt,
and Vopt). Undiluted, as well as blood in dl dilutions, were andysed together, i.e. in
the same experiment. Blank sodium chloride solution served as a negative control.
The result of this experiment is shown in Figure 3.21. As can be seen, it is possible to
diginguish between undiluted samples and the diluted samples up to a dilution of 1:4.
It was impossble to discriminage 1:10 diluted samples from the negative control
samples (0.9 % NaCl) indicating that the last concentrations was too low to
discriminate between pre- and post-diayss samples.

Interestingly, on the left hand sde of the graph are the concentrated samples
(undiluted), whereas the highest diluted samples (1:10) are on the right hand sde of

the graph together with the negative controls.
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Figure 3.21: Princpd component andysis of different diluted control blood

samples and blank sodium chloride solution (0.9 % wiv). Different diluted blood
samples formed separate clugters, gpat from the highest dilution (1:10), which could
not be discriminated from blank sodium chloride solution (dashed line).

Key: Undiluted blood (8 samples, dark blue diamonds), 1:2 diluted (8 samples,

red squares), 1.4 diluted (8 samples. blue triangles), 1:10 diluted (8 samples, orange

diamonds), and blank sodium chloride solution (8 samples, violet circles).

Based on the PCA score plot, a classfication modd was built usng discriminant
function analyss. For cdculating the modd, 2 samples of each sample trestment were
withheld and used for cross-vdidation. As can be seen in Figure 3.22, undiluted dood
samples and diluted blood samples (1.2 and 1:4) formed separate clusters. However,
1:10 diluted samples formed a cluster with the negative controls The andyss of

unknown samples (2 of each class) reveded that it is impossble to digtinguish 1:10

diluted samples from a sodium chloride solution, whereas the other unknown samples
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were correctly identified (Figure 3.22). The result shown in Figure 3.22 indicated that

a dilution of 1.4 should not affect the ability to discriminate between pre- and post-

diadyss blood samples.
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Figure 3.22: Discriminant function andyss of different diluted control blood
samples (Undiluted, 1:2, 1:4, and 1:10 diluted) compared to a sodium chloride
solution.

Key: Undiluted blood (diamonds), 1:2 diluted (squares), 1:4 diluted (triangles),
1:10 diluted (orange diamonds), and blank sodium chloride solution (circles). Cross-
vdidations. 10 samples (2 of each) were withhed form building the DFA (open

symbols).

This observation was evauated by the andyss of pre- and post-didyss blood
(1:4 diluted). As can be seen in Figure 3.23, it was posshle to digtinguish between
pre- and post-didyss samples a a dilution of 1:4. Control blood (hedlthy volunteers)

formed a separate cluster compared to “uraemic” blood (Figure 3.23).
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Figure 3.23: Principal component analysis of control blood (6 samples, squares),
post-didyss blood (6 samples, triangles) and pre-didyss blood (6 samples, circles).
The samples were incubated at 37 °C for 45 min with a sample volume of 0.5 ml and
a dilution of 1.4. The didyss blood samples with the same number belong to the

same patient.

A pefect discrimingtion could not be achieved usng hierarchicd cduser andyss
(Figure 3.24). The dendrogram is divided into four sub-clusters (C1 — C4). Cluster C1
contains dl pog-diayss blood samples as well as two pre-didyss samples (patients
3, and 5). Three of the remaning pre-didyss samples were grouped together in
cluser C2. The post-didyss sample of paient 1 was grouped together with control

samples (C3). The control samplesitsalf were divided into two clusters (C3, C4).
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Figure 3.24: Hieachicad cluser anadyss of control blood (squares), post-
(triangles) and pre-didyss samples (circles). The samples were incubated at 37 °C for
45 min with a sample volume of 0.5 ml and a dilution of 1:4. The blood samples with
the same number belong to the same patient. C1, C2, C3 and C4 represent the four

disinguishable clugters (p=0.05).

The overdl am of this sudy was to discriminate between pre- and post-didyss
blood samples. Therefore, the control samples were removed from the origind data
st and the remaining data were re-analysed. As can be seen in Figure 3.25, a god
Separation was obtained between pre- and post-didyss samples (dashed ling). This
observation was confirmed by HCA (Figure 3.26). Figure 3.26 shows two separate
clusers (C1, C2). Cluster C1 contains all pre-didyss samples, whereas cluster C2

indudes dl post-didyss samples.
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Figure 3.25: Principd component andyss of pod-didyss blood (6 samples,
triangles) and pre-didysis blood (6 samples, circles). The samples were incubated at
37 °C for 45 min with a sample volume of 0.5 ml ad a dilution of 1:4. The diayss

blood samples with the same number belong to the same patient.
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Figure 3.26: Hierachicd cduder andyds of pos- (triangles) and pre-didyss
samples (circles). The samples (0.5 ml, 1:4 diluted) were incubated at 37 °C for 45 min.
The blood samples with the same number belong to the same patient. C1, and C2

represent the two distinguishable clusters (p=0.05).
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The parameters chosen for further experiments are summarised in Table 3.3.

Table 3.3: Summary of the chosen sampling parameters.

Sampling Parameter

Incubation Temperature (Topt) 37°C
Incubation Time (topt) 45 min
Sample Volume (Vopt) 05ml
Sample Dilution (Dopt) 14

3.3.2 VALIDATION OF ELECTRONIC NOSE

After finding the optimad incubation parameters, which alowed a separation of
pre- and post-diayss blood samples it was necessary to vdidate the dectronic nose,
The vdiddion included the andyss of more samples (bigger sample sze), spiking of

blood samples, and investigating the sensor drift.

Reproducibility of sensor response

The sensor drift was determined with 0.5 ml control blood (undiluted and 1:4
diluted). The samples were incubated at 37 °C for 45 min.

The sensors are generaly characterised by a low drift as indicated by the coloured
bars in Figures 3.27ab. Only sensor 11 showed a large vaiation in the sensor
response to undiluted blood on day 1 (Figure 3.278). However, on following days the
drift of sensor 11 was comparable with the others. The day-to-day reproducibility was
good as illugrated in both figures. All sensors apart from sensor 11 and 14 showed
gmilar sensor responses, independent on the day and sample dilution (Figures

3.27alb). The high sensor response of sensor 14 on the second day (Figure 3.27alb)
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might be due to the fact, that the eectronic nose was not used for a few days. This
break may lead to a full recovery of the sensor and subsequently lead to an increased

SENSOr response.
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Figure 3.27: The mean sensor response as wel as ther minimad and maxima

reponse to A) undiluted and B) diluted control blood messured on three different

days.
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However, it was decided to eiminate sensor 11 and 14 from the data andyss for

al further experiments presented in this report due to their lack of reproducibility.

Analysis of larger sample size

The optimisation of the sampling paameter was done on a rdaivdy smdl
sample sze due to the blood consumption during the experimenta phase. The fird
part of the vaidation phase was the andyss of 55 patients and 40 volunteers based on

the findings described in section 3.3.1 (Table 3.3).

Blood samples were obtained from 55 patients undergoing intermittent HD. The
samples were taken before and after a gngle didyss sesson directly from the HD
circuit. Control blood (40 volunteers) samples were obtained by venepuncture.

The result of this experiment is shown in Figure 3.28. The two firsg principa
components account for 88 % of the variance of the origind data matrix, and this
information was sufficient to eadly discriminate between “uraemic” blood and control
blood. However, more importantly is the fact that the odour of pre-diayss blood

differsto the odour of post-didyss samples (Figure 3.28).
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Figure 3.28. Principd component anayss showing the separate cluders of
control blood (40 samples, squares), podt-diayss blood (55 samples, triangles) and

pre-didyss blood (55 samples, circles).

Based on the andyss presented in Figure 3.28 (PCA) a classfication model was
built (DFA) usng samples from 47 patients and 32 controls sdected a random. The
result of the clasdfication modd is presented in Figure 3.29. The samples grouped
into three clusters (pre-, post- didyss, and control) with good separation.  The model
was vadidated by analyss of the 24 samples (8 of each class) that were not used to
condruct the classfication modd, and dl 24 samples were correctly classfied as

ether control, post-didyss or pre-didyss blood indicating the vdidity of the modd.
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Figure 3.29: Disriminant function andyss showing the separae cugers of
control blood (sguares), podt-diayss blood (triangles) and pre-didyss blood

(squares). Cross-vaidation: 24 samples (8 of each), open symbols.

Spiking of blood samples

Spiking of blood samples by adding highly volaile substances was done to
investigate if it would give rise to an dtered sensor response. In the firg st of
experiments, control blood was spiked with butanol and acetic acid. In a second
experimenta series “uraemic” blood (post- and pre- didyss) was spiked with urea

and creatinine.

Spiking of control blood with butanol and acetic acid

Control blood samples were spiked with highly volatile pure chemicds The am
was to invedtigate if the eectronic nose was able to differentiate between modified
samples and unmodified samples. A postive result (discrimination possble) was an

indicator that the éectronic nose was working properly under the given conditions.
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Control blood samples were spiked with butanol and acetic acid so that the
concentration of both substances was 2 % (v/v) in the find sample. Two % was
chosen because the manufacturer of the eectronic nose recommends a 2 % butanol
solution as a reference standard (Bloodhound Operating Manud, Version 1.4.2).

The result of the experiment is shown in Figure 3.30. As can be seen, a clear
Sseparation between the control blood samples and the spiked samples is observable
(dashed line). The two highly volatile compounds caused an additiond odour in the
gpiked samples. Hence, these volatiles gave rise to the dtered sensor response

alowing the discrimination between the samples (Figure 3.30).

25

15

05

-0.5

PC 2 (13%)
o
|

-1.5

-25

PC 1 (73%)

Figure 3.30: Principd component andyss showing the separate clugters of
control blood (14 samples, squares) and control blood spiked with butanol (2% v/v)

and acetic acid (2% viv) (14 samples, diamonds).
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Spiking with urea and creatinine

The am of the second experimentd series was to invedtigae if the sensor
response is influenced by urea and creatinine. Urea and credtinine are two substances,
which are devaed levels in HD patients and currently used to assess the trestment
adequecy.

For this reason, blood samples were spiked with urea and cregtinine. Control
blood (obtained from hedthy volunteers) was spiked to an averaged level observed in
post-diadlyss ssmples (urea 5.5 mma I, creginine 400 mmal I'Y), whereas post-
didysis samples were spiked to an averaged pre-didyss level (ures 21.00 mmol 1%,
cregtining: 850 mmol ).

The result of the spiking experiment is shown in Figure 3.31. As can be seen, it is
possble to digtinguish between control blood, pos- and pre-didyss blood. The
spiking itsdf did not influence the ability to diginguish between the different sample
types. No difference between spiked and unspiked samples was observable, i.e. the
formed one clugter.

Based on the PCA, a classfication modd was built (DFA) using 45 samples (9 of
each sample type). The result is shown in Figure 3.32. As can be seen, three different
diginctive clusters for control blood, pogt-didyss and pre-diadyss blood were
formed. It was impossible to digtinguish between spiked and unspiked blood samples.
The cross-vdidation reveded tha it was only possble to alocaie the unknown
samples ether to control, post-didyss or pre-didyss cluser independent of the
oiking satus. This result indicates that urea and crestinine do not actively influence

the sensor response.
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Figure 3.31: Principa component andyss of control blood (12 samples, red

squares), spiked control blood (12 samples, green/grey squares), post-dialysis blood

(12 samples, triangles), spiked post-didysis blood (12 samples, diamonds) and pre-

didysisblood (12 samples, circles).

4

3

2 “ 'S
S . ..0. A
) o0 "o A = % -
~ - =
n z QO _ <>$ Aé DD

B

A ¢ = =

-4 B

-5 L4

-6 -4 -2 0 2 4 6 8 10
S1(89 %)

Figure 3.32: Discriminant function andyss of control blood, spiked control

blood post-didysis blood, spiked post-didysis blood and pre-didyss blood. Cross

vaidation: 15 samples (three of each type), open symbals.
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3.3.4 EVALUATION OF THE ELECTRONIC NOSE PERFORMANCE

The am of this research project was to investigate the potential of an eectronic
nose as a new monitoring tool for haemodidyss. In this section, the performance of
the gas sensor aray is dudied in terms of its ability to follow the volatile shift
occurring during a sngle heemodidyss sesson and dso its long-term  performance

(tebility).

Analysis of the dialysis (volatile) shift

This study was designed to explore and characterise dterations in the spectrum of
volatile compounds that can be detected by the dectronic nose in the blood and

didysate of patients undergoing haemodiayss trestment.

Analysis of the blood-side shift

Blood samples were obtained before, and then hourly until the end of didyss,
from 14 haemodidyss patients. Blood samples were obtained dso from 15 hedthy
controls. The blood samples were diluted and incubated under the parameters

described in Table 3.3.

The result of the EN andlyss of the blood samples is shown in Figure 3.33. The
first two principa components account for 81 % of the variance of the origina data
matrix, which was aufficient to clearly discriminate the sample groups at different

time points.
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Figure 3.33: Principa component andysis of 15 volunteers (control blood) and
14 haemodiayss patients The uraemic blood samples were taken a the beginning,
then every hour and at the end of asingle dialyss session.
Key: Pre-didyss blood (circles), 1 hour after the start of the treatment (circles with
green background), 2 hour after the dat of the treatment (triangles with grey
background), 3 hour after the start of the treatment (diamonds), Post-didyss blood

(triangles), Control blood (squares).

The dassfication mode was built usng results of samples from 12 patients and
13 controls and validated by correct classfication of the results from 2 patients and 2
controls. As can be seen in Fgure 3.34, each group of samples from different time
points formed a separate cluster, pre-didyss samples are clustered on the right, and

during the time course of the HD sesson the sample clusters are plotted progressvely
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towards the left. Pogt-didyss blood samples and control samples are clearly separated
a the extreme left of the grgph. The discrimination problem was solved by using the
fird two discriminant functions (s, ). When the data of 4 unknown samples were
inserted into these two discriminant functions, the moded rdigbly predicted the type of

sample, i.e. correct classfication was possible.

S 2 (6%)

Control blood' Post-dialysis Pre-dialysis
blood 2 4 Treatment blood

S 1 (94%)

Figure 3.34: Discriminant function andyss of 15 volunteers (control blood) and
14 heemodialyss patients. The uraemic blood samples were teken a the beginning,
then every hour and a the end of asingle didyss session.
Key: Pre-didyss blood (circles), 1 hour after the dtart of the trestment (circles with
green background), 2 hour after the start of the treatment (triangles with grey back
ground), 3 hour &fter the dat of the treatment (diamonds), Post-didysis blood

(triangles), Control blood (squares), Cross-vaidated samples (open symbals).
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Analysis of the dialysate--side shift

Didysate samples (15 ml) were collected directly from the post didyser circuit of
14 haemodidyss patients (same patients as for blood-sde). An diquot of 2 ml of
didysate was used and incubated a 37 °C for 45 minutes The larger volume was
chosen due to the dilution effect of didysate and didyss fluid itsdf is avaladle in

unlimited amounts.

The result of the principd component andyss of didysae taken a different time
points is shown in Figure 3.35. As with blood sample andyss esch sample type
(corresponding to the time point of sampling) formed a separate clugter, and the firgt
two principal components account for 88 % of the origind variance. The inter-cluster
vaiability of the didysae samples however gppears larger than that of the blood

samples (Figure 3.33 vs. Figure 3.35).

Agan a dassfication modd was built usng discriminant function andyds, usng
60 samples of didysate from patients and 13 samples of control didysate. Different
clusers were formed for the different sample types, and the model was vaidated by
cross-vdidation. Unknown didysate samples of 2 patients and 2 controls were
andysed and correctly identified usng the firg two discriminant functions (s, <)

(Figure 3.36).
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Figure 3.35: Principad component andyss of clean didysate and didysate of 14
haemodidyss patients. The didysate samples were taken a the beginning, then every
hour and & the end of asingle didyss sesson.

Key: Stat didysae (circles), 1 hour after the start of the treatment (circles with green
background), 2 hour after the start of the trestment (triangles with grey background), 3
hour &fter the dart of the treatment (diamonds), end-didysae (triangles), clean

didysate (squares).
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Figure 3.36: Discriminant function andyss of dean didysae and dialysate of 14
haemodidyss patients. The didysate samples were taken a the beginning, then every
hour and at the end of asingle didysis sesson.

Key: Start didysate (circles), 1 hour after the start of the trestment (circles with green
background), 2 hour after the start of the trestment (triangles with grey background), 3
hour &fter the dat of the tretment (diamonds), end-didysate (triangles), clean

didysate (squares).

Long-term Performance (stability)

One of the main drawbacks of eectronic nose technology is its lack of long-term
reproducibility. This experiment was desgned to study the performance of the gas
sensor array to blood samples taken over a period of three weeks (9 consecutive

didyss sessons). 11 HD patients were sdected and followed for nine consecutive
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diayss sessons. The blood samples were obtained before and after the treatment of

each sngle sesson.

The result of this long-term experiment is shown in Figure 3.37. As can be seen,
control blood is on the left hand side of the graph, post-didyds is in the middle and
pre-didysis blood is located on the right hand sde. No clear discrimination could be
obtained as indicated by the overlgpping circles (added by author) in Figure 3.37. The
firg principd components account for 87 % of the variance of the origind data
matrix. The introduction of a third principa component (see Figure D.1, Appendix D)
did not contan any dggnificant information dlowing a dear disrimingtion of the

different sample types.

PC 2 (12%)
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Figure 3.37: Principd component anayss of control blood (45 volunteers,
squares), post — didyss (99 samples, triangles) and pre-didyss blood (99 samples,
circles). The blood samples of 11 HD patients were taken at nine consecutive dialyss

SesI0Ns.
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Basad on the principd component anadyss a classfication modd was build usng

DFA and artificid neurd network.

The result of the DFA is shown in Figure 3.38 using 40 control samples and 174
uraemic blood samples (87 samples each). As can be seen, it was impossible to obtain
clearly separated clusters (overlgpping circles, Figure 3.38). The moded was vdidated
by cross-vdidation. The data features of the withheld samples (5 control samples, 18
uraemic samples) were inserted into the firs two discriminant functions (S5, Sp). The
cross-vaidation reveded tha it was impossble to predict the nature of eight unknown
samples. One control samples was mistekenly classfied as a post-didyss sample
Among the wrongly dassfied uraemic samples were four post-didyss samples and
three pre-didyss samples. Two post-didyss samples were wrongly identified as
control samples and the other two samples were thought to be pre-diayss samples.
All three pre-didyds samples were migekenly classfied as pod-didyss samples

(Figure 3.38).

Based on the cross-vdidation, the vaidity of the DFA modd was questioned and
a more sophisticated classfication model was used. The atificid neurd network was
traned usng 60 % of the origind data st (27 control samples, 58 pogst-didyss
samples, and 58 pre-didyss samples), sdected a random. The remaning 40 % (18
control samples, 38 post-didyss samples, and 38 pre-diayss samples) of the data set

was used to vaidate the neurd network (test data).
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The andysis of the test data revealed that the ANN was able to correctly predict
dl control samples, dl pre-didyss samples and 35 (out of 38) pod-didyss samples.
One of the three misclassfied post-didyss samples was identified as a control
sample, and two samples were classfied as pre-didyss samples. The result of the

ANN vdidation is summarised in Table 3.4.
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Figure 3.38: Discriminant function andyss of control blood (45 volunteers,
squares), post — didyss (99 samples, triangles) and pre-didyss blood (99 samples,
circles). The uraemic blood samples of 11 HD patients were taken a nine consecutive
didyss sessons. Cross-vdidation: open symbols (5 control samples, 18 uraemic

samples).
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Table 3.4: Vdlidation results of the neura network.
To Control To Post ToPre Total
From Control | 18 (19.0%) O 0 18  (19.0%)
From Post 1 (1.0%) 35 (375%) 2 (2.0%) | 38 (40.5%)
From Pre 0 0 38 (40.5%) | 38 (40.5%)
Total 19 (20.0%) 35 (375%) 40 (425%) | 94 (100 %)

3.3.4 COMPARISON OF TRADITIONAL BIOCHEMICAL M ARKERSWITH ELECTRONIC

NOSeE DATA

This study was designed to compare traditiona biochemicd markers with

electronic nose data. A biochemica blood profile was obtained from 28 HD patients

and 15 hedthy volunteers. A randomly sdlected subset (8 controls, 11 HD patients)

was used to peaform the dectronic nose andysds (voldile profile). Findly, any

corrdation between voldtile profile (shift between pre- and post-didyss samples) and

urea reduction ratio (URR). The URR was chosen because it is one most frequently

used parameter for assessing the haemodiaysis adequacy.
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Biochemical Analysis
Five biochemicd parameters (urea, cregtinine, carbon dioxide, phosphate, and
cadcium phosphate product) were sdected for this andyss and are summarised in

Table 3.5.

Table 3.5: Summary of results of biochemicd andyss showing minima (min)
and maximum (max) concentration as wel as the mean concentration of control

blood, post- and pre-didyss blood.

Post —dialysis Pre—dialysis

Control plood Blood Blood

N=28 N=28

Urea Min 361 30 96
ol L. Max 737 166 36.1
[m ] Mean 487 7.45 214
Creatinine Min 63.7 183 402
— Max 1002 659 1194
Mean 772 3665 7885

CO, Min 2312 26.0 20.00
mmal LY Max 3033 350 31.00
Mean 25.76 298 2539

Ph hate Min 107 0.52 0.79
[morr;ﬁ L] Max 1.30 1.65 278
Mean 116 094 164

CaZ* x PO2 | Min 256 126 190
mmol L'fi Max 350 431 6.67
Mean 290 237 417

As expected, smal uraemic toxins such as urea and credtinine were effectively
removed during haemodidyss. However, the post-didyss concentrations of these
molecules were higher than compared to hedthy subjects. These results are well

known, but it is dmost impossble to present this multivariate deta st in a reasonable
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way (two- or three-dimendonad space) in ther raw form. Therefore, the origind
matrix was reduced in dimensondity usng PCA. The results of the PCA ae shown
in Figure 3.39.

Figure 3.39(a) demonstrates that it was possble to discriminate between post- and
pre-diayss blood (dashed line) by usng the fird two PCs (axis 1 and 2), which
account for 83 % of the variance of the origind data matrix. However, it was
impossible to separate control blood from post-didyss blood, but according to Table
3.5, there is a notable difference. After introducing a third PC (verticd axis 3, Figure
3.39b), which accounts for 14 % of variance, it was possble to digtinguish between

control blood and post-didyss blood.

The HCA reveded smilar results to the PCA, as shown in Figure 3.40. From the
origind 28-diadyss paients used in this andyss, only in 3 cases (patient: 9, 15, and
24) was it not possible to distinguish between post- and pre-diadyss blood. This is due
to smdl difference between pre — and post-didyss blood, i.e. there is just a dight
decrease of the concentrations of the five biochemica parameters during didyss

treatment (Table D.1, Appendix D).
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Figure 3.39: Principd component andyss of Control blood (11 samples,

sguares), Post-didyss blood (28 samples, triangles) and Pre-didysis blood (28

samples, circles) based on five biochemica parameters. (A) The first two principa

components alow the discrimination between pre-diayss blood and a mixed cluser

contaning pog-didyss blood samples and control blood samples. (B) The

introduction of a third principad component dlows the discrimination between post-

diadysis blood and control blood.
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Figure 3.40: Cluger andyss of control blood (squares), post-didyss blood
(triangles) and pre-didyss blood (circles) based on five biochemicd parameters

(p=0.05)
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Analysis of volatile compoundsin blood using an electronic nose

As can be seen in Figure 341, a good separation between control blood, pre- and

post-didyss blood was obtained (dashed lines). The firg two principd components

(PC) account for 94 % of the variance in the origina data matrix. The third PC

accounts for just 2 % of the variance, and therefore made no dgnificant contribution

to the discrimination of the samples.
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Figure 3.41: Principa component andysis of Control blood (8 samples, squares),

post-diayss blood (11 samples, triangles) and pre-didyss blood (11 samples, circles)

after 45 min incubation a 37 °C. Post- and pre-didyss blood samples with the same

number belong to the same patient.
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Smilar results were obtained when usng HCA, as shown in Figure 342. In one
case (patient 9), no difference between pre- and post-diadyss blood was observable. It
can be seen that the odour of the post-didyss sample of patient 1 (PoD1) resembled
the odour of control blood, and the odour of the pre-didyss sample (PD1) was smilar

to post-diayss blood.
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Figure 3.42: Clugter Andysis of Control blood (11 samples, squares), Post- (28
samples, triangles) and Pre-didyss (28 samples, circles) blood &fter 45 min
incubation a 37 °C. The post- and pre-didyss samples with the sime number belong

to the same patient (p=0.05).
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Correlation between volatile profile and urea removal

This experiment was amed to examine the reationship between the urea removd
(expressed as the difference between pre- and post-didyss concentration) and the
volatle shift occurring during a haemodidyss sesson. In mathematicad terms, the
voldile shift was expressed as the Euclidean distance between the firgt two principa
components of the pre- and post-didysis sample of the same patient (see equation
1.7). Blood samples were obtained from 48 HD patients a two different trestment
sessons. From al samples, the pree and podt-didyss urea concentration was
determined by the Depatment of Chemicd Pathology a Gloucestershire Royd
Hospitd (Gloucester, UK). The result of this experiment is shown in Figure 343. As
can be seen, the urea remova is independent of the distance between the samples. In

other words, no correlation between urea remova and volatile shift is observable (R

=0.73).
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Figure 3.43:. Corrdation between Euclidean disance and urea removd. The
Euclidean distance was cadculated from the first two principd components of the pre-

and post-diayss samples.
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3.8 SPECIFIC DISCUSSION

The uraemic syndrome is aitributed to the retention of a number of different
molecules, collectivdy termed uraemic toxins. However, the toxicity of the syndrome
has not been attributed to any single compound; it is mogst likely to be due to a
gpectrum of compounds, and indeed the list of potentid candidetes is complex and
growing, and now numbers over 90 (Bergstrém, 1997). The categorisation of these
retaned compounds in rend falure has been lagey defined by ther molecular
weight, and degree of proten binding. They comprise @ smdl water-soluble
compounds, MW < 500Da, b) protein bound solutes, and ¢) ‘middle molecules MW
>500Da. Which compounds exet a toxic effect within the body, and which
accumulate innocently, is currently not known with certainty (Vanholder et al, 2003).

Rend replacement thergpy is inevitable for end-sage rend falure (ESRF)
patients. The concept of diadyss dose (or adequacy) was introduced around 20 years
ago (Canaud et al, 2000). Since the early days, urea was and ill is employed as a
surogate marker for retained solutes and toxins and to modd the quantity of
trestment upon its remova from the body. However, there is dill a controversy among
nephrologists, whether urea is a suitable surrogate marker molecule or not. Urea is, on
one hand, a smdl molecule with a molecular weight of 60 Da and thus its remova
from the blood sream might not reflect the behaviour of other solutes especidly
larger molecules or protein bound molecules. On the other hand, urea, as such is
gengdly not a particulaly toxic compound, and designing trestment Srategies using
more biologicaly rdevant compounds would be more appropriate, however defining

these compounds is problematic and cumbersome (Vanholder et al, 1994).
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An dternative gpproach would be to gan information about a wide spectrum of
compounds that accumulate in rend falure, and apply the knowledge of changes in
the pattern of these compounds to devise and monitor trestment Srategies. In this

study we employed an eectronic nose to provide such information.

3.8.1 OPTIMISATION OF SAMPLING PARAMETER

The am was to find the optima conditions under which a separation between pre-
and podst-didyss samples is possble with a reasonable amount of blood. As
illusrated in Fgure 32, the initial phase of this research project involved the
optimisation of volatile generation (sampling parameters). In other words, it was
attempted to release enough volatiles naturdly present in uraemic blood only by
dtering the incubation parameters (temperature, time and volume). This direct release
of volatiles from samples was utilised in the past for a broad range of applicaions.
For ingtance, Guadarrama et al (2001) applied it to identify and classfy virgin olive
ol from different regions. In contras, for many gas chromatographic (GC)
gpplications pre-column derivatisation is necessary to convert nonrvolatile substances
into volaile derivates. Among the many non-volatile substances andysed by GC are
amino acids, deoids or sugars, which are dther methylated, acetylated or
trimethylslyliated to become volatile (Pauschmann, 1990). Chandiok et al (1997)
treated the human vagind tissue with 10% KOH to redease amine compounds which
were subsequently detected by an AromaScan dectronic nose (today known as

Osmetech).
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I ncubation Temperature

Only a dight improvement in separation of clusters was observed by incressing
the static incubation temperature (20 °C =» 70 °C). An incubation temperature of 37
°C was chosen due to two main factors. Firstly, the natura body temperature is 37 °C
and therefore the HD circuit is operated a this temperaiure, and secondly a
temperature of 70 °C caused a denaturation of the plasma proteins. Both facts mean a
amplification of the desgn of an eventud online device. On ore hand, an incubation
temperature equa to the operating temperature means that no additiond heating or
cooling eement is required. On the other hand, a denaturation of plasma proteins
leads to a “fouling” of the flow cel containing the sensor aray, which might lead to
serious  consequences such as  cross-infection due to impefect cdeaning and
derilisation process of the on-line device.

RousH et al (1999) reported that the headspace temperature highly influences the
repeatability of the measurements, whereby lower temperature (35 °C) yield better
results compared to high temperature (> 65 °C). They dso found that higher
incubetion temperatures result in a higher concentrated headspace without
ggnificantly improving the outcome (discrimingtion). Gilbert et al (1997) were able
to diginguish 12 pure volaile solvents such as butanol and pentanone using a
Bloodhound dectronic nose after incubation of the samples a 25 °C. Gonzadez-
Martin et al (2001) used an incubation temperature of 35 °C to characterise vegetable
oils. This group found tha this temperaure is sufficient to release enough information
from the samples dlowing discrimination between the different types of oil usng Sx
metd oxide sensors. In contrast, Guadarrama et al (2002) applied a sdf-made gas

sensor array to anayse different plagtic films used in the car indugtry. They were able
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to discriminate between different “plastic odours’ after a reaively short incubation
period of 9 minutes at a high temperature of 80 °C.

For the detection of microorganisms, the incubetion temperature is vitd sSnce
each microorganisn has an optima temperature for growth during which voldile
compounds are generated and accumulated in the headspace (Schleger, 1992). Magan
et al (2001) used an incubation temperature of 30 °C to discriminate between the
bacterium Saphylococcus aureus and the yeast Kluyveromyces lactis in skimmed
milk samples. Pavliou et al (2000) were able to digtinguish between different Proteus
mirabilis, Enterococcus faecalis, Escherichia coli and Heliobacter pylori after an

incubation period of approximately 5 hoursat 37 °C.

I ncubation time

In this specific gpplication, the equilibrium between liquid and gaseous phase was
resched after 30 minutes and therefore, an increase of the incubation time from 30 to
90 minutes did not result in a better separation of the individua clusters. The generd
rule gates that the time to reach equilibrium between liquid and gas phase in a given
sample vid depends on the ratio between liquid and gas volumes. The higher the
liquid volume is the longer the time to reach the equilibrium (Pauschmann, 1990).
Gardner and Bartlett (1999) suggest that a longer incubation period should lead to a
more homogenous headspace and thus postively influences the sensor response and
hence the reproducibility. The incubation times reported in the literaiure are ranging
from a few minutes to severd hours depending on the samples. Guadarrama et al
(2002) for indance, were able to discriminate different plagic films after an

incubation time of only nine minutes. GonzdezMartin et al (2001) choose a volétile
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generation time of 7 minutes, which was aufficient to discriminate between different
vegetable oils. In contradt, the incubation times are much longer for microbid samples
to dlow the microorganisms to develop a unique volatile “sgnature’.  Canhoto and
Magan (2003) found that it was impossble to digtinguish between control samples
and Pseudomonas aeruginosa a a concentration of 10° CFU ml™ after an incubation
period of 24 hours, however, they were able to distinguish between the same samples
after 48 hours of incubation. In a different report Magan et al (2001) showed that it
was possble to discriminate Saphylococcus aureus and Kluyveromyces lactis
suspensions  incubated for two and five hours, respectivdy from each other
independent of the incubation time. However, both microbid suspensons (S. aureus
and K. lactis) “andled” differently when the incubation time was increased from two
to five hours indicating that increesng the incubation period leads to a different
headspace.

Neverthdess, an incubation period of 45 min was chosen for the andyss of
blood/didysate samples to ensure equilibrium between liquid phase and headspace as

well as awdl-mixed headspace.

Sample Volume

The reaults of these experiments showed that the sample volume did not influence
the outcome. This is not a surprise snce the only difference between the samples is
the concentration of volatiles in the headspace. The applied conducting polymers are
able to detect molecules in the ppm range (Gardner and Bartlett, 1999; Frank et al,
2000). Stetter et al (2000) were investigating the detection thresholds of eectronic

noses for a range of pure volaile organic compounds (VOCs). For instance, they
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found the threshold of ethyl acetate to be between 5 — 25 ppm, for diacetyl between 50
— 100 x 10 ppm and for butyric acid less than 1 ppm using 13 metd oxide sensors
(Fox 3000, Alpha MQOS). Therefore, the chosen sample volume of 0.5 ml should
generate enough volatiles to cause a notable sensor response and hence, dlow
discrimination between the samples. Doleman and Lewis (2001) performed smilar
experiments to Stetter but using conducting polymers. They found that the detection

thresholds for VOCs such as pentanol, butanol, heptane and hexane are less than 10

ppm.

Blood Dilution

Blood is the limiting factor in this sudy, therefore reducing the required amount
of blood is a mgor am. It was possble to discriminate between the different
concentrated blood samples up to a dilution of 1:4. It was imposshble to distinguish
between a 09 % sdine solution and 1:10 diluted blood samples. The gpplied
conducting polymers are sendgtive enough to be able to distinguish between pre- and
post-dialysis blood at a dilution of 1:4. In other words, the headspace concentration at
this particular dilution (1:4) was high enough to generate a notable sensor response.

Frank et al (2000) reported, that the higher the headspace concentration is the
gndler is the deviation of data points within a clugter. This statement is based on the
andyss of organic solvents such as toluene, octane, and propanol in concentrations
between 1 and 100 ppm. The minimum concentration a which a clear discrimination
was gill possble was 10 ppm. Our findings presented in this report are in agreement
with the findings of Frank et al (2000). As shown in Figure 3.21, undiluted blood

samples were narrower clustered than the diluted blood samples with the highest
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diluion showing the highest intraasample varidbility. Therefore, a 1.4 dilution was
considered as a good compromise to reduce the blood consumption, as it was possble
to discriminate between control blood and a blank sodium chloride solution. The
andyds of 1.4 diluted pre- and post-didyss blood samples reveded that sufficient
information could be extracted from the samples to disinguished between them

(Figures 3.23 and 3.25).

3.8.2 VALIDATION AND EVALUATION OF ELECTRONIC NOSE

The vdiddaion and evaduation of the electronic nose involved the andyss of
“uraemic” blood samples under optimised conditions as wdl as the study of the

reproducibility of the sensor array.

Reproducibility of sensor response

As shown in Figure 3.27, the individud sensors showed a smdl variation between
different days except sensors 11 and 14, which showed a dgnificant difference. In
generd, dectronic nose sensors are characterised by a high sensor drift (Gardner and
Bartlett, 1999). Sensor 11 had with about 60 % the biggest variation. Sensor drift is
generdly caused by environmentd factors such as humidity or temperature or through
contaminations (Gardner and Bartlett, 1999; Pesaud and Travers, 1997).
Environmental factors can probably be excluded as a reason for the observed sensor
drift due to the ar-conditioning of the laboratory. Contamination drift in conducting
polymers is primarily caused by strong acids (Gardner and Bartlett, 1999). Our

findings are in agreement with Gibson et al (1997), who also used a Bloodhound
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BH114 ingrument. This group andysed different bacterid specimens and discovered
the exigence of consgtent patterns, characteristic for each microbia species without
the presence of a dignificant sensor drift. Vanneste (1997) observed that conducting
polymers were sendtive to water vapour. In addition, they reported a dow, but
ggnificant increese of the sensors resgtance with time (drift) generated by a dow
dedoping of the sensor materid. Although no dgnificant drift was observed in this
work, al sensors showed small differences from day to day (5 — 15 %), even though
extreme care was taken to reproduce al experimental conditions completely.
Nevertheless, sensor 11 and 14 were not conddered in further experiments due to

thar high varicbility (Figure 3.27).

Analysis of control blood and “ uraemic blood” under optimised conditions

The reaults of our dudies show that by EN andyss blood samples of
haemodidyss patients can be rdiably diginguished from those of normd control
subjects (Figures 3.28). A dight overlap between pre- and post-didyss samples was
observed when different didyss sessons were consdered, as illugrated in Figure
3.38. The reasons for this overlap are not entirely clear. It could be caused by day-to-
day vaiation of the sensors (drift), which is, however, not very likedy (compare
Figure 3.27). There is a huge variability within individud patients (Table 3.5), which
might influence the data analyss. In contragt, the day-today variation within a patient
is mnima (dable HD pdtients). Neverthdess, it was dill possble to disinguish
between the mgority of pre- and post-didyss samples (Table 34) when a more
sophigticated data analyss method was applied. Artificid neura networks are able to

cope with nortlinear relaionships between samples. During the dialyss procedure
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there is a ghift in the profile towards that of the control sample profile, and the smilar
phenomenon is detectable in didysate samples (Figures 3.33, 3.34, 3.35, and 3.36).
The conducting polymers used in the EN are very sendtive (0.1 - 5 ppm) and there is
a linear reatonship between sensor response and concentration (Schiffman et al,
1997). Through our data pre-processng (normalisation), the concentration impact on
the sensor response was only removed within a paticular sample group but not
between different groups (time points). This was necessry due to the varidbility
between individud patients. Consequently, each sample is described by numerous
volatiles present at the time rather than a single highly concentrated compound. The
dteration in the blood profiles in the direction of the control suggests that the changes
measured are due to substances being removed from the blood during didysis. The
didysae profile differs most from cortrol didysae a the dat of didyss, and the
profile changes towards the control sample with time, which corresponds to a higher
diadysate concentration of reacting compounds & the dtart of diayss compared to the
end. This would correspond to the higher remova of substances from the blood at the
dat of didyds, and lower concentrations towards the end. This approach would

accommodeate the current thoughts about the dialysis procedure.

Like the human olfactory system, the EN responds to volatile compounds. The
volatility of molecules is influenced by many paameters incduding concentration,
equilibration temperature, equilibration time, and viscodty of the sample (Seto, 1994).
Volatile substances are generdly characterised by a smdl molecular weight (MW <
500 Da) and their polarity (Gardner and Bartlett, 1999). At this level of the research

project, it is unknown which molecules in the blood/didysate samples are responsble
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for the sensor response. Chronic rend failure is characterised by the accumulaion of
waste products and excessive body fluids. These metabolic waste products as well as
body fluids are normaly excreted in urine. Therefore, “uraemic” blood contains
numerous compounds, some of them are volaile others are not. In the past, many
groups tried to identify “uraemic’ molecules, which are generdly divided into three
groups smdl, middie and large molecules (Levy et al, 2001). Volatile compounds are
generdly smal and polar (Gardner and Bartlett, 1999). In the past, severa research
groups identified these molecules usng manly gas chromatography and ges
chromatography — mass spectroscopy. The range of molecules retained in uraemia is
broad including free organic acids, phenolic compounds, diphatic amines, acohols,
aldehydes, ketones and guanidines (Liebich and Wodl, 1977; Niwa et al, 1981; Baba
et al, 1984; Liebich et al, 1984). All of them are present in elevated concentrations in
CRF patients. Bowen et al (1975) investigated benzyl acohol present in blood of CRF
patients. They found eevated vaues of benzyl dcohol in didyss paients before the
sesson and lower levels after the treatment. Benzyl dcohol was not found in norma
controls. Baba et al (1984) andysed serum diphatic amines usng HPLC. They found
a gx-fold increese of methylamine and dimethylamine in uraemic serum compared to
norma control subjects. The degree of remova of these compounds is smaler than
for urea and credtinine and is approximately 55% (Baba et al, 1984; Lichtenberger et
al, 1993). The same group found smilar concentration of the voldaile ethanolamine in
pre-didyss serum and control serum, but a two-fold increased leve in pogt-didyss
samples (Baba et al, 1984). Other invedigators found volailes such as
methylmercaptan (Dowty et al, 1975), acetone, 2-butanone, chloroform, benzene,

toluene, pyridine, dipropylketone, cycloheaxanone, and 4-heptanone in uraemic blood
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(Liebich and Wodl, 1977). All these substances are characterised by a relatively smal
molecular weight (MW < 500) and are retained in CRF patients. However, due to
their low molecular weight they are mogt likely to be effectivdly removed during a
haemodialyss session, leading to a decreased concentration in post-didyss samples.

In addition to subgtances being removed from the blood by didyss which will
gopear in the didysate, compounds are dso generated during diayss procedure due
to increased oxidative stress (Tetta et al, 1999; Erdogan et al, 2002). The increased
oxidative dress in HD patients is caused by the bioincompaibility of the
haemodiadlyss membrane and the imbadance between oxidant production and anti-
oxidant activity. It is reported, that haemodidyss membranes can induce the
production of free radicd, in particular oxygen radicas as a result of neutrophil or
monocytes activation (Cebdlos-Piot et al, 1996; Nourooz-Zadeh, 1999; Hegebrant
and Hultkvig-Bengtsson, 1999; Srinivesa et al, 2001). Reactive free radicals can
induce lipid peroxidation, a chain reaction in which one radicd can cause the
oxidation of a compadively large number of substrate molecules (polyunsaturated
fatty acids) (Abuja and Albertini, 2001). The end products of lipid peroxidation are
adehydes (madonadehyde, propand), ketones (acetone) and smal carbohydrates
(ethane, pentane) (Hageman et al, 1992; Capodicasa et al, 1999). One example of this
is the volatile compound isoprene, which has been detected in the breath of didyss
patients following didyss (Lirk et al, 2003). Isoprene is a highly lipophilic compound
that is didyssd minimdly, and it is unlikdy that it is regpongble for any of the
changes that we have seen in the profile of the didysate. But, as we are observing
changes in the patern of sensor response, we cannot exclude the possbility that

compounds may appear and disappear during didyss, and contribute to the pattern of
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reponse that we see in the blood samples. In addition, the currently used marker
substances urea and cregtinine are not contributing to the sensor response as
illugrated in Figures 3.30 and 3.31. There was no observable difference between
unspiked and spiked samples leading to the concluson that urea and creatinine are not

volatile under the conditions used in this work.

3.8.3 ELECTRONIC NOSE VS TRADITIONAL BIOCHEMICAL M ARKERS

This experiment has shown that by application of multivariate methods combined
with traditional biochemistry (Figures 3.39 and Figure 3.40) and modern dectronic
nose technology (Figure 341 and 3.42), respectively, it was possble to discriminate
“uraemic’ blood from control blood. However, more important is the posshility to
diginguish between pre- and post-didyss blood. It has to be mentioned, that PCA as
well as HCA ae exploratory data andysis techniques, whose main god is to visuaise
the origind data matrix, i.e. they are not classfication methods. The application of
these methods to traditiona biochemica data (Figures 3.39 and 3.40), demonstrated

the efficacy of these tools, even when the outcome was not “blinded”.

As mentioned previoudy, urea is currently the most frequently applied surrogate
marker for assessng the haemodiadyss adequacy, whereas creatinine can aso be used
to assess the nutritiond status of HD patients. It is wdl known that the prescribed
didyss dose differs from the actudly ddivered didyss dose (Manzoni et al, 1996;
Keshaviah, 2002). Therefore, it is necessary to quantify the ddivered didyss dose
because the adequacy of the dose has a profound effect on patient morbidity and

mortdity (Manzoni et al, 1996; Shak, 1999). For the quantification of the didyss
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dose two parameters are most commonly used, namely the urea reduction ratio (URR)
and the normdised dose of didyss (Kt/VV) (Lowrie, 2000; Lindsay and Sternby,
2001). Both parameters are based on urea. The URR is caculated from the pre-
didyss and post-didyss blood urea nitrogen vaue, wheress the Kt/V vaue is derived
from urea kinetic moddling (Kemp et al, 2001; Levy et al, 2001). In the past severd
sudies showed that an increased KtV index leads to a reduced morbidity and
mortaity risk in HD paients. Held et al (1996) andysed 7,096 patients and saw an
average 7 % decrease in mortality for every increase in Kt/V of 0.1 up to a vaue of
1.3. Similar results were reported by Parker et al (1994) who found a lower mortdity
when the Kt/V index was incressed from 1.2 to 1.4. However, there is a controversa
discusson about whether these parameters are appropriate or not (Lowrie, 2000;
Vanholder et al, 2002). It has been shown that overasmplification of the “didyss
dosg’ to the Kt/V index might lead to dramatic underdialyss (Canaud et al, 2000). Le
Febvre et al (1991) showed that the Kt/V value ddivered was less than the prescribed
vaue by aound 5 % in approximately 60 % of didyss treatment. In addition, the
Kt/V vdue asseses only the remova of smdl water-soluble compounds from the
body (Vanholder et al, 2002). Hence, the molecular sze of urea means tha
convective and/or diffusve transport of larger molecules is unlikey to be described
by urea kinetics (Vanholder et al, 2002; Lowrie, 2000). Both values (Kt/V and URR)
assume a didyss frequency of three times per week. However, recently published
data suggest that 5 % of dl American paients skip a didyss sesson in any month
(De Pdma and Pittard, 2001). Other pitfdls in usng the URR or KtV vaue come
from the incorrect post-didyss blood sampling such as urea-rebound effect, sample

dilution with didyss fluid or blood recirculation. (De Pdma and PFittard, 2001).
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However, caeful post-didyss blood sampling minimises the influence of these

problems (Levy et al, 2001).

In contrast, the dectronic nose detects numerous compounds sSmultaneoudy.
Among the possble candidates (see previous section) are the voldailes p-cresol,
phenols, reective carbonyl compounds and benzyldcohol that have dso been found
and implicated as uraemic toxins, and potentidly these compounds are being detected
by the EN. As illustrated in Figure 3.43 the dectronic nose pattern (or sgnature) does
not reflect the traditiona way of assessing the trestment adequacy. In other words, no
correlation between volatle shift (as shown for ingtance in Figures 3.28 or 3.33) and
urea reduction ratio could be established. On one hand, urea itsdlf does not contribute
to the sensor response (Figures 3.30 and 3.31). On the other, it was possible to follow
the volatile shift occurring during a sngle HD sesson as illustrated in Figures 3.33
and 3.35. Although not andysed by GC-MS, the EN pattern of response is likely to be
to many compounds rather than one, and importantly the toxicity of uraemia smilarly
will be to many compounds rather than just one. Currently definition of the response
in terms of identifying the compounds has not been peformed, and this of course
could produce a much more detailed picture. However, an equaly vaid approach is to
define the profile of blood or didysae, which is associated with better clinica
outcomes. This gpproach has the advantage that it produces a pattern of information
about the concentrations of compounds, but aso information regarding concentrations
relaive to other detected compounds. The measurement of one potentia toxin without

regards for other compounds, or their potentid interactions in the uraemic milieu, may
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produce a fdse impresson and the overdl pattern or baance between substances may

be more important.

In the past only a few gpplications have been described in the literature where
electronic noses have been used for rena diseases. Among these is the work of Lin et
al (2001), who applied an dectronic nose for the diagnoss of uraemia This group
found marker substances in the breath of chronic rend falure patients such as di- and
trimethylamine, which dlowed the differentistion between hedthy controls and
uraemic patients. They concluded that the eectronic nose is a potentia tool for
diagnogs of uraemia, however, they did not utilise these finding to develop an on-line
monitoring system based on breath andyss. Di Natale et al (1999) were able to detect
traces of blood in urine. However, they could not give an explanation which volatiles
ae responsble for the sensor response. Interestingly, they found a quditative
correlaion between the firgt principa component and the amount of blood present in

urine.

The presented method is not fully optimised yet. The eectronic nose, however,
was rdiably able to digtinguish blood samples of HD patients from those of normd
control subjects. During the didyss procedure a profile shift towards the control
profile was observed. A smilar phenomenon is detectable in didysate samples. The
sensors showed good reproducibility apart from sensor 11 and 14. It offers the
possihility to monitor potentid uraemic toxins as an automated, on-line sysem and

hence improve the quaity/efficacy of haemodialyss.
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4.1INTRODUCTION

In 1993, the World Hedth Organisation (WHO) declared tuberculoss (TB) a
global emergency. It is estimated that over 1/3" of the world's population is infected
with Mycobacterium tuberculosis. An estimated 8 — 9 million new cases occur esch
year with over 2 million deeths (Dolin et al, 1994; Frieden et al, 2003). The mgority
of cases occur in sub-Saharan Africa, South and Southeast ASa, Latin America and
the Caribbean (Raviglione et al, 1992, Raviglione et al, 1995; Shafer and Edlin,
1996). The recent increase in the globd TB burden is rdated to the continuous
increese in HIV infections (Frieden et al, 2003). The early diagnoss of TB followed
by appropriate trestment can dramaticaly reduce the mortdity. Currently, TB is
diagnosed by chest X-ray, daning of mycobecteria in sputum (Ziehl-Neelsen), and
culture. These methods are not satisfactory. Chest X-ray is not gpecific enough. A
suspected chest X-ray can be caused by other lung diseases and previous TB.
Microscopy can  detect mycobacteria in soutum  but  species identification is
impossble and it lacks sengtivity (Perkins 2000). Culture and identification of the
isolated mycobacteria is the gold standard. However, this can take up to 4 — 8 weeks
to get a find result (Perkins, 2000). Nevertheless, the WHO and the Internationa
Union againg Tuberculoss and Lung Dissase (IUTALD) recommend the Ziehl-
Nedlsen daning for new case findings (Perkins, 2000; Frieden et al, 2003). The
daning of a sutum smear sample (followed by microscopic examination is an
inexpensve method and is very specific in high prevdence environments The
shortcomings of ZN microscopy such as its low sengtivity, especidly in HIV postive
patients, the operator dependency and preparation time limit the qudity of this

diagnogtic tool in high burden countries (Perkins, 2000; Cleeff et al, 2003). In the
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past, new research was undetaken to devdop new diagnodic tests fulfilling the
requirements st by the WHO. These indude high senstivity and sdectivity,
inexpengveness, robustness and smplicity (WHO report, 1997). The main focus was
direct towards antibody/antigen detection assays or nudeic acd amplification
reactions (Frieden et al, 2003). Agang this background, we invesigated the
possibility of an dectronic nose as an early detection sysem for M. tuberculosis in

both culture and sputum samples.

4.2 SPECIFIC MATERIAL AND METHODS

4.2.1 BACTERIA | SOLATES, SPUTUM AND CLINICAL SPECIMENS

Bacteria isolates

All  Mycobacterium spp (Mycobacterium tuberculosis, RIVM myc 4514;
Mycobacterium avium, RIVM myc 3875; Mycobacterium scrofulaceum, RIVM myc
3442) were obtained from the Nationd Inditute of Public Hedth and the Environment
(RIVM) (Bilthoven, NL). Pseudomonas aeruginosa (AMC 23123) was isolated at the

Academic Medicd Centre (AMC, Amsterdam, NL).

Sputum samples

Sputum samples (1 ml) were collected from nonTB patients atending the chest
unit of the AMC. A sputum pool (N=25) was prepared by thoroughly mixing
individua sputum samples for 12 hours & 4 °C. The sputum pool was stored a - 70°C

until the analysis was performed.

Cranfield University at Silsoe Reinhard Fend 2004



Diagnosis of pulmonary tuberculosis 157

Clinical Specimens

337 sputum samples were obtained from paients attending The Yeta Didrict
Hospitd in Sesheke, Zambia (87), South Africa (200) (through the WHO Specimen
Bank) and the AMC. All patients were examined by ZN daining, liquid culture and
chest X-ray examinaion. Culture was used as the “gold standard” in this sudy for
tuberculoss. Furthermore, from dl patients the HIV datus and their smoking habits
were investigated (Table 4.1). Seven TB negative patients had confirmed pneumonia

The collected sputum samples were stored at - 70° C until the andysis was performed.

Table 4.1: Detals of dinicad samples showing the median age with interquartile

range, TB datus (culture), HIV datus and smoking habits. The tota number is given

in parenthess.
Median age TB+ (N) HIV and TB+  Smokersand TB +
(1%, 39 quartile) (Total HIV+) (Total smokers)
Mde 36 (29-47.5) | 126 (210) 63 (83) 55 (68)
Femde 36 (31— 46) 62 (120) 38 (60) 4 (4)
Total 36 (29 — 47) 188 (330) 101 (143) 59 (72)

4.2.2 SAMPLE PREPARATION

Preparation of culture samples
All bacteria isolates were cultured in Middlebrook 7H9 medium with OADC
enrichment. The bacteria were incubated at 37 °C until an optical dengty (420 nm) of

0.15 (» 1 x 108 bacteria mi™t) was reached. Subsequently, the liquid culture was cooled
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to 4 °C and adlowed to equilibrate for a least 20 minutes to minimise the loss of
volatiles during the trander into smdler headspace vids. 2 ml of the “cold’ culture
was transferred into a 5 ml headspace vid (Macherey and Nagd, UK) and
immediatdy seded with a glicon/teflon crimp cap (Jaytee Bioscience Ltd., UK). The
headspace was dlowed to equilibrate for 45 minutes at 37 °C.

Dead bacteria were obtained by hesating the M. tuberculosis suspenson for 30
minutes a 60 °C. No growth was obtained after inoculation of 10® bacteria mi™t in

Middlebrook 7H9 or Loewenstein-Jensen medium.

Preparation of spiked sputum samples

The sputum pool (N=25) was spiked with various numbers of different bacteria
isolates induding M. tuberculosis, M. avium and P. aeruginosa as well as a mixture
of M. tuberculosis and P. aeruginosa, which served as a mixed infection sample
(50:50). All bacteria were cultivated in Middlebrook 7H9 (+OADC). The sputum
samples were spiked as follows: 1 x 108 mycobacteria ml™, 1 x 10" mycobacteria mi™,
1 x 10° mycobacteria mi™ and 1 x 10* mycobacteria mi™. 1 ml of sputum and 1 ml of
the “cold and equilibrated” culture were transferred into a 5 ml headspace vid
(Macherey and Nagd, UK) and subsequently seded with a slicon/teflon crimp cap
(Jaytee Bioscience Ltd, UK). The headspace was alowed to equilibrate for 120
minutes a 37 °C. As control samples served unspiked sputum and control medium

(Middlebrook 7H9 + OADC).
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Clinical sputum samples

The frozen sputum samples were defrosted on ice to minimise the loss of voldiles.
An diquot of 05 ml of “wdl-mixed” sputum was trandferred into a derile 5 ml
headspace vid (Macherey and Nagel, UK) and mixed with 05 ml of a 1 M NaCl
solution (4 °C) and subsequently sedled with a crimp cap with Slicon/Teflon septum
(Jaytee Bioscience Ltd, UK).

Pogtive control samples (spiked sputum) were prepared by mixing 0.5 ml of the
sputum pool with 05 ml of a Mycobacterium tuberculosis suspension (2 x 10°
bacteria mi™). Negative control samples were prepared by mixing 05 ml of the
sputum pool with 0.5 ml of a1 M NaCl solution (4 °C). All samples were incubated at
37 °C for 330 minutes prior to the headspace analysis.

The protocol for clinicd sputum samples was dightly modified compared to
protocol for spiked sputum samples. This was necessary due to the smdl sample

volume (< 1ml) obtained from the WHO specimen bank.

4.2.3 HEADSPACE ANALYSIS

The incubated sample vials were connected to the dectronic nose by insarting a
needle into the headspace of the sample Gee chapter 2). The sampling profiles used in
this sudy are summarised in Table 4.2. The adsorption and desorption time was
increased for the anadyss of sputum samples compared to the profile used for liquid
culture samples. This was necessty due to the higher complexity, variability and

heterogeneity of sputum.
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Table 4.2: Sampling profiles used for the andyds of liquid culture and sputum

samples (Pavlou et al, 2004).

Samples
Liquid Sputum
Timedday (9 5 5
Adsorption time (9) 6 7
Desorptiontime () 14 21
Basdine length (9)
Hold time (9

4.2.4 DATA ANALYSS

The origind data sets were pre-processed by normaising the sensor response to
vector length one. Principd component andyds and discriminant function andysis
were used for liquid culture samples and spiked sputum samples. For the
determination of the detection limit, the sensor response was not normalised.

For dinicd specimens, principd component andyss and an atifica neurd
network (ANN) were applied. The ANN was trained usng 70 % of the origind
samples (Table 4.3). In this study, a backpropagation network with a sgmoid transfer
function was gpplied. The peformance of the ANN was evaluated usng the test et
(Table 4.4). The training and evauation of the artificiad neurd network was based on
the dinicd samples i.e. no “atificid” samples were involved (pos. and neg.
contrals). Due to the smdl sample Sze pneumonia cases in the origind sample s,

they were excluded from the ANN analysis.
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Table 4.3: Detalls of patients used to train the neurd network (training st).

Median age B+ (N) HIVand TB+ Smokersand TB +

(1%, 3" quartile) (Total HIV+) (Total smokers)
Mde 37 (29 — 48) 86 (126) 49 (64) 41 (51)
Femde | 36(29-47) 47 (70) 29 (43) 2(2)
Total | 36.5(29—-47.5) | 133(196) 78 (107) 43 (53)

Table 4.4: Details of patients used to vaidate the neura network (test st).

Median age TB+ (N) HIV and TB+ Smokersand TB +
(1%, 3" quartile) (Total HIV+) (Total smokers)
Mde | 345(32-50) | 40(8d) 14 (19) 1417
Femde | 36(33-42) | 15(50) 9(17) 2(2)
Total | 36(32—45) | 55 (134) 23 (36) 16 (19)
43 RESULTS

4.3.1 ANALYSISOF L1QUID CULTURE SAMPLES

Analysis of Mycobacterium spp. and Pseudomonas aeruginosa

The “andl” of three Mycobacterium spp. cultures (M tuberculosis, M. avium, M.
scrofulaceum) and one Pseudomonas aeruginosa culture were analysed and compared
to the “odour” of blank medium. The EN raw data were andysed by PCA followed by

DFA. The PCA plot (Figure 4.1) illugtrates that it is possble to distinguish between

the different bacteriaisolatesin vitro.
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Figure 4.1. Princpd component andyss showing the digtinguished clugters of

liquid cultures of M. tuberculosis (triangles, 12 samples), M. avium (crosses, 12

samples), M. scrofulaceum (diamonds, 12 samples) and P. aeruginosa (circles, 12

samples) and blank medium (squares, 12 samples).

The DFA modd was built on the firs four principa components. Figure 4.2
shows the reault of the DFA andyds. It was possble to distinguish between the
different bacteria dasses usng the firg two discriminant functions (S;, S;). The three
different Mycobacterium spp. were grouped closdy together, but il dlowing
discrimination (Figure 4.2). The DFA modd was vdidated by the andyds of 15
“unknown” samples. All unknown samples were correctly classfied as ether one of

the three Mycobacterium spp., P. aeruginosa or blank medium.
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Figure 4.2: Disximinant function anadyss of liquid cultures of M. tuberculosis
(triangles, 12 samples), M. avium (green squares, 12 samples), M. scrofulaceum
(diamonds, 12 samples) and P. aeruginosa (circles, 12 samples) and blank medium
(red squares, 12 samples). Cross-vdidation: 15 samples (three from each group) were
withheld from building the DFA modd but subsequently assgned correctly once the

model was built (open symbals).

Determination of the detection limit for M. tuberculosis

The detection limit of the dectronic nose for M. tuberculosis was determined in
culture. Six different concentrated M. tuberculosis suspensions (1 x 10° mycobacteria
m™t — 1 x 108 mycobacteria mi™t) were analysed and compared to blank medium. The

EN raw data were analysed by PCA followed by DFA.
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The result of the PCA andysis is shown in Figure 4.3. As can be seen, samples
with a concentration equa or higher than 1x10* mycobacteria mi™ can be
diginguished from blank medium. Samples with a concentration of 1x10°
mycobacteria ml™* formed one duster with blank medium. This indicates thet the
detection limit is 1 x 10* mycobacteria mi™ as indicated by the dashed line in Figure
43. It is dso observable that samples with the same concentration form a separate

cugter and that different dugters can be discriminated from each other.

PC 2 (10%)
o

PC 1 (80%)

Figure 4.3: PCA plot showing the diginguished clugters of liquid cultures of
different concentrated M. tuberculosis suspensions. The dashed line indicates the
detection limit.

Key: Blank medium (brown sguares), 1x10° mycobacteria mi™t (blue circle, green
background), 1x10* mycobacteria ml™ (red diamonds, orange background), 1x10°
mycobacteria mli™ (blue triangles), 1x10° mycobacteria mi™! (orange diamonds), 1x10’

mycobacteriaml™ (light blue squares), 1x108 mycobacteriaml™ (purple circles)
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Based on PCA andyds, a classfication modd was built. The result of the DFA
andysis is shown in Figure 4.4. The DFA modd was vdidated by the andyss of 12
“unknown” samples. Two out of 12 unknown samples were incorrectly classfied as
blank medium (Figure 4.4). Both incorrectly classfied samples belonged to the group
containing 1 x 10° mycobacteria ml . All other unknown samples were correctly
identified. Therefore the detection limit was determined to be as low as 1 x 10°

mycobacteriaml™* (Figure 4.4).

Wrongly
classified

S2 (3%)

S1 (95%)

Figure 4.4: Discriminant function andyss showing the different concentration of
M. tuberculosis in culture. Six different concentrations ranging from 1 x 10° to 1 x 10°
mycobacteria mi™! were andysed (seven samples for each concentration and seven
blanks). Cross-vdidation: 14 samples (two samples from each group) were withhed
from building the DFA modd. Samples containing more than 1 x 10 mycobacteria
m™ were correctly assigned (open symbols). In contrast, blank medium and samples

containing 1 x 10> mycobacteriami™ could not be distinguish from each other.
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Determination of the influence of “dead” bacteria on the sensor response

The man problem in red samples is the unknown proportion of dead M.
tuberculosis bacteria. Therefore, we investigated the influence of dead bacteria on the
sensor response to find out, if dead bacteria cause a sufficient sensor response
dlowing discrimination from blank medium. The result of this andyds is shown in
Figure 45. As can be seen, there is an obsarvable difference in smdl of blank
medium, dead bacteria, living bacteria and a mixture of dead and living bacteria
There is a dight overlgp between the cluster containing the mixture samples and the
cluger containing the “living” bacteria (Figure 4.5). The difference between living

and mixed samplesis not as digtinct as between dead and living samples.

5.0

PC 1 (83 %)

Figure 4.5 Principd component andyss showing the disinguished dudgters of a
living M. tuberculosis suspenson (14 samples, circles), a dead M. tuberculosis
sugpensons (14 samples, triangles), and a mixture of it (14 samples, diamonds)

compared to blank medium (14 samples, squares).
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A dassficaion modd was built on 48 samples (12 of each). The reault of the
DFA andyss is shown in Figure 4.6. This shows tha it was possble to discriminae
between the four different types of samples. The DFA modd was vaidated by
andyss of 12 “unknown”’ samples. 11 unknown samples were correctly classfied as
blank medium, “dead” sample, and “living” sample or as mixture. One “mixture’

sample was misgakenly classfied asaliving sample (Figure 4.6).

Blank A Dead ® Living ¢ Mixture

15

S2 (5 %)

Wrongly
classifieo

-2 -15 -1 -05 0 0.5 1 15
S1 (94 %)

Figure 4.6: Discriminant function andyss of a living M. tuberculosis suspension
(circles, 15 samples), a dead M. tuberculosis suspenson (triangles, 15 samples) and a
mixture of it (diamonds, 15 samples) compared to blank medium (squares, 15

samples). Cross-vdidation: 12 samples (three of each group) (open symbols).
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4.3.2 ANALYSISOF SPIKED SPUTUM SAMPLES

Analysis of Mycobacterium spp. and Pseudomonas aeruginosa

The collected sputum samples were pooled and spiked with M. tuberculosis, M.
avium, P. aeruginosa and a mixture of M. tuberculosis and P. aeruginosa. All
samples were spiked to obtain a fina concentration of 1 x 10° bacteria mli™. The
normalised raw data were andysed by PCA followed by DFA. It was possble to
diginguish between “unspiked” sputum and “spiked” sputum samples. Within the
“spiked” sputum samples, a difference in smdl was observable for the different

bacteria classes (Figure 4.7).

0.5
g
= 0f
N
O -05
o
-1
-15
-2
2.5
-3 =
-8 6 4 -2 0 2 4 6
PC 1 (78%)

Figure 4.7: Principa component anadyss showing the distinguished dusters of
soutum samples spiked with M. tuberculosis (triangles, 12 samples), M. avium (green
squares, 12 samples), P. aeruginosa (cirdes, 12 samples), and a mixture of M.
tuberculosis and P. aeruginosa (diamonds, 12 samples) and blank medium (red

sguares, 12 samples).

Cranfield University at Silsoe Reinhard Fend 2004



Diagnosis of pulmonary tuberculosis 169

Based on the PCA, a classification modd was built usng 50 samples (10 of each
cass). The result of the DFA is shown in Figure 4.8. The modd was vdidated by the
andyss of 10 unknown samples. All unknown samples were correctly identified as
unspiked sputum or spiked sputum. Within the spiked sputum samples al unknown
samples were correctly assgned to one of the four “sub-clusters’ representing the

different bacteria classes (Figure 4.8).

S2 (11%)

-2.5

S1 (88%)

Figure 4.8: DFA andyss of sputum samples spiked with M. tuberculosis
(triangles, 12 samples), M. avium (green squares, 12 samples), P. aeruginosa (circles,
12 samples), mixed infection (diamonds, 12 samples) and blank sputum (squares, 12
samples). Cross-vdidation: 10 samples (two from each group) were withhed from

building the DFA modd but subsequently assigned correctly once the modd was built

(open symbals).
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Determination of the detection limit for M. tuberculosis

The detection limit of M. tuberculosis in spiked sputum samples was determined.
This was done, snce sputum is the usud source of diagnods TB in high-burden
countries. A sputum pool was divided into two parts. One part was spiked with a M.
tuberculosis suspension containing 1 x 10* mycobacteria ml™ (compare Figures 4.3
and 4.4), the other part was used as control sputum. The EN raw data were andysed
by PCA followed by DFA.

The result of the principd component andyss is shown in Figure 49. This
demongtrates the ability of the EN to discriminate spiked sputum (1 x 10°

mycobacteria mi1) from control sputum and control medium (Middlebrook 7H9).

PC2 (6 %)

-0.5 1

_1.0_

PC1 (87 %)

Figure 4.9: Principad component analyss showing the separate clusters of spiked
soutum (20 samples, triangles), control sputum (20 samples, diamonds) and control

medium (20 samples, squares). The sputum was spiked with 1 x 10% mycobacteria mi™.
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The DFA classfication modd was build usng 48 samples. Figure 4.10 shows that it
was possble to digtinguish between spiked, unspiked samples and control medium. The
DFA modd was vaidated by the andyss of 12 “unknown” samples. All “unknown”
samples (open symbols) were correctly classfied (Figure 4.10). The varigbility within

the unspiked samplesis higher than within the spiked samples.

S2 (3 %)

2.5 2 -1.5 -1 0.5 0 05 1 15 2
S1 (97 %)

Figure 4.10: Discriminant function analyds showing the separate clugers of
piked sputum (triangles), control sputum (diamonds) and control medium (squares).
The sputum was spiked with 1 x 10* mycobacteria ml™. Cross-vdidation: 12 samples
(four samples of each group) were withhed from building the DFA modd but

subsequently assigned correctly once the modd was built (open symbols).
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4.3.3 ANALYSISOF CLINICAL SPECIMENS

The PCA andyss of 50 pogtive control samples (spiked sputum), 50 negeative
control samples (non-TB sputum) and 280 clinicd samples (see Table 1 for detals) is
shown in Figure 4.11. It was possble to obtan a good discrimination between
negative control samples and podtive control samples. It is, however, much more
important to achieve this separation with rea samples. As shown in Figure 4.11, TB
negative samples can be found on the left hand sde, whereas TB positive samples are
on the right hand sde. Nevertheless no clear separation could be obtained as
indicated by the overlapping circles in Figure 4.11. In both groups (TB podtive and
TB negdive), a sub-cluser could be identified. These sub-clusters contained the
samples of smoking patients. However, not al smokers were present in this sub-
cluser (89 % present). Patients suffering from pneumonia formed a separate cluster

(Figure 4.11).
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TB negetive
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Pos. Control:
spiked sputum 1 x 10°
-8.0 - mycobacteriaml'1

Pneumonia
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Figure 4.11: Principd component andyss showing the andyss of negative
control samples (50 samples, red diamonds), podtive control samples (50 samples,
violet triangles), pneumonia samples (7 samples, green squares) and clinical samples
(92 TB negatives samples, open red squares, 188 TB podtive samples, squares with

grey background).

After traning the neurd network with 70 % of the origind samples the
remaining 30 % (84 samples) were used to vaidate the moddl. Among the 84 samples
were 55 culture confirmed TB samples, of which 51 were ZN postive and 4 ZN
negaive. The result of the atificid neurd network (ANN) is summarised in Table

4.5,
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Table 4.5: Performance of the dectronic nose — neurd network system in comparison

to culture.
Culture Culture Total
confirmed TB TB negdive
EN postive 49 7 56
EN negative 6 72 78
Tota 55 79 134

The neura network was able to predict 49 TB posgitive patients out of 55 correctly.
Sx TB podtive sugpects gave a fase negative result. Among these sx fadse negatives
were four ZN negative and 2 ZN postive patients. All sx fase negatives were culture
postive. Three of the four ZN negative fase negatives were HIV postive and one
was a smoker. Among the ZN positive fase negatives were one HIV postive patients,
who was aso a smoker.

The neurd network was dso able to predict 72 TB negative suspects correctly.
Seven TB negdive patients gave a fdse pogtive result. One fase pogtive was HIV
positive and a smoker.

The sengtivity for the detection of culture proven TB was 89% (95% confidence
interval [95%CI] 80-97%), the specificity was 91% (95%CI 85-97%) and the positive
and negative predictive values were 88 % (95%CI 78-96) and 2% (95%CI 86-98),

respectively.
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4.4 SPECIFIC DISCUSSION

At present globa tuberculoss (TB) control programs depend on the early
detection of new cases followed by adequate treatment. However, current laboratory
methods do not fully fulfil the requirements published by the WHO for high burden
countries (Perkins et al, 2001). The detection of acid-fagt bacilli in a sputum smear
(Ziehl-Nedsen dain) is dill the man mean of identifying new TB cases in low
income countries.

Here we showed that volatile detection through dectronic nose technology is able
to identify M. tuberculosis in culture and sputum. It is long established, that smell can
be used to diagnose disease such as diabetes and uraemia (Ping et al, 1997; Lin et al,
2001). Pavlou and Turner (2000) were among the firs who gpplied eectronic noses in
medical diagnostics They showed that different bacteria such as H. pylori, E. coli
and P. mirabilis generate a unique "smndl” and can therefore be differentiated from
each other dlowing adiagnosis.

Electronic nose technology offers certain advantages such as low detection limit
(5 — 01 ppm) (Schiffman et al, 1997), cog and time effectiveness, robustness,
gmplicity and operaor independency in contrast to molecular or immunologica
based assays. Therefore, we investigated the ability of an dectronic nose to detect
Mycobacterium spp. and other lung pathogens in culture and sputum. In the past, the
work of severd groups reveded that “smdl” could be used as an indicator for
bacterid infections. Worthwhile is the work of Aahithan et al (2001) who used an
Osmetech Microbid Andyser to diagnose bacteriuria Analysng 534 dinica urine
specimens, the sendtivity and specificity were 835% and 87.6%, respectively

compared to culture. Among the firss who used eectronic nose technology to detect
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M. tuberculosis in culture were Pavlou and Turner (2000). In this study, we could
show that Mycobacterium spp. and Pseudomonas aeruginosa emit characteridic
volatiles dlowing discrimination between the different bacterid classes in both
culture and sputum (Figures 4.1, 4.2, 4.7 and 4.8). The intra-group (classes) variability
is bigger in sputum compared to culture (Figures 4.1 and 4.7). The reasons leading to
this observation are not clear. The volatility of molecules is influenced by parameters
such as sample viscosty, equilibrium temperature and concentration (Seto, 1994).
Since the incubation parameters for liquid and sputum sample were smilar, we
assume tha the higher viscosty, the heterogeneity and/or a stronger background
“andl|” of sputum might be responsble for it. As shown in Figures 4.7 and 4.8, by
adding M. tuberculosis to sputum an additiond “odor” was introduced into the sample
headspace leading to a reduced intragroup vaiability. This indicates that
Mycobacteria reease enough volatiles into the headspace even in a complex matrix
(sputum) dlowing a diagnosis a low concentrations (1 x 10* mycobacteria mi™2). This
result is of extreme importance for clinicd diagnodic, where sputum is the usud
source for TB detection.

Electronic noses show a linear relationship between sensor response and
concentration. This concentration dependency was exploited here to determine the
detection limit (Figures 4.3 and 4.4) (Hudon et al, 2000). The detection limit was
found to be as low as 1 x 10* mycobacteria mi™ in both culture and sputum. Similar
detection limits were found for other bacterium species. Canhoto et al (2003) reported
that a Pseudomonas aeruginosa suspenson as well as an Enterobacter aerogenes
suspenson both containing 10° CFU ml™ could be discriminated from  control

samples. Smilar results were found by Magan et al (2001) who reported that it was
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possble to discriminate between milk spoilage bacteria and yeast using an initid
inoculum of about 10° — 10* CFU mi™. In contrast, McEntegart et al (2000) reported
the detection of bacteria in liquid media, of about 5 x 10° odls mI™ using a hybrid
electronic nose. This relationship (concentration dependent sensor reponse) might
adso reved rdevant dinica information. For the treatment itsdf, it is not important
how many bacteria are present in sputum, but the number of bacteria present largely
influences the infectiousness of patients. This opens the possbility to predict not only
the presence of TB but dso the risk of patients to transmit the disease.

As illugrated in Figures 4.4 and 4.5, dead bacteria emit enough voldiles to cause
a sensor response. However, the amount of volatiles emitted by dead mycobacteria
seemed to be less than from living mycobacteria, as indicated in Figures 4.4 and 4.5.
The difference between the “smdl” of a mixture (dead and living bacteria) and living
bacteria is not as didinctive as between dead bacteria and living bacteria This
observation could be of vaue for the assessment of the trestment, i.e. for the follow-
up of patients during the treetment by andysng the odour shift from living to dead
bacteria. This needs to be vdidated in a larger sudy with samples from patients under
trestment which sputaare ZN positive but culture negative.

As mentioned above, the usud mean of case finding is the Ziehl-Nedsen staining
followed by direct microscopic examination. The sengtivity of the ZN stain compared
to culture is under fidd conditions & most 60 %-70 % usng three consecutively
sampled specimens (Lipsky et al, 1984; Perkins, 2000; Cleeff et al, 2003). We
achieved with the method presented, a specificity of 93 % and a sengtivity of 89 %
compared to culture employing a sngle sputum specimen per patient. The eectronic

nose was unable to detect the four ZN negative but culture postive specimens (fase
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negatives). The bacterid load in these four specimens was most likey below the
detection limit of the eectronic nose under the current set-up, but larger number of
ZN negative specimens need to be tested. As shown above, the detection limit of the
electronic nose for M. tuberculosis in spiked sputum was 10° mycobacteria mi™.
However, the two remaining fase negative specimens had a postive ZN sain (1+)
and should therefore contain enough Mycobacteria to cause a sufficent sensor
response. At present, we do not know the reasons for ether the false-negatives or
fdse-podtives. It could well be due to the nonoptimised system used here or due to
sample degradation during storing.

Clinicd specimens are more diverse than spiked samples (sputum pool) used in
previous experiments (spiking). It is assumed that the viscosty, background smell and
epecidly the heterogeneity of sputum influence the outcome of the andyss.
Interegtingly, smoking itsdf did not affect the andyss in tems of diagnoss TB.
However, not al smokers were grouped in the sub-clusters shown in Figure 4.11. The
individua smoking habits (number of cigarettes per day, last cigarette before sample
taking) could not be established. We assume that certain smoke ingredients give rise
to adightly different sensor response dlowing a separation.

Seven cases of pneumonia were among the clinical specimens. As shown in
Figure 4.11, they formed a separate clugter. This indicates that the causative agent for
pneumonia generates a different volatile profile (smel) to Mycobacteria. This is of
clinicd importance showing the potentid to differentiate between TB cases and other
respiratory disease.

To date, it is unknown which volatile compounds are responsble for the

sensor response. We assume that the sensor response is caused by the combined effect
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of @ microbid metabolites and b) volatile cdlular compounds. In the past, mary
ressarch groups tried to identify volatle substances emitted from microorganism
usng gas chromatography (GC) or gas chromatography — mass spectroscopy (GC-
MS). Jantzen et al (1989) utilized a gas chromatograph to identify mycobacteria based
on ther cdlular faty acids and dcohols present in the headspace. They studied 165
mycobecteria isolates (other than M. tuberculosis) and 24 M. tuberculosis isolates.
Twelve characteridic lipid condituents dlowed discrimination between the different
Mycobacterium spp. All isolates belonging to the M. tuberculosis complex were
characterized by a high level of hexacosanic acid (1 — 13 %), low concentrations of
tetracosanoic acid (0.1 -3 %), lack of faty dcohol and the presence of
tuberculostearic acid. M. avium, M. intracellulare and M. scrofulaceum (MAIS
complex) had genedly high leves of faity dcohols induding 2-octadecanol (0.1 —
5%) and 2-eicosanol (2 —21 %) and high concentrations of tetracosanoic acid (1 —
15%) and the presence of tuberculostearic acid. M. gordonae was eesly identified by
their lack of tuberculostearic acid and the presence of 2-methyl-tetradecanoic acid (2
—12 %). The fatty dcohol 2docosanol (2-13 %) was only found in M. xenopi isolates.
M. malmoense drains contained the two unique compounds 2-methyl ecosanoic acid
(13-4 %) and 2,4,6-trimethyl tetracosanoic acid (2-4 %), whereas M. kansasii were
characterized by 24 dimethyl tetradecancic acid (0.2 -1.2 %). In contrag,
Pseudomonas aeruginosa emit sulphur compounds and esters (Gibson et al, 1997).

The presented method is not yet fully optimised and is open to further
improvement. The volatility of molecules is affected by many parameters including
equilibrium temperature, concentration and viscosity (Seto, 1994). At the moment,

only sodium chloride was added to the specimens to increase the concentration of
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voldiles in the sample headspace due to the “sdting out” effect of sdts (Bana et al,
2003). Banat investigated the vapour-liquid equilibrium of an agueous sysem. They
found an increased amount of volatles in the vapour phase as the salt concentration
increases, whereas the equilibrium temperature had little or no effect.

Alternatively, Paviou et al (2004) used an enzymatic cocktail contain porcine
pancreas lipase and Aspergillus niger lipase to digest the mycobacterid cdl wal,
necrotic tissue and other metabolic products present in sputum. Using this sample pre-
trestment they were able to discriminate between M. tuberculosis and related M.
avium M. scrofulaceum, P. aeruginosa and negative controls using a neural network.
The trained neurd network had a prediction rate 96% in sputum. A Smilar prediction
rae was achieved with liquid culture of the same bacterid classes However, no
enzymatic pre-treatment was peformed on liquid cultures. They assumed that
enzymes such as lipases interact with faty acids and creste a unique voldile sgnature
of the samples. A recent publication, however, reported the presence of protease
epecidly serine and metdlo proteases in human sputum. If this is true, it would make
the enzymatic pre-trestment inefficient due to the degradation of the lipases by the
proteases (Simpson et al, 2004).

The gpplication of sophidicated data andyss software is absolutely necessary in
electronic nose applications. For culture and spiked sputum samples it was sufficient
to use discriminant function andyss to discriminate between the different bacterid
clases. However, for the dinicd samples it was inevitable to gpply atificid neurd
networks due to the high varidbility between the individud samples (variation)
(Figure 4.12). Freeman et al (1994) applied an atificid neurd network to distinguish

between M. tuberculosis and M. bovis based on pyrolysis mass spectra. In contragt,
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Veropoulos et al (1999) used neurd networks in conjunction with fluorescence
microscopy of stained sputum smears. The images were captures with a digita camera
and via image processng software and neural network, they were able to identify M.
tuberculosis in the smear sample. This prdiminary study achieved a sengtivity of 94

%.

The described method is not fully optimized yet. Nevertheess, it potentidly
fulfils dl requirements for a new diagnogtic tool for TB (Perkins, 2000) including
robustness, smplicity, sengtivity and cod-effectiveness. Among many advantages are
the smple sample preparation and its amenability to automation. Together with an
gopropriate classfication modd, this method has the potentid to become rapid and
automated system for the early diagnoss of respiratory diseases through sputum or
even breath andyss It might aso be possble to improve or modify currently
avalable sensors towards specific M. tuberculosis markers, which would smplify the

optimisation of such as sysem.
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5.1 INTRODUCTION

The am of the project was to invedtigate the possibility of usng a gas sensor as a
point-of-care medicad device. In paticular, two applications were examined. The first
goplication was amed to use the electronic nose as a new monitoring device for
haemodiaysis to replace current tools, which are based on urea monitoring. In the
second application the gas sensor aray was Uutilised to diagnose tuberculoss and
therefore replace the Ziehl-Ned sen stain followed by direct microscopy.

Clinicd chemidry and immunoassays make up the largest proportion of the
diagnogtic market (Table 5.1). The world clinicd diagnostics market is gpproximately
$19 hillion in sdes. The annud growth rate is gpproximaedy 5% worldwide. For the
last decade, improving technology has led to the availability of a wide variety of ragpid
diagnogtics for use in GP surgeries, emergency rooms and bedside testing in hospital
wards. Technology now alows the hedth professonas to accurately obtan many
results without waiting for blood or urine specimens to be andysed in centrdised
laboratories. However, point-of-care (POC) tegting is 4ill not fully implemented in
routine practice. Famous examples of POC testing are diabetes monitoring and
pregnancy testing. A summary of the worldwide diagnosic market is given in Table
5.1. The worldwide POC market is estimated to be growing a an annud rate of 10 to
11% (Pavlou, 2002).

In the indudtridised world, hospitd |aboratories are usualy well equipped with
modern automated instruments performing the routine tests. However, some tests are
dill time and labour consuming and therefore ae 4Hill expendve, eg. many
microbiologicd tests. In contrast, in less developed countries, the dtuation looks

different. Most people are only able to atend remote fied dlinics, which are in most
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cases poorly equipped and the staff is not wel trained. There is an urgent need in both
indudtridised and developing countries for new point-of-care devices that are not only
cheap and robust but also smple to operate. In this research project, a novel approach
based on gas-sendng technology was taken to invedtigate the suitability of such as

system as a point- of-care device.

Table 5.1: Worldwide Diagnostics Market by Discipline (adapted from Paviou,

2002).
Type of test Sales ($ millions)  Annual growth rate (%)
|mMMmunoassay's 7,200 4
Clinica Chemistry 3,100 0
Blood gas/El ectrolytes 600 2
Haematol ogy/Flow cytometry 1.800 4
Coaguletion 700 6
Nucleic acid tests 500 25
Microbiology 1,300 2
Diabetes 2,800 3
Urindyss 500 0
Histology/Cytology 500 8
Total 19,000 5

5.2 GAS SENSING BASED DIAGNOSTICS

The association of gspecific odours with digtinct pathologicad conditions has been
recognised for centuries, and odour recognition has played an important pat in
clinicd diagnoss (Mitruka, 1975). The levd of human olfactory sophistication

however has remaned rdativedy poor compaed to many mammas, but the

Cranfield University at Silsoe Reinhard Fend 2004



Discussion 185

development of the eectronic nose however has broadened our olfactory horizons.
Pavlou and Turner (2000) identified three key parameters for gas-sensing based
diagnogtics:
A generating mechaniam for generating volatiles
Gasinjection system and sensorid detection system

Complex pattern recognition system

5.2.1 VOLATILE GENERATING M ECHANISM

In every gas-sensing based diagnodtic ted, there is an inevitable need to generate
a unique st of voldiles, which in turn represent the samples of interest. This unique
voldile pattern (for each sample group) is subsequently detected by an array of gas
sensors. The main target specimens, which can be used as potentiad odour pools are
urine, blood, sputum, sweat and gadtric fluids.

The smplest way of obtaning volailes is to utilise the naturdly present voldile
organic compounds (VOCs) in a specimen. As we have shown in this report, there are
enough volatile compounds naturaly present in clinicd specimens. For ingtance, it
was possble to discriminae “uraemic’ blood from control blood and more
importantly pre- from post-didyss blood purdy based on volatiles accumulated in
blood. In a smilar way, volatiles generated by bacteria were released by incubating
the samples in the presence of sdt. Sodium chloride was added to a complex matrix
such as sputum to enhance the concentration of volatiles in the headspace (salting-out
effect). Udng this methodology, it was possble to discriminate between different
Mycobacterium spp. and other lung pathogens (eg. Pseudomonas aeruginosa). Most

other investigators used smilar methodologies to anadyse the headspace (gaseous
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phase) of samples Among the many groups using eectronic nose technology ae
Aathithan et al (2001), and Di Natae et al (1999). Aathithan and his group (2001)
utilised the natural produced volatiles by bacteria such as E. coli and Proteus spp. to
diagnose bacteriuria One possble indication of kidney disease is the presence of
blood in urine. This circumstance was exploited by Di Natde et al (1999) who used
an dectronic nose to detect the naturad occuring voldiles in urine. They were adle to
diginguish between urine samples of hedthy subjects and urine sample containing
blood purely on the basis of volatile detection emitted by the different specimens.

In contragt, other investigators suggested the chemicd or enzymatic degradation
of a sample to generate volatiles. For instance, gas chromatographic determination of
fatty acids requires a pre-column derivatisation dep to convert the fatty acids into
volatile derivates (Pauschmann, 1990). Chandiok et al (1997) trested human vagind
tissue with KOH to generate amino compounds, which in turn are specific for
bacteria vaginods. In contrast, Pavliou et al (2004) suggested the enzymatic treatment
of bacteria. They treated M. tuberculosis bacteria with lipases to utilise the unique st
of mycolic acids synthessed by Mycobacterium spp. A number of proteases, lipases
and lipooxygenases have been reported to liberate voldtile esters, fatty acids and
convert unsaturated fatty acids to certain flavours (Berger, 1997). In addition, natura
pills or solutions could be taken oraly before each test in order to interact specificaly
with pathogens or infected tissues. For instance, radioactive labdlled urea is used as a
biochemica in vitro subgtrate to enable Helicobacter pylori infection diagnogs (Urea

Bresth Test) (Phillips, 2002).
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5.2.2 GASINJECTION SYSTEM AND SENSORIAL DETECTION SYSTEM

Ancther crucid factor during the deveopment of a novel gas sendng based
diagnogtic tool is the complete reproduction and safe deivery of the headspace
sample into the sensory unit. Severa workers dedling with cdlinical specimens have
used dandardised conditions, by usng a water bath or gas carier amospheres
(Digelhem, 1973). To date numerous artificid nose sysems have used modes of
datic headspace andysis in laboratory bags (Chandiok et al, 1997) or sedable sample
vids (Di Nade et al, 1999). However, such a common technique is consdered as a
quick method of andysis but bears little relationship to mammdian odour ddivery,
and if not peformed with consgency it may adversdy influence pattern recognition
reproducibility. On the contrary, automatic control sysems such as flow injection
andyss (FIA) are more efficient in terms of ddivering repetitive voldtile peatterns to
the sensor pand due to ther higher smilaity to the biologicd olfactory system
(Pearce, 1997D).

The current system is based on the static headspace sample procedure due to its
amplicity in terms of automation. The samples were incubated in headspace vials and
the sample headspace was ddivered to the gas sensor by placing a needle into the
sample headspace. A second needle has to be placed in the liquid phase of the sample
to drive the volatiles into the headspace by a carrier gas (Pavlou et al, 2000). On one
hand, the composition of the samples used herein, hampered the utilisation of a carrier
gas system due to the blockage of the gauge of the second needle (eg. blood cdls or
soutum). On the other hand, in terms of point-of-care tesing especidly for TB
diagnoss in remote fidd dlinics, it was conddered as impracticd to develop a gas

injection system based on FIA. Nevertheless, the sampling point, the headspace, and
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ligud volumes were kept condant in addition to a continuous monitoring of
environmentd conditions a the sampling point. Although a prototype system, it
managed to derive rdatively reproducible patterns, being fast, chesp and yidding
rapid results

As mentioned previoudy, the main sensor types used in eectronc noses are ether
conducting polymers or metd oxide sensors. The precise physico-chemica properties
of the sensor surface of conducting polymers and the mechanism of volatile
interactions remain unknown. Specific doping materids can meke each sensor
response unique to a certain volaile mixture, whereas a sensor array can employ a
much broader overlapping selectivity and functions at room temperature (Gardner and
Batlett, 1994). Conducting polymers are now being used in many commercid
goplications ranging from food monitoring to medicd diagnogics. As shown in this
report, conducting polymers were responding to different volatiles derived from ether
blood samples or bacteriaa The sensor aray was sdective enough to enable
discrimination between the different sample types (pre- and post-didysis blood or
different bacteria classes) independent of the source from which the volatiles were
derived. In the past, conducting polymers were gpplied to diagnose urinary tract
infections (Paviou et al, 2002) or H. pylori infection (Paviou et al, 2000) to detect
milk spoilage (Magan et al, 2001), and for the characterisation of coffee (Pardo et al,
2000) or virgin olive ol (Guadarama et al, 2001), and thus makes conducting
polymers an dtractive solution for point-of-care devices due to their low power
consumption, but long-term drift and humidity sengtivity remain some of the mgor
drawbacks (Persaud et al, 1996). In contrast, metal oxide sensors are not as sengtive

and are operated at around 400 °C (Dickinson et al, 1998) and thus require a larger
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sample volume and much more power, which in turn makes metd oxide sensors less

atractive for point-of-care devices.

5.2.3 COMPLEX PATTERN RECOGNITION

A typical gas sensor array comprises up to 32 gas sensors, which each provides
five parameters describing the sensor response. However, not al parameters provided
by the sensor are rdiable and therefore only two were used in this report, namey the
maximum step response and the area under the curve. The dectronic nose responses
can only be expressed as a pattern  (sample signature) unique to a sample class. The
mgority of groups used principd component andyss (PCA) as the initid data
andyds technique. As shown in this report, PCA was able to reved hidden
relaionships within sample groups as wel as between different sample classes A
clear separation could be obtaned between the different samples usng PCA.
McEntegart et al (2000) found digtinctive clusters of Enterobacter aerogenes and E.
coli in a two-dimensond PCA plot. In addition, the same group showed that it was
possible to trace the growth of bacteria. They presented a two dimensona PCA chart
with clearly discriminated clusers where each cluster represented a  different
incubation time ranging from two to sx hours. The firg principad component showed
a quditative corrdation to the incubaion time. This finding is in agreement with the
results presented in the report. As shown in Figures 3.33 and 4.3 the firg principa
component was able b separate the samples according to time (pre- and post-diayss,
shift observed during HD sesson, see section 3.34) and concentration (different
concentrated M. tuberculosis suspensons, see section 4.3.1). Hierarchica cluster

andyss (HCA) is as PCA an exploratory data andyss technique amed to visudise
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data. In the work presented, it was mainly used to visudise the difference, expressed
as the Euclidean distance, between samples, which dlowed a visua assessment of the
difference.

After  having confirmed that the dectronic nose is providing sufficient
information to digtinguish between the samples of interest either by PCA or HCA, it
was possble to build a classfication modd. Two well established methods used in
this report are discriminant function anadyss and artificid neura networks (ANN).
These methods use training data to build a mathematicd definition for each dass of
odour (Saini et al, 2001). Unknown samples can then be classfied according to the
definition which the mach mos dosdy (Sani et al, 2001). Artificid Neurd
Networks (ANN) ae a ussful classfication tool, as they can mode more complex
relationships than Discriminant Function Andyss. On the other hand, they are more
difficult and time consuming to train and optimise (Bartlett and Hines, 1997; Saini et
al, 2001).

As demondrated in this report, discriminant function andyss (DFA) is a usgful
tool to classfy samples such as spiked samples, liquid culture samples or even
“uraemic’ blood samples. However, DFA is not usegful for more complex petterns
derived from clinical sputum samples (see section 4.3.3) or from samples taken over a
long period of time (see section 3.34). Due to the huge variability within individua
patients it was necessry to agpply more sophisticated methods such as ANN. As
shown in Chapter 3 and 4, ANNSs are able to cope with more variability (Tables 3.4
and 45). Sdecting and condructing the right learning data (input variables) is crucid
in pattern recognition methods. Each class must be composed of representative and

reproducible samples. The quantity of these samples does not increase the
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discrimination-confidence ingtead it is the "qudity” of representation carried in each
input sample that determines pattern recognition performance (Otto, 1999). Aathithan
et al (2001) confirmed the power of ANN when andysng 534 clinicd urine
gpecimens of patients suspected for bacteriuria achieving a specificity of 87.6 % and a
sengtivity of 835 %, regpectively. Once the ANN is trained, it can be easly
implemented into a point-of-care device providing the operator with the result directly

displayed on the screen.

5.3ELECTRONIC NOSESASPOINT OF CARE DEVICE

Effective dinicd care requires decison making based upon multiple data inputs
eg. gross symptoms, previous hisory, and biochemicd tests. Rather surprisingly,
such a broad gpproach has been the main approach for the development of point of
care tesing, which generdly redy on a “one taget — one result” approach. Under
certain cdrcumdances, it is possble to use sngle marker molecules to monitor a
disease. Famous examples are blood glucose monitoring in digbetic patients and home
pregnancy testing.

Microbiology, dlinicd chemigtry and immunoassays ae 4ill the traditiond means
of diagnosing diseases. However, the facilities to perform these tests are normaly
only avalable a centrdised hospita laboratories and not where they ae most
required. These methods are absolutely necessary in medicad diagnogtics as in many
cases act as the “gold standard’. Nevertheless, they are time and labour consuming,
expensve, and require skilled personne, which makes them undttractive for point-of-
care tedting. In contrast, eectronic noses are smple to perform, robust, chegp and

amendable to automation. The gpplications of eectronic noses are widdy spread
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ranging from monitoring the quality of food packaging (Forgren et al, 1999) and dairy
products (Schaller et al, 1999), sausage fermentation Eklov et al, 1998), wastewater
treatment Bourgeois et al, 2001) to medicine (Aathithan et al, 2001; Di Natde et al,
2003; Pavlou et al, 2004) Yet, no medica applications have been implemented in
routine practice, but as outlined in this report, there is potentid in revolutionisng
point-of-care testing usng gas-sensors. Chronic rend failure and tuberculosis are two
diseases, where people could benefit from new point- of-care devices.

As mentioned previoudy, chronic rend falure patients have to undergo
intermittent  haemodidyss to counter loss of kidney function. Currently the
assessment of the treatment adequacy is based on the marker substance urea and
expressed either as the urea reduction ratio (URR) or the normdised didyss dose
Kt/V. None of these two parameters is satisfactory, since the uraemic syndrome is not
atributeble to the retention of a sngle molecule. The dectronic nose offers the
possibility to assess the trestment adequacy based on a wide range of molecules (see
chapter 3). The information provided by the gas sensor array can be gained on-line
and in red-time as demongtrated by Bourgeois et al (2001) for waste-water trestment.
Together with an gppropriate mathematical classfication modd, it could provide the
hedth professons in a didyss unit with the rdevant information necessary to ensure
optima trestment. Nevertheless, one of the biggest chalenges will be to corrdate a
cetan sample profile (pattern) to a clinicad outcome (morbidity or mortdity). In
addition, the classfication modd can be fed with other relevant dlinicd information
such as urea concentration or weight as long as the parameters are available on-line

and thus might reflect a better clinical picture compared to asingle parameter.
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Gas sensor arrays are able to detect multiple pathogens as shown in Figure 4.1
(eg. M. tuberculosis, M. avium, M. scrofulaceum, P. aeruginosa) compared to
immunoassays, which can only detect one specific target or automated instruments
which are only able to detect bacteriad growth without the ability to determine the
gpecies (Thorpe et al, 1990). In this respect, the dectronic nose offers a powerful
dterndtive to the current available techniques. The dectronic nose as presented in this
report, yet not fully optimised, cannot compete with molecular techniques (eg. PCR,
in situ hybridisation) in terms of sengtivity and specificity. However, the current
method is gill open to further improvements, which will hopefully increase both
sengtivity and gpecificity. Recently, Kivihya-Ndugga et al (2004) compared PCR
with the Ziehl-Nedsen daning procedure for diagnosng pulmonary tuberculoss
(TB). They concluded that PCR is a powerful tool to diagnose TB but its limitation
include high maintenance of equipment, water supply, short shdf life of PCR kits and
high cogts. This nakes PCR undttractive for implementation as a routine test for TB in
high-prevdlence countries. Currently, the eectronic nose is able to detect M.
tuberculosis and other respiratory pathogens in culture and sputum. However, recent
findings suggest that patients suffering from TB emit volatiles with their bresth which
are associated with the diseases. Currently, a group in Africa utilises the extraordinary
olfactory sysem of giant ras to diagnose TB (New Scientist, Dec. 2003). The
electronic nose could be used to replace the giant rats, which in turn would be a more
patient friendly technique. This technology will hopefully be avalable in the future as
adiagnogtic toal.

The company, Osmetech plc, followed a different route for point-of-care testing.

Osmetech has received 510(k) gpprova from the FDA for the use of its microbid
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andyser as a UTI sensor device. Offering both a centraised laboratory based
indrument and a sndler “point-of-care” option, Osmetech’s view is that the device
should enable negative samples to be screened out withink minutes enabling the
number of cultured samples to be greatly reduced, resulting in cost savings
(Woodman and Fend, 2004). However, the results presented in this report and by
others, indicate that the eectronic nose is not only able to detect negative samples but
a0 detect the causative agent of an infectious disease.

In terms of point-of-care testing, €ectronic noses have aso potentia as a non
invasive screening tool for cancer based on breath andysis. Phillips et al (2003 a, b)
investigated marker molecules of oxidative stress as possble indicators for breast and
lung cancer usng GC-MS. Both cancers are accompanied by increased oxidative
stress. Among elevated breath VOC were nonane, tridecane, octane, and dodecane. In
contrast, Di Natale et al (2003) used an dectronic nose to identify patients with lung
cancer. They found digtinctive groups for patients with lung cancer and hedthy
volunteers. A dmple point-of-care test based on eectronic nose technology could
replace current screening procedures and thus reducing the risk due to reduced

exposure to X-rays.
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6.1 CONCLUSIONS

The overdl am of this sudy was to evauate the potentia of an dectronic nose as
a point-of-care device for rend medicine and pulmonary tuberculogs. As
demondrated in this theds, the am and hence, the individua objectives were

achieved. The conclusons are as follows:

6.1.1 ELECTRONIC NOSE IN RENAL M EDICINE

The éectronic nose is adle to diginguish between control blood and “uraemic”
blood. Furthermore, the gas sensor aray is not only capable of discriminating pre-
from pog-didyss blood but dso can follow the volatile shift occurring during a

sngle haemodiadyd's session.

The eectronic nose can be used for both dialysate sde and blood-sde monitoring

of haemodidyss.

The sensor response showed a dight day-to-day variaion (except sensor 11 and

14) with a maximum of 15% deviaion and thus the sensor drift was conddered as

negligible

To date it is unknown which exact compounds are responshle for the sensor
response, but as demondirated in this report, urea and cregtinine do not contribute

to the sensor response
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The volatile shift occurring during haemodidyss was not corrdated with the urea

reduction ratio.

The pattern observed for post- and pre-didyss blood might reflect the hedth
datus of the patients and can therefore be related to the long-term outcome

(morbidity and mortdity risk).

To follow haemodialyss patients over a longer period of time, traditiond
chemometric tools such as principa component andysis or discriminant function
andyss are not sophigicated enough. In contragt, atificiad neura networks are
capable to diginguish between pre- and post-didyss blood with high accuracy (97

% correct classified).

6.1.2 ELECTRONIC NOSE FOR THE EARLY DETECTION OF PULMONARY TB

The dectronic nose was able to discriminate between Mycobacterium spp. and
other lung pathogens such as Pseudomonas aeruginosa. More importantly the gas
sensor array was cgpable of resolving different Mycobacterium tuberculosis, M.

scrofulaceum, and M. avium in both liquid culture and spiked sputum samples.

The detection limit for M. tuberculosis in both sputum and liquid culture is 1 x 10*

mycobacteria ml™ and therefore partidly fulfils the requirement set by the WHO.
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The dectronic nose has the potentid to follow up patients during trestment to
assess the efficiency of the trestment as indicated by the different smell of “dead”

bacteria and living bacteria suspension (Figures 4.6 and 4.7)

The sengtivity for the detection of culture proven TB was 89% (95% confidence
interval [95%CI] 80-97%), the specificity was 91% (95%Cl 85-97%) and the
positive and negative predictive vaues were 88 % (95%Cl 78-96) and 92% (9%Cl

86-98), respectively.

The andyss time (ind. preparation time) for detecting M. tuberculosis in liquid
culture is goproximady 60 minutes, and in soutum gpproximady five hours

However, most of the timeis used for incubation and thus does not require |abour.

The exact compounds, which cause the sensor response, could not be established.

The promisng studies presented herein indicate that there is a red potentid
for electronic noses a point of medica delivery, where they could be used as a rapid
screen for specific diseases or disorders. However it is the combination of the “point-
of-care’ environment with the opportunity to gather data remotely and use advanced
informationrtechnology ~ approaches, mobile communication and  web-based
knowledge systems to trandfer them back to centrdised facilities either for processng

or disease management which add another dimension to this technology.
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6.2 FUTURE WORK

6.2.1 ELECTRONIC NOSE IN RENAL M EDICINE

GC-MS dudies to identify the key volatiles responsble for causng the sensor
response.

Use the knowledge gained from the GC-MS studies to customise the sensor array
towards these key volatiles.

Identify a volatile pattern, which corrdates with a better clinica outcome, i.e. a
lower morbidity and mortality risk.

Corrdlate key volatiles (potentid uraemic toxins) to the volatile shift observed in
HD.

Develop a flow-cell and associated parts, which dlows the ontline monitoring of
HD sessions.

Devdop a modd which is adle to predict the “optimd” end point for each
treatment sesson

Develop a protocol and device for monitoring haemodiayss based on breath

andyss.

6.2.2 ELECTRONIC NOSE FOR THE EARLY DETECTION OF PULMONARY TB

GC-MS dudies to identify the key voldtles responsble for causng the sensor
response.
Use the knowledge gained from the GC-MS studies to customise the sensor array

towards these key volatiles.
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Increese the sendtivity and specificity of the dectronic nose by dtering the
sample pre-treatment and sensor pandl.

Try to identify Mycobacterium spp. other than M. tuberculosis in dinicd
specimens and other relevant respiratory pathogens.

Evduae the peformance of the dectronic nose in Ziehl-Nedsen negdtive
samples (eg. in HIV co-infected patients).

Investigate the potential of an eectronic nose as a monitoring tool for trestment
SUCCESS.

Develop a protocol, so that the dectronic nose is able to identify multiple drug
resistance strains.

Develop a protocol and device for lresth sampling and subsequent breath andysis

for diagnosing pulmonary tuberculosis.
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Appendices XXVIII

APPENDIX A

A.1 CONSENT FORM FOR VOLUNTEERS

Consent Form

Donation of blood for the analysis of volatile compounds

using an electronic nose

| give my consent for the Medical Centre at Cranfield University to
take 10 ml of my blood and for it to be used in medica research.

| consent for the blood to be analyzed by an eectronic nose for
volatile compounds as well as the preparation of abiochemica profile.

| understand thet | will not be informed of any results from this
research.

Name of Donor: Date: Signature of Donor:

Signature of Medical Centre Representative

Signature of Scientist receiving the blood
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A.2 CONSENT FORM FOR PATIENTS

GRS

Gloucestershire Royal NHS

MHS Trust

Glawcestershire Royal Hospital

Great Western Road
Gloucesto
GL1 3NN
Tel: 01452 538555
CONSENT FORM
Title of Project: Towards Intoractive dialysis: electronic nose analysls of volatile

compounds gonorated and romoved during dialysia troatmont

Name of Researchers: Dr. A J. Willams Mr R Fend

1. lconfirm that | have read and underatand the informeation sheet dated ... IRAPETe |_|
for the above study

2. | understand that my parficipation Is voluntary and that | am free to withdraw at any tme without D
my medical care or legal nights belng affectad

3 Lam willing to allow access o my medical records by the researchers for the duration of the study but
undarstand that strict confidentiality will be maintained. The purpose of this is o check that the study is
being carned oul correctly

4. | mgrea to take part in the above study |:|
MNama of patient Date Signature
Mame of person taking consent Date Signature

{if different from researcher)

Researcher ate Signature

1 for patient; 1 for researchear; 1 to be kept with hospital notes

Chair; Margaretl Greenwood, Chinl Executive: Marlella Doxtor
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APPENDIX B

B.1 GAS SENSORSUSED IN THISSTUDY

The gas-sensang unit was developed in the Depatment of Biochemidry and
Molecular Biology a Leeds Universty (UK) and is beng commercidised by

Bloodhound Sensors Ltd. (UK).

Gibson et al (1997) and Bloodhound's US Patent 5,928,609 report that the
company’s sensors were prepared by eectro-polymerisng the different monomers
(Table B.1) onto interdigitated gold eectrodes. The resulting polymer structures were
eectricaly conducting and show different sengtivities to volatile odour compounds.
The interaction between odour compounds and polymer dructure is indirectly
measured by the dteration of the applied potentid or current due to changes in
resstance, impedance or capacitance of the polymer film. To obtan overlapping
goecificities toward volatile compounds, the individud polymers were doped with

different chemicals (Table B.1).

Cranfield University at Silsoe Reinhard Fend 2004



Appendices

XXXI

Table B.1: Monomers and dopants used in the Bloodhound BH114 system

(adapted from Gibson et al, 1999).

Sensor Polymer monomer Dopant

1 Ethylaniline Sulphate

2 Aniline Sulphate

3 Aniline Sulphate

4 Tryptophan Sulphate

5 Tryptophan Sulphate

6 2-methoxy-5- nitroaniline Sulphate

7 Thiophene and thiophene-3-

tetrdgutyl-ammoni ol caboxylicagd  Ferenlorate

8 Aniline Ethanol sulphate

9 Pyrrole Octanoic acid ethyl ester

10 Pyrrae COy4

11 1, 4-phenlenediamine Chloride

12 1, 4-phenlenediamine Chloride

13 Pyrrole Chloride

14  Pyrrole Tetrabutyl-ammonium perchlorate
Note:

Sensor 7: co-polymer
Sensor 10: with upper Octanoic acid ethyl layer of poly-tryptophan ester dopant
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APPENDIX C

C.1DIALYSATE COMPOSITION

Table C.1: Usud compostion of didyssfluid (Levy et al, 2001).

Sodium 132 — 155 mmol/L
Potassium 0—-4mmoal/L
Cddum 1.25 -2 mmoal/L
Magnesum 0.25 - 0.75 mmol/L
Chloride 90 — 120 mmol/L
Bicarbonate 27 — 40 mmol/L
Dextrose 0—-55mmoal/L

pH 71-73

At Gloucester Royad Hospitd the following two bicarbonate concentrations are in

use 35 mmoal/L or 40 mmol/L

C.2 HAEMODIALYSISAT GLOUCESTSHIRE ROYAL HOSPTIAL

At Gloucestershire Royad Hospitd (GRH) two Fresenius didysers are in use,
nandy F6 and F8 didysers. The difference is the surface area of the polysulfone
membrane; the F6 didyser has a surface area of 1.3 nf, whereas the F8 has a surface

areaof 1.8 nr.

The blood flow rate varies between 200 and 350 mil/min, depending on the
patient. The didysate flow rates are the same for dl patients a 500 ml/min. The

mgority of the patients at GRH are diadysed for 4 hours three times aweek.
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The routine monitoring includes:

Monthly blood samples (pre- and post-didyss blood) =» dialysis dose, adequacy

Measurement of blood pressure as well as weight. Both parameters are determined
before and after the trestment sesson =» they are used to determine the excessve
body fluid, which has to be removed from the patients body by Haemodiayss

(HD).
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APPENDIX D

D.1 LONG-TERM PERFORMANCE (STABILITY)

-8.0 - 0 -2.0 0fo 2.0 4.0 6.0
ii -0.5 1

PC 3 (6 %)

A51444 © 0@
AN hd

-3.0

_35 m

PC 1 (75 %)
Figure D.1: Principd component anaysis (1% and 3" principd component) of
control blood (45 volunteers, squares), post — didyss (99 samples, triangles) and pre-
diadyss blood (99 samples, circles). The blood samples of 11 HD patients were taken

a nine consecutive didysis sessons.
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D.2 COMPARISON OF TRADITIONAL BIOCHEMICAL M ARKERSWITH ELECTRONIC

NOStE DATA

Table D.1: Biochemicd data of the three patients with smilar pre- and post-

diayss biochemica profile (see page 133).

Post-dialysis Pre-dialysis
Patient 9 Urea (mmol 1) 9.3 12.0
Creatinine (mmol 1) 434 549
CO, (mmol 1'% 31 29
Phosphate (mmol 1) 0.88 0.9
Ca®* PO,* (mmol ) 2.2 2.1
Patient 15  Urea (mmol I} 11.4 7.2
Creatinine (mmol 1) 659 887
CO, (mmol 1) 28 28
Phosphate (mmol 1) 1.46 1.66
Ca?" POs* (mmol 1Y) 39 4.1
Patient 25  Urea (mmol I} 9.2 11.8
Creatinine (mmol 1) 489 548
CO, (mmol 1% 28 26
Phosphate (mmol 1) 0.81 0.79
Ca?" PO;* (mmol 1Y) 1.95 1.90
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APPENDIX E

E.1 COMPOSITION OF THE M IDDLEBROOK 7H9 MEDIUM WITH OADC ENRICHMENT

Middlebrook 7H9 479
Tween 80 050
Water 900 ml

OADC enrichment

OlecAcd 50 mg
Albumin, Fraction V, bovine 59
Dextrose 29
Catalase (Besf) 3mg
Sodium chloride 0.85g
WR 1339, Triton 0.259
Water 100 ml

Sterilisation: Autoclave a 121 °C for 10 min, cool to 45 °C and add asepticaly

100 ml of Middlebrook OADC enrichment solution.
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E.2 FORMULA FOR CALCULATING SENSITIVITY, SPECIFICITY, PPv AND NPV

Table E.1: Tablefor caculating sengtivity, specificity, PPV and NPV.

Disecase Disecase
- _ Total
postive negdaive
Tes pogitive a b a+b
Tedt negdive C d c+d
Totd at+tc b+d atb+c+d
Sensitivity = —>—*
at+c
Foecificity = b . 100
b+d
PPV =—2 *100
a+b
NPV = d . 100
c+d
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