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Abstract

The analysis of volatile organic compounds (VOCS) in breath may befa us
non-invasive tool in the Intensive Care Unit (ICU) to monitor metakaid
oxidative stress or diagnose pulmonary infection. Acetone is produced during
starvation and metabolic stress, hydrogen sulphid&)(khay be a marker of
inflammation and infection and hydrogen cyanide (HCN) may also aat as

marker of infection, particularly caused by Pseudomonas aeruginosa.

Firstly, the effects on measured VOC concentrations of the breath awilecti
equipment and storage were assessed. Sample humidity declined Haster t
any analyte. Sample losses of 21%, 25% and 24% for acetg®egnd HCN,
respectively, were seen as a result of being passed through the sampling
apparatus. Over 90% of initial breath VOC concentrations were detectable after

90 min storage in Tedlar bags at 40°C.

Secondly, a breath collection method for off-line analysis was vatidat@0
mechanically ventilated patients in the ICU. The effect on \(O@entrations

of breath sampling from two locations after two breathing manoeuvres was
explored, revealing significantly higher analyte concentrations implssnfrom

the airways than from a T-piece in the breathing circuit, and aftat t
breathing compared to a recruitment-style breath. Practical difésultiere
encountered using direct airway sampling and delivering recruitmglet st
breaths; end-tidal breath sampling from the T-piece was simplgsrtorm

and results equally reproducible.

Breath samples from 26 healthy anaesthetised controls were useitiateval
breath collection method in the operating theatre. The effectdtaring
anaesthesia machine settings on inspiratory and exhaled acetonareioces

were explored. A difference in median inspiratory, but not exhaled, acetone
concentrations was observed between the anaesthesia machinés (AD
Carestation 276 ppbAysis Carestation 131 ppb, p=0.000%losing the
adjustable pressure limiting (APL) valve resulted in a reduction in edhal
acetone concentration, as did breath sampling distal to thet ditewj due to
dilution by dead space air. Median (range) breath concentrations for samples



collected on the patient side of the circuit filter with the APlveaopen
(n=22): acetone 738 ppb (255594 ppb) H,S 1.00 ppb (0.71-2.49 ppb), HCN

0.82 ppb (0.60-1.51 ppb). Breath acetone concentration was related to plasma
acetone @=0.80, p<0.0001) and beta-hydroxybutyrate concentratign8.95,
p=0.0075).

Finally, breath and blood samples were collected daily from 32 mechgnicall
ventilated patients in the ICU with stress hyperglycaemia (nafdjor new
pulmonary infiltrates on chest radiograph (n=28). Samples were collected over
a median 3 days (1-8 days). Median (range) breath VOC concentrations of all
samples collected: acetone 853 ppb (182375 ppb), k5 0.96 ppb (0.22-5.12
ppb), HCN 0.76 ppb (0.31-11.5 ppb). Median initial breath acetone
concentration was higher than in anaesthetised controls (1451 ppb versus 812
ppb; p=0.038). There was a trend towards a reduction in breath acetone
concentration over time. Relationships were seen between breatheaeed
arterial acetone £0.64, p<0.0001) and beta-hydroxybutyrate=@r52,
p<0.0001) concentrations. Several patients remained ketotic despite insulin
therapy and normal, or near normal, arterial glucose concentrations. Inspired
and exhaled 6 and HCN concentrations were not significantly different
Breath HS and HCN concentrations could not be used to differentiate between
patients with pneumonia and those with pulmonary infiltrates due to othe

conditions.

In conclusion, losses due to the sampling apparatus were determined and linea
over the range of concentrations tested. End-tidal breath samplirigevib-

piece was the simplest technique, with reproducibility comparablehter ot
methods. It was possible to replicate the breath sampling methodein t
operating theatre; pre-filter samples with inspiratory gas flow ratenthLand

APL valve open provided repeatable results avoiding rebreathing. Tlasre w
no role for the use of breath,& or HCN in the diagnosis or monitoring of
pneumonia in critical illnes There was no relationship between breath acetone
concentration and illness severity, however the utility of breatloaeeah the

modulation of insulin and feeding in critical illness merits further study.
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1. Introduction

Exhaled breath contains many trace compounds, some of which have been
associated with illness statés If those produced by metabolic processes or
pathological organisms can be identified and investigated, usihgigees

such as mass spectrometry, the analysis of volatile organic compoud@s)V

in breath may provide useful information about a patient’s clinical state. The
non-invasive nature of breath analysis and its potential for providing rapid
results in real timemake it an attractive tool, however there are numerous
confounding variables that must be controlled or taken into account when

designing studies and interpreting results.

Few investigations of breath analysis have been conducted in intubated patients
in the Intensive Care Unit (ICBS, possibly due technical difficulties
surrounding sample collection. Making a diagnosis of pneumonia in intubated
patients can be difficult, not least because there is noesitiggnostic test
available and many clinical features are not specific to pneumémicbreath

test were developed that could differentiate between pulmonary orfeatid

other causes of inflammation, it might improve diagnostic accuracy and,
therefore, the timely administration of the correct targeted treatmevd. T
potential breath markers of pulmonary infection and inflammation are

investigated in the experimental chapters of this thesis.

Mechanically ventilated patients undergo continuous monitoring of theit hea
rate, blood pressure and oxygen saturation, but there are currently no
techniques for monitoring metabolic status. This may be particutaggritant

in patients with stress hyperglycaemia who have deranged gluaaséniy.
Acetone is investigated as a marker of metabolic stress andonednin

patients with stress hyperglycaemia receiving treatment with insulin.

1.1. Thesisoutline

In the introductory chapter, the features of critical illness, includisgcested
hyperglycaemia, and the difficulty in diagnosing respiratory infection i
intubated and ventilated patients are discussed. The potential appticat

breath analysis for the detection of inflammation, infection and metabolic
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disturbance are outlined, along with potential confounding variables, such as
breathing pattern. Methodological issues concerning breath sampling,
particularly in intubated and ventilated patients with critidatess, are
considered. Selected ion flow tube mass spectrometry (SIFT-MS) isresglai

in detail, along with its utility in the analysis of VOCs in bred®dotential
biomarkers of metabolic disease (acetone), inflammation and infection
(hydrogen sulphide (}%) and hydrogen cyanide (HCN)) are highlighted and
described. Finally, the hypothesis and aims of the thesis are outlined.

The first experimental part of this thesis involves the optimisatidhe breath
collection technique in intubated and mechanically ventilated matia the
ICU, with validation against previous study methods. Technical andnpati

factors which might affect breath measurement are discussed.

Secondly, normal levels of exhaled acetong$ ldnd HCN in intubated and
mechanically ventilated patients undergoing elective surgicaégduves in the
operating theatre are studied. The effects of changing several ofatbstizesia
machine settings during breath sampling were assessed to miramyse

differences when compared to ICU ventilators.

Finally, potential breath biomarkers of metabolic dysfunction, oxidativesstres
inflammation and infection are investigated in patients in the. IRatients
requiring insulin treatment for stress hyperglycaemia and those with new
pulmonary infiltrates on chest radiograph (CXR) were studied over the course
of their iliness, with repeated breath analysis and blood, urine and sputum
sampling. Any relationships between VOC concentrations in breath and blood
are investigated. VOC concentrations are also compared to conventional
markers of disease severity. Comparisons are made between measured breath
analyte concentrations in the critical illness and control groups anéshks

discussed.

The thesis concludes with a discussion of the studies performed, including their
limitations, as well as the potential for further research in this area.



1.2. Critical IlIness

1.2.1. Sepsisand multi-organ failure

Septic shock is a major cause of death in patients in thé*{¢either as a
result of early haemodynamic compromise or subsequently due to the
development of multi-organ failuf®'**3 Despite many improvements in ICU
care, including advances in diagnostic and therapeutic technologies and
pharmacological therapies, the mortality rate from sepsis has rehaose

20% for patients requiring severalyd’ admission®*2141°

Systemic Inflammatory Response Syndrome (SIRS) is the term used to
describe the clinical features of multi-organ dysfunction assaciatiéh
infection or other inflammatory processes, such as pancreatitis, burns, multi-
trauma or haemorrhagic shock. If two or more of the following criteria are
satisfied, a diagnosis of SIRS can be made: (1) temperature >38°C or <36°C,
(2) heart rate >90 beats per min, (3) respiratory rate >20 per min or,R&20
mmHg, (4) white cell count (WCC) >12 x %D or <4 x 10/L or >10%
immature neutrophifs. Sepsis is the term used to describe SIRS triggered by
infection, severe sepsis is defined by sepsis associated withehgjuot,
hypoperfusion and end-organ dysfunction (for example lactic acidosis, oliguria
and altered mental state), and septic shock is severe sepsishypetrension

persists despite adequate fluid resuscitation

Around 27% of patients admitted to ICU departments across England, Wales
and Northern Ireland between 1995 and 2000, met criteria for severe sepsis in
the first 24 hours, an estimated 51 per 100,000 population per year. Patients
remained in the ICU for, on average, 3.56 days and in the hospital for 18 days,
representing a significant burden on health care resdfirdesa European
study of 3,147 ICU patients, sepsis, predominantly due to pulmonary infection,
was associated with more severe organ dysfunction and increaseu déngt
ICU and hospital stay compared to alternative conditforis the United
States, a study of the cost of ICU care in 2002 illustrated thaintptwas it

more expensive to support a mechanically ventilated patient onyabdails

than a patient who did not require ventilation ($31,574 + $42,570 versus
$12,931 + $20,569, respectively), but that mechanically ventilated patients
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tended to require longer ICU admissions, further escalating th€.cHsis led
the authors to conclude that interventions to reduce the duration of neathani
ventilation and/or ICU length of stay could significantly reduce hecsdite
spending.

Pathophysiol ogy

Microbial endotoxins are responsible for the initiation of a number of complex
pro- and anti-inflammatory pathways that usually result in elimonatf the
pathogen. Imbalance between these pathways, however, can lead to excess
systemic inflammation and host organ danmtag&@he exact mechanism by
which sepsis-related multi-organ failure develops is unknown, however the
combination of poor blood supply at the macro- and microvascular level
causing hypoperfusion and impaired mitochondrial activity leading to ityabili

to utilise oxygen have been implicaté® Distant organs may be affected by
leakage of inflammatory mediators into the systemic circuldtion is not
clear why certain infective organisms cause damage to some orghmota
others, and why the same infection in different individuals has ditfere

consequences

Activation of macrophages, neutrophils, endo- and epithelial cells fand t
transcription factor nuclear facteB (NF-kB) help to regulate the immune
response to infectidR Cytokines, chemokines, platelet activating factor,
interferony, leukotrienes and proteases are released, some of which cause
further activation of NReB'®. Immune cell stimulation is important in order to
clear the offending pathogen; macrophage activation caused by microbes, pro-
inflammatory mediators, and also hypoxia and acidaemia, intensiéegroh
inflammatory cascade. Sepsis can cause delayed neutrophil apoptogisgresul

in increased inflammation and further tissue injtiry

Reactive oxygen species (ROS) are released by activated neuteopmhitse
produced by oxidative phosphorylation in mitochondria. Under normal
conditions, ROS produced in mitochondria act as signalling molecules and are
scavenged by antioxidants such as vitamins C and E and glutathione. Whe
overproduced during episodes of tissue hypoxia or in the presence of pro-

inflammatory cytokines, for example tumour necrosis faat@i™NF-a), the
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anti-inflammatory pathway is overwhelmed and ROS cause systemic
inflammation and organ damdgé>*® The superoxide anion can react with
increased levels of pro-inflammatory nitric oxide (NO), leading to the
formation of peroxynitrité**® Like ROS, peroxynitrite causes damage to cells
by reacting with components of the mitochondrial electron transport chain,
reducing oxygen extraction and utilisation by tissues, and also inAs
damage, both of which lead to cell ddati Reduced antioxidant levels have
been seen in sepsis and Acute Respiratory Distress Syndrome (ARDS), but
interestingly the administration of antioxidants as a treatment doesppear

to have consistent effects in sepsis

The vascular epithelium is involved in a number of processes occurring in
association with sepsis, including leukocyte trafficking, the expression of
adhesion molecules and involvement in clotting pathwWaysctivation of the
epithelium results in elevated levels of NO release due to its pronudmom
L-arginine, catalysed by nitric oxide synthase (NOS). Endothelial NOS (eNOS)
produces small amounts of NO with anti-adhesive and protective properties,
whereas inducible NOS (iNOS) causes the synthesis of large quanitibk3

in sepsis, producing pro-inflammatory efféétsThe resulting smooth muscle
relaxation causes vasodilatation and hypotension, but the administibiGh
blocking drugs causes significant adverse side effecthis highlights the
complexity of the inflammatory pathways; vasodilatation is also atediby
activation of potassium channels and changes in hormone levelxafople

cortisol and vasopressfh

The lungs appear to be affected early in the course of severe’$eRES
exhibit direct and indirect effects on the lung, with injury to the epitirel
leading to leakage of fluid into the airways. Shear stresses gehdrate
recruitment and derecruitment of alveoli during mechanical ventilation ca

augment pulmonary damage

Features of illness severity and severity scoring systemsin critical illness

The severity of lung injury associated with hypoxaemia in ARD&aissified
according to the ratio of the partial pressure of arterial oxygen divigléldeb

fraction of inspired oxygen (PaiO,); mild 200 mmHg (26.7 kPa) <



PaQ/FiO, < 300 mmHg (40 kPa), moderate 100 mmHg (13.3 kPa) <
PaQ/FiO, <200 mmHg, severe PaflFiO, < 100 mmHg. The syndrome also
requires the following criteria to be fulfilled: (1) onset within one week of
clinical insult or new or worsening respiratory symptoms, (2) bilateral
infiltrates on CXR not fully explained by effusions, lung collapse or nodules,
(3) respiratory failure not fully explained by pulmonary oedema or fluid
overload, (4) use of positive end-expiratory pressure (PEEP) or continuous

positive airway pressure (CPAP) >5 cp®4.

Interestingly, the severity of pulmonary dysfunction related to sepsss raue
appear to be associated with 30 day mortality, which is more claskddl|to
neurological and renal dysfunction as well as the degree of coagul@pathy
Increasing ag€**and infection with Pseudomonas species are also risk factors
for poorer outcomé& Several, more specific independent variables appear to
be associated with the progression from sepsis to severe sepsis and sept
shock? temperature >38°C, heart rate >120 beats per min, systolic blood
pressure (BP) <100 mmHg, platelet count <150%t10serum sodium >145
mmol/L, bilirubin >30 umol/L, mechanical ventilation and five other features
characterising the infection (pneumonia, peritonitis, primary bacteraemia,
infection with Gram positive cocci or aerobic Gram negative Ipaddost of

these form part of the critical illness severity scoring systems described below

Several validated scoring systems are used in the ICU to preditality
based on a variety of clinical parameters and blood results in th24itsiurs

of an admission. The most commonly used is the Acute Physiology and
Chronic Health Evaluation (APACHE) Il sc8fewhich is slightly simpler to
use than the APACHE Il scofe Both of these scoring systems, along with
four others (the Simplified Acute Physiology Score (SAPS) versions | and I,
and the Mortality Probability Model (MPM) | and 1)) were compared using a
multicentre, multinational patient database, concluding that relieddalts
could be achieved by using any of the systems and that none wasrétiper
Another commonly used scoring system in the ICU is the Sequentiah Orga
Failure Assessment (SOFA) scOtewhich can be calculated repeatedly
throughout a patient’s ICU admission to give an indication of extent of organ

failure, prognosis and mortalfty



Treatment of severe sepsis and septic shock

Due to the high morbidity and mortality associated with severe ssepsl
septic shock, and the evidence that early appropriate treatment acsmdefl
outcomes, guidelines for the management of these conditions were formulated
in 2004® and updated in 2068 Key recommendations include early goal
directed resuscitation in the first six hours, investigation of thesative
organism prior to antibiotic therapy, but to administer the first dose aidbro
spectrum antibiotics within an hour of diagnosing the condition, and
subsequent evaluation of microbiological results to narrow the antibiotic
spectrum. Advice is given regarding the choice of fluid for resuscitatien, th
use of inotropic and vasopressor drugs, oxygen and steroid administration,
ventilation in ARDS, treatment of severe renal impairment, patieitiqrosg,
correction of anaemia, coagulopathy and hyperglycaemia, protocols for
sedation and weaning from the ventilator, and deep vein thrombosis (DVT) and
stress ulcer prophylaxis.

1.2.2. Pneumoniain intubated and ventilated patients

Ventilator-associated pneumonia

Ventilator-associated pneumonia (VAP) affects 8-20% of ICU patfétitand
up to 27% of mechanically ventilated pati€éhtaind is associated with a high
mortality rate of 20-50982 This is increased further if VAP is caused by a

multi-drug resistant pathogén

Standardised criteria for the diagnosis of VAP are lacRingost clinicians
base their diagnosis on the presence of fever, elevated or low WCC, purulen
secretions and new or persistent pulmonary infiltrates on*;X®ne of which

are specific for VAP. Bacteriological data does not improve the aocwfa
diagnosid” and patients in whom there is a strong clinical suspicion of VAP
have a high mortality rate irrespective of positive microbiologeeadence of
diseas®. The difficulty surrounding diagnosis means that only half of patients
with suspected VAP actually havé'it® and in up to a third of patients who
have VAP the diagnosis is missed. Alternative diagnoses revatkatopsy
include atelectasis, thromboembolic disease, pulmonary haemorrhage,
pulmonary fibrosis, carcinoma and lymphotha



VAP is probably caused by microaspiration of secretions from above the
endotracheal tube ciff***¢ which is why the incidence rises as the duration
of mechanical ventilation increagésnd the common causative pathogens are
different from those seen in community acquired pneumonia (EAP)it
frequently complicates ARDS***¢and lengthens the duration of ventilation

and ICU sta?*® increasing the cost of hospitalisatitn

Rationale for accurate diagnosis of pulmonary infection

The diagnosis of pneumonia is important so that empirical antibieatnment

can be initiated early; delayed antibiotic treatment of commuautyired
pneumonia (CAP§*or VAP*>® or using overly narrow spectrum antibiotics

in severe infectiol, are associated with increased mortality. Antibiotics are
therefore, often prescribed when infection is suspected, rather than proven, in
order not to fail to treat an infective cause of a patient’s symptoms32’42.
Conversely, if a patient is suspected of having infection but the diageosis
non-infective, delays in identifying the true cause will preventdiiesery of

appropriate treatment, which could lead to increased morbidity and mortality.

There is no difference in outcome between empirically treated and pathogen
directed treatment of CAR however broad spectrum antibiotic use in non-
severe CAP can increase the incidence of side efféttnd the likelihood of
development of antibiotic resistaffteRespiratory infections account for over
50% of antibiotic prescriptions, thus early increased certainty of the pessenc
of infection, including identification of the organism responsible, could reduce
the number of inappropriate antibiotic courses, enable narrowing of the
antibiotic spectrum, allow appropriately shorter courses of antibiotics, improv
compliance, and reduce costs, side-effects and antibiotic resfStance
Unfortunately, due to the difficulties obtaining a microbiological diagnosi
around 70% of patients with CAP never have a pathogen idefitiffétt

Problemswith diagnosis

The diagnosis of pneumonia in ventilated patients is challengingleast
because the patient cannot articulate symptoms, and physicalnaexamiis
difficult due to the patient’s position and the presence of numerous lines and

tubes for monitoring and delivering therapy. Many clinical features and
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commonly used investigations are not helpful as they provide resultaréhat
not specific for the diagnosis of VAP® or infectious, as opposed to non-

infectious, SIRS in critically ill patient&

Fever and elevated white blood cell count and C-reactive protein (CRP) are
sensitive but not specific markers of sepsis and can be affected by othe
inflammatory condition. The sensitivity of these markers is lower for the
diagnosis of VAP compared to other infecti¥ngemperature testing is easy,
cheap, non-invasive and readily repeatable. The specificity for the disghos
infection increases when temperatures rise above“*38fi6wever up to 40%

of patients with CAP do not present with feffeiwhite cell count is a poor
marker of sepsf§ does not correlate with response to therapy and can be
affected by drugs commonly used in critical illness, for example
corticosteroids, adrenaline and noradrendlin€RP, on the other hand,
appears to increase with increasing severity of infection, including in VAP, and
is higher in patients with SIRS due to infection than non-infectiveesgug\

CRP greater than 87 mg/L has been seen to exhibit a sensitivity of 88d1%
specificity of 86.1% for infection in critically ill patients, the specific

increasing when combined with a temperature over 38°2°C

Yield for all culture-based tests is lower after antibiotic the¥apyand this

can be more of a problem in patients with suspected VAP as they hav
commonly received prior antibiotit’s With increasing antibiotic resistance in
organisms such as Streptococcus pneumoniae and Haemophilus infliiénzae
may become more important to culture the pathogenic organism to aid
antibiotic choice. It should be noted, however, tthia vitro antibiotic
susceptibility testing requires more time than culture testing @@mel does

not always correlate with clinical efficacy in vRio

Any test that could improve on current methods to diagnose infection or
identify the organism responsible would be of great value in the 1Gluget

Currently used diagnostic tools are outlined below.

CXR A study of radiological abnormalities and autopsy findings in ventilated
patients who died in the ICU highlighted the difficulty of obtaining good

quality imaging, particularly due to difficulties positioning ventilapetients,
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and in interpretation of portable anteroposterior C*Racluding the presence

of tubes and lines causing the image to be less clear. The mdst use
radiological feature for the diagnosis of pneumonia was the air bronchogram,
but this only predicted pneumonia in 64% of cases. There was a high
probability that other conditions mimicked pneumonia, for example atelectasis,

atypical pulmonary oedema, lung contusion and ARDS

Blood culture Blood stream infections carry a high mortality rate in patients
with critical illness, which increases if inappropriate antibiotiese
administeredf. The positive yield of blood cultures in CAP, hospital-acquired
pneumonia (HAP) and VAP is I&W>, with a higher chance of bacteraemia if
bronchoalveolar lavage (BAL) is also posifiteUnfortunately, positive results

do not always confirm the organism responsible for VAP, instead being
associated with infection at another $itd In a prospective observational
study of patients with CAP, bacteraemia was observed in only 5.7% of cases
however in over 60% of these cases the findings did not result in a narrowing
of the antibiotic spectrurh

Other limitations of blood cultures are that results are not ablail
immediately, some bacteria are difficult to culture from blood l{oliag
Chlamydophila, Mycoplasma and Legionella species), and it is not possible

culture viruse¥.

Sputum, tracheal aspirates and bronchoalveolar lavage Purulent secretions

alone cannot be used to aid the diagnosis of pulmonary infection in the ICU as
they are almost always present in the context of prolonged mechanical
ventilatior?® and underlying lung diseases such as chronic obstructive

pulmonary disease (COPD).

Sputum culture takes at least 48 hours, however sputum Gram stain is
inexpensive, can be performed rapidly and does not require sophisticated
equipment’. The sensitivity of a sputum Gram stain for the diagnosis of
pneumonia is modest but specificity is Higt>° the better the specimen the
higher the sensitivity and specificly It is therefore a useful test for the
diagnosis of pneumonia if a good sample is obtdtheghich unfortunately

can be significantly problemafit***°*> Sputum culture from patients with
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pneumonia is more likely to be positive in those with bacterd€raied will
not be of use in pneumonia related to Chlamydophila pneumoniae
Mycoplasma pneumoniae and Legionella species, as they cannot bedculture

from sputun® and another diagnostic test must be performed.

Intubated patients cannot provide spontaneous sputum samples, so tracheal
aspirates or bronchoscopy with BAL must be performed. A study of patients
with suspected VAP compared a group with quantitative BAL culture and a
group with non-quantitative tracheal aspirate culture, revealing no difeenenc
number of patients receiving targeted antibiotics, days alive off attii
maximal organ dysfunction scores and length of ICU or hospitaP®stay
Positive BAL culture occurs in about 50% of clinically diagnosed \¢ABes,
however there does not appear to be a difference in mortality between thos
with positive BAL culture and those who are culture negative, or a bemefit
mortality if antibiotics are changed based on the BAL résulibnsidering that
bronchoscopy is invasive, not a therapeutic technique in this settirgndbe
seem to give superior results to tracheal aspirate sathples positive BAL
culture findings do not necessarily alter outcotdsis not used routinely and
should probably only be considered if there is a failure of therapy or a

causative pathogen has not been identified using other less invasie tests

It is important to remember that there is still a chance of oontdion of BAL
samples with upper airways organiéié and due to the heterogeneity of
VAP, false positive and false negative results can be obtaineahfisg from
the non-affected aréa

The interpretation of sputum, tracheal aspirate and BAL results cdiffioalt
because hospitalised patients become colonised with bacteria witbut a
three days of admission, more quickly if they are ventilated, thereforgvposi
cultures may reflect the presence of colonising rather than infextyamisms.

The identification of a causative organism from tracheal aspirates iehigat
with VAP can be problematic as samples can grow two or more potential

pathogenic bacterfa

Finally, the method of processing respiratory samples may affect the

microbiological result; if there is a delay in sample preparationsateve
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fastidious bacteria, for example S. pneumoniae, may fail to grow, while
colonising bacteria, such as Enterobacteridcear oral contaminants may
proliferate’. Less fastidious microorganisms grow more readily on selective
media, so contaminants such as Staphlococcus aureus and Gram negative

bacteria, may be overrepresernited

Urinary antigen tests Urinary antigen testing for Legionnaire’s disease and S.
pneumoniae is simple and rapid, but despite good specificity for the diagnosi
of pneumonia relating to these organisms, the sensitivity of theisestdy
modest'***® False positives associated with the pneumococcal antigen test
due to recent infection can be both a problem and a benefit of thast@siyill
remain positive even if antibiotics have been administérathe Legionella
urinary antigen test appears to be highly specific for Legionella pneumophila
subgroup 1 but not the other subgrdtip® or subspecies. Legionella
longbeachae is an important cause of pneumonia in New Z&3laadsed by

its presence in potting comp&5tand a polymerase chain reaction (PCR) test is
required for diagnosis Obviously, urinary antigen tests cannot be perfarme

if the patient is anuric, which makes the test less useful in theMi@dde some

patients with severe pneumonia also have severe renal dysfunction.

PCR methods PCR tests have been standardised for the testing of Legionella
species and Mycobacterial species. They can be used to provide a probable
diagnosis of M. pneumoniae and C. pneumdtiiaad there is likely to be an
increase in the number of organisms that can be detected accurétedyway

over time’. Advantages of PCR tests are that they provide rapid ré&siilts
remain positive after antibiotic therapy has been comméhaat can be used

to detect slow growing or difficult to culture bacté&fiaConversely, they are
more expensive than conventional Gram stain and culture, occasiomlly la
sensitivity data and are not quantitative, so it may not be possillistermine

whether a microorganism is colonising the patient or causing infattion

1.2.3. Hyperglycaemia and itseffectsin critical illness

Patients with critical illness commonly developtress hyperglycaemia”,
particularly in association with sep&§* Hyperglycaemia, in the absence of

previous evidence of diabetes mellitus, occurs with hyperinsulinaeméa as
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consequence of peripheral and hepatic insulin resistance and subsequent
increased gluconeogenesis and glycogen§ffSisinsulin resistance impairs
glycogen synthesis and stor&4€, resulting in a failure to remove glucose
from the circulation. Elevated insulin levels should suppress glucose
production, however in critical illness the secretion of counter-regulatory
hormones (for example cortisol, growth hormone and glucagon),
catecholamines and pro-inflammatory cytokines promotes further hepatic
insulin resistance and increased gluconeogefi&Sigarticularly implicated

are TNFq, interleukin (IL)-1 and IL-63 Catecholamine infusions (adrenaline

and noradrenaline) can cause further imbalance of glucose homeostasis through
mechanisms that include the stimulation of gluconeogetiesiStress
hyperglycaemia is associated with increased hospital motfaityl the degree

of hyperglycaemia appears to correlate with the severity of dritica

illnesg?53:68

Excess glucose can be toxic to cells. Increased oxidative phospluorylati
within mitochondria results in the generation of more ROS than can be
scavenged by antioxidants, which are already reduced due to critiesisil
itself>. The production of peroxynitrite causes further cellular damage, as
discussed previously (Chapter 1.24¥ Endothelial dysfunction as a
consequence of hyperglycaemia may exacerbate multi-organ failure, and may
be why improved outcomes have been seen with insulin treZfim@ther
potential complications of hyperglycaemia include lipid profile deravege"

and the development of a catabolic state, platelet activatioi/base
disturbances and electrolyte and fluid shfft®\euronal cell uptake of glucose

is independent of insulin; consequently critical illness polyneuropatdngseo
correlate with glucose levEl Reduced neutrophil activity including
impaired respiratory burst, may explain the increased risk of infection

associated with hyperglycaerfil&®

1.2.4. Theeffect of insulin treatment in critical illness

Initial trials of aggressive insulin therapy to maintain normoglycaeémthe
ICU setting revealed improvements in mortality, particularly in thegé

sepsi&®® This was in agreement with earlier studies showing a reduction i
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mortality in hyperglycaemic patients receiving insulin followimyocardial
infarction (MI)"®"2 Administration of insulin to maintain normoglycaemia was
associated with improved insulin sensiti%ftyOne detrimental effect of insulin
administration was the development of hypoglycaemia, which wag mor
common in patients with sepsis and conveyed an independent incnease i

mortality rat&*®°

The inaugural study of insulin therapy in critical illness involved mser
1,500 patients in a surgical ICU by Van den Berghe &t &articipants were
randomised to receive intensive insulin therapy (IIT) aiming for bloodbghic

of 4.4-6.1 mmol/L or conventional treatment with insulin only if blood glucose
rose to over 11.8 mmol/L, aiming for 9.9-11.0 mmol/L. Overall mortality was
lower in the IIT group (4.6% versus 8.0%), with more marked improvements in
mortality for ICU stays over four days. Reductions were seen in the mmde

of bacteraemia, critical illness polyneuropathy, acute kidney injaugl)(
requiring renal replacement therapy (RRT) and liver dysfunction. Length of
ICU stay was reduced, possibly as a result of a reduction in duration of

mechanical ventilation.

Further analysis of this stutfysuggested an anti-inflammatory effect of IIT,
indicated by an increased rate of reduction of CRP and attenuated increase in
manose-binding lectin levefs Significantly lower serum NO levels were seen

in survivors than non-survivors, with elevated NO correlating with igkeaf
developing AKI. Suppression of iINOS in liver biopsy samples of those in the
IIT group was believed to be partially due to a reduction inkRFetivity™.
Structural and functional mitochondrial abnormalities seen in liver biopsies

appeared to be prevented or reversed b{.1IT

The follow-up study in a medical IC®involving 1,200 patients failed to
report a significant reduction in mortality with [IT overall, in fdoce mortality

rate for those patients admitted to ICU for less than three daysleated in

the IIT arm. In contrast, for stays in ICU of three days or more mortality
decreased from 52.5% to 43.0%. Similar morbidity benefits to those seen in the
surgical ICU trial were described, with the exception of a reduction in

bacteraemia rate. This discrepancy was argued to be as a reswddiohl
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patients being admitted to the ICU due to sepsis, irrespectiveiofdiagnosis

at hospital admission.

The difficulty of achieving normoglycaemia in patients with stress
hyperglycaemi&"® discrepancy in the results of subsequent trials with similar
aims”"® and anecdotal evidence from ICU clinicians that tight glycaemic
control did not seem to result in the type of improvements seie itnials by

Van den Berghe et &% led to a large, international, parallel-group,
randomised, controlled trial of 6,104 medical and surgical ICU paffents
Hyperglycaemic patients were randomised to receive IIT (glucoget taange
4.5-6 mmol/L) or conventional glucose control (8-10 mmol/L). There was a
2.6% higher mortality rate in the ITT arm, with no difference betwkeriwo
groups in terms of median duration of ventilation, RRT, ICU stay or hospital
stay. Severe hypoglycaemia affected 6.8% of patients in the ITT group
compared to only 0.5% in the conventional glucose control group. The authors
concluded that the number needed to harm with tight glycaemic corasol w
38, recommending maintenance of glucose concentration below 10 mmol/L to

reduce mortality whilst avoiding hypoglycaemia.

An Australian study of 168,337 blood glucose measurements in 7,049 critically
il patients® demonstrated that intra-subject mean glucose concentration and
fluctuations in glucose concentration (determined by the standard deviation and
coefficient of variability of glucose concentrations), were independently
predictive of ICU and hospital mortality. The authors hypothesised that
controlling the variability, not just total concentration, of blood glucoag be

beneficial.

As a consequence of the NICE-SUGAR fflaBnd two meta-analyses
performed to assess the outcomes of °If{ international guidelines now
recommend the control of glucose to below 10 mmol/L in critical illntes,
prevention of large fluctuations in glucose level, and the avoidance of tight
glycaemic control due to potential detrimental effects. It is sstgdethat
intravenous glucose infusions are limited to reduce the risk of

hyperglycaemi¥.
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1.2.5. The SPRINT protocol

In Christchurch Hospital ICU, New Zealand, a unique system for glycaemic
control was implemented as a change of practice in August 2005. The
Specialised Relative Insulin Nutrition Tables (SPRINT) protocol snaple
wheel-based system that modulates not only insulin dose but also vofume
feed (enteral or parenteral) administered h&afy The system was developed
from validated computer models that predict insulin sensitivityookihg at

the handling of previous insulin and nutritional inftitd.ow carbohydrate
feeding regimens aim to prevent further elevation of blood glucose®1&¥el
Unlike other protocols in the literature, insulin is administered as a
intravenous bolus to avoid an inappropriate infusion dose running until the next
blood glucose measurement. The protocol is commenced when a patient has
two consecutive blood glucose measurements greater than 8 mmol/L during
standard monitoring, or can be started by a specialist doctor ifenatith
severe critical illness has a glucose level persistently ©vemol/L. If blood
glucose levels remain high despite a maximum insulin dose of Ghanits a
background infusion of 0.5-2 units/hour can be initiated. This is most
commonly required for patients with underlying diabetes mellitus. Unlike some
insulin regimes where blood glucose is monitored every four hours,
measurements are taken at one to two hourly intervals, with itheof
maintaining tight glucose control whilst preventing hypoglycaémia
Hypoglycaemia is also avoided by withholding insulin when blood glucose
drops by more than 1.5 units/hour if the glucose level is below 7 mffol/L
The protocol is stopped when stable blood glucose measurements of 4-6
mmol/L have been achieved over six hours or more, at an insulin dose of 2

units/hour or less, with feed running at a minimum of 80% of the goal feed
rate’”.

When compared to a retrospective cohort (413 patients), the SPRINT protocol
(371 patients) led to a tightening of glucose control without an irergas
hypoglycaemia seen in other studféd A reduction in hospital mortality from
34.1% to 25.4% was seen in patients with an ICU stay of three days or more,

and 31.9% to 20.6% in patients staying over four days. There was no
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significant difference in illness severity between the two groapsietermined
by the APACHE Il scor&.

A significant reduction in organ failure, as determined on a dailys ligsthe
SOFA score, was seen when the SPRINT group was compared to thedlistoric

cohort. Organ failure also appeared to resolve more quickly in the SPRINT

group”™.

1.2.6. FeedinginthelCU

The assessment of a patient’s nutritional status is problematic in the ICU as it is
difficult to weigh the patient accurately, especially on a repebssis, and
even when it is possible the presence of oedema and fluid shifts maka we
and body mass index (BMI) results unreliable. Energy expenditure is also not
easy to calculate, but it is known to be a time of increasedbwmietm with
subsequent development of a catabolic &&te Controversy surrounds the
timing of initiation of feeding, the amount of feed administered and route of

administration.

European guidelines recommend early enteral feeding in critidlapatients
who are not expected to be eating normally within three days, avoiding
excessive caloric intake in the initial phase of criticaleifi§®. Clear evidence
for recommending early enteral feeding is lacking, however meta-analyses

suggest a reduction in infection rate and length ofStay

Feeding via the enteral route is advised by both European and American

§*8%to preserve gut integrity, and its barrier and immune funétfons

guideline
Due to problems with gut motility associated with severe dneslequate
enteral intake is often not achie®@&®° In these cases supplementary
parenteral feeding is recommengfedut not as the only route of feeding due
to higher cost and increased rates of infection, particularly linessepisen

compared to enteral feedff§®

The appropriate amount of feeding required has also been of interest to ICU
clinicians. Overfeeding, especially via the parenteral route, isesedhe
likelihood of developing stress hyperglycaeffiand can lead to increased

carbon dioxide (Cg@ production, which may be more concerning in patients

17



with respiratory compromiéé Some, mainly observational studies, have
shown that significant underfeeding is related to increased mottality
infection rat&>®% duration of mechanical ventilati®?® and length of ICU
stay>. In contrast, two studies showed that moderate underfeeding
corresponded to improvements in mort&fif and return of spontaneous
ventilatior?® when compared to feeding at estimated maximum feed rate. The
authors suggest that lower calorie intake might lead to improvements i
outcome due to a reduction in metabolic rate and oxidative stress, thus a
reduction in ROS generated in mitochondria, improvement in insulin
sensitivity, and altered neuroendocrine and sympathetic nervous system

functiorf®.

1.3. The analysis of volatile organic compounds in
breath

1.3.1. The components of exhaled breath

Exhaled breath is composed of a mixture of nitrogen, oxygen, @G@ter
vapour, inert gases and numerous VOCs at the low parts per billion (ppb)
level'?. For centuries, physicians have recognised characteristic odours on a
patient’s breath or skin, caused by these trace gases, and related them to
disease states; the sweet smell of diabetic ketoacidosis (D&\jishy smell

of liver failure and the urine smell of renal faillie Initially about 250
substances were separated from human breath, without specific identiffcation
however over 1,000 substances have now been identified of both endogenous
and exogenous origifi®. VOCs produced by both normal and pathological
metabolic processes are transported in the blood stream and can led &xhal

the lungs.

1.3.2. The potential applications of breath analysis

Breath analysis is an attractive method of obtaining information about a
patient’s metabolic or inflammatory status as it iS non-invasive and, using

certain techniques such as SIFT-MS, can be performed rapidly and in real
time*. Much research has been undertaken into the clinical applications of

breath analysis, however there are currently very few examples dh brea
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testing in clinical practice; capnography is an important tool for monitoring
CO; level, used in operating theatres and the ICU, “breathalysers™ are used by

the police to detect breath alcohol levels, th€-urea breath test is an
important tool in the detection of Helicobacter pylori in thensich, which

can promote the development of ulcers, and eosinophilic inflammation in
asthma can be monitored using the fraction of exhaled nitric oxige)(For

which a protocol for obtaining breath samples eXists

One of the important issues that needs to be addressed is the ch6@€(s)
for analysis, because to be used as a biomarker it needs to fulfih cgitiria.
A biomarker is defined as “a characteristic that is objectively measured and
evaluated as an indicator of normal biological processes, pathologespese

"% |deally a

or pharmacological responses to a therapeutic intervention
biomarker would be simple to measure, repeatable and reproducible, reflect
changes associated with treatment and predict outcome or disease
progressiolf. It is important that the relationships between the marker and
underlying conditiof, and for systemic processes between breath and blood
concentrations, are cléaf. The monitoring of Eyo in asthma is a good
example; Eyo rises with increased eosinophilic inflammation and is reduced
by steroid treatmefft Feno can be used to predict response to inhaled
corticosteroids (ICSJ, to modify ICS dose without unwarranted side effects or
loss of asthma contr, and elevated levels after the cessation of steroid
treatment can predict relap&eElevated Eyo can also discriminate between
individuals with asthma (as determined by symptoms suggestivéheof
diagnosis and a positive bronchial provocation test or positive response to
inhaled bronchodilator) and those withB&t% with a higher sensitivity than

peak flow measurement and other spirometric parani&ters

A number of potential breath biomarkers have been identified. Ethane and
pentane appear to be linked to lipid peroxidation, acetone to glucose
metabolism, isoprene to cholesterol biosynthesis and ammonia to protein
metabolismi®. Ethanol and hydrogen appear in human breath due to the action
of gut bacteria Possible clinical applications have been investigated, including

elevated ammonia as a biomarker in end-stage renal f&fuaed the
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assessment of dialysis effica® the effects of surgery on metabolic stt&%s

and the monitoring of intravenous anaesthetic drug [&els

Markers of infective pathogens have also been identified; 2-pentylfuran as a
marker of Aspergillus fumigatd¥, methyl nicotinate as a marker of
Mycobacterium tuberculosi®® and hydrogen cyanide (HCNj and 2-
aminoacetophenofé as markers of Pseudomonas aeruginosa in the cystic
fibrosis (CF) lung. By using a combination of 22 VOCs, children with CF
could be separated from those without CF with 100% reliability and d<ing
VOCs those with P. aeruginosa infection could be separated from those

without'*2

1.3.3. The potential of breath analysis for the detection of
pneumonia and metabolic disturbancein critically ill patients

For breath analysis to be clinically useful, results need to providdith&an

with information not readily available via conventional analysis of bimod

urine sample¥, and also be of diagnostic or prognostic benefit, or be useful in
following response to treatment. Breath samples may be simpler to paxes
they might not need to undergo preparation as blood and urine samflfes do
and results may, therefore, be more rapidly available, particularly when
compared to samples for microbiological culture. Blood and urine samples are
generally used to measure levels of large molecular weight proteihsias
rather than very small quantities of volatile substaHéeEhere is a suggestion
that due to the variability of individual measurements of VOCs, such as
acetone, in blood that breath analysis may be more réefialBihen evaluating
airway inflammation, sputum analysis for inflammatory cells is not practical on
a daily basis due to the difficulty of obtaining adequate samples, and
identification and interpretation of inflammatory cells requires higtkijled
laboratory staff®. Other methods of sample collection, such as bronchoscopy,
can be more invasive and impractical on a regular basis. In additiath bre
sampling can provide details that other investigations cannot, such as
information about pulmonary functibi and may be able to provide

information about several VOCs at the same time.
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As described in Chapter 1.2.2., it is difficult to differentiate between
inflammation due to infection and that due to other causes, especidtlg in
lung and in patients with critical illness, on the basis of curreatbilable
diagnostic tesfé. The differentiation between pneumonia, aspiration lung
injury, pulmonary oedema and ARDS due to a cause other than pneumonia by
a bedside test is currently not possible. Any test that could devthikl be
extremely useful in the ICU setting, where patients are unstable, their condition
is rapidly changing, and management of the conditions above is different.
Pneumonia requires antibiotic treatment and investigation of the sngani
responsible; aspiration lung injury usually requires supportive care without
antibiotic therapy; pulmonary oedema requires pharmacological manuen

of cardiac function, and possibly mechanical support via a balloon pump; low
volume ventilation or other ventilation strategies may be napess ARDS,

as well as treatment of the underlying cause. It is important,foineyeo
instigate appropriate  management plans early and avoid unnecessary
antibiotics, for example, with potential side effects of renal dysfunctidhe
promotion of bacterial resistance.

The ventilatory and haemodynamic status of a ventilated patielusisly and
continuously monitored in the ICU or operating theatre, however there are
currently no tests available to quickly and accurately monitor rapidipging

levels of metabolic stress, inflammation and infection. Currentlyladla

tests, for example Swann-Ganz catheters, pulse contour continuous cardiac
output (PiCCO) monitors and blood tests are often invasive and results are not

always available immediatéfy.

Two studies of exhaled NO in intubated and ventilated patients in the ICU have
shown promise in the diagnosis of pneumonia, with higher concentrations in
the breath of patients with pneumonia than those withotf Neither study
found a difference in exhaled NO concentration between patients witls seps
and those without, or a correlation between breath NO and plasma nitrate
concentratioh'”*'® There was no relationship between exhaled NO
concentration and degree of consolidation on €EXRr markers of systemic

inflammation, haemodynamic instability or disease seVefit§levated NO
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appeared to be associated with pulmonary infection and was not related to

systemic productiof’**®

If the correct breath markers are identified, non-invasive breath sansplidy

be used to provide rapid, accurate, repeatable or continuous information to
diagnose and monitor changes in breath marker concentrations as a
consequence of infection, metabolic derangement or treatment in teshtila

patients.

1.3.4. Breath analysistechniques

There has been a great deal of progress in the identification and quiaorifica
of trace gases in breath since the first studies of Pauling’®trathe 1970s
using gas-liquid partition chromatography. Several techniques are now,in us
each with their own advantages and disadvantages, although only arfew ca

accurately quantify VOCs at the low ppb level, on-line and in reaftime

Gas Chromatography

Gas chromatography (GC) is the most commonly used method of breath
analysis, whereby different compounds in a mixture are separated by their
reactions with the substance of the GC collfhrt can be combined with
various methods of ion detection and analysis, for example flame tionisa
detection (FID), time-of-flight (TOF) and MS. Tandem mass spectrgmet
(MS-MS) can be used to increase the sensitivity and confidence in
identification of compounds detected. Conventional ionisation, for example
electron impact ionisation, is used. This results in many ion fragnerite
analysed and enables substances to be confidently identified by their
characteristic fragmentation pattrihe instrument must be calibrated for

each VOC with known gas standards.

It is not possible to identify very low molecular weight compoundg wi
accuracy using G&*? thus pre-concentration, requiring off-line sampling, is
important. Breath is humid and condensation of water vapour interfefes wit
this method of analysis, affecting results. Water vapour must, therefore, be
removed from samples prior to analyéts hampering the development of a

method for directly breathing into a GC-MS instrument. Real-time breath
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analysis is also precluded by the response time of the analysetetd de
change in concentration, which is too slow to accurately determine the
concentration of a VOC over the duration of a single exhaf4tioRre-
processing of raw GC-MS data involves de-noising, alignment and
normalisation, prior to analysis. Due to the preparation steps of theesantpl

raw results data, this technique is time-consuming and requireslled ski
operator. Instrumental variation can be improved by analysing samples in
batche$™.

I on mobility mass spectrometry

lon mobility mass spectrometry (IMS) can be used to detect and quaatiéy
gases at the low ppb level. The device is smaller than othergpastrometers

as samples do not require heating prior to anafysia carrier gas of purified

air or nitrogen, transports precursor ions, generated by a radioactive source,
into a drift tube. A mass spectrum is produced when product ions witusa
molecular masses arrive at the detector at different timesodieir different

drift velocities. By changing the drift length, drift gas, electricglt strength,
temperature or pressure, product ion separation can be impfovetis
method is usually coupled with GC in order to separate complex gas
mixtures*?2 Calibration of ion mobility for each ionic species at different

humidity levels is necessdrywhich can be time-consuming.

Proton transfer reaction mass spectrometry and selected ion flow tube mass

spectrometry

Proton transfer reaction mass spectrometry (PTR-MS) and SIFT-MS are both
able to identify and quantify multiple VOCs at the sub ppb level,
simultaneously, from a mixed sample. Both techniques allow rapid, an-line
real time measurement of single breath samples without pre-
concentration*** The response time of PTR-MS instruments is around 100
ms™?and 20 ms for SIFMS™ Instruments have reduced in size over the last
10 years, but are still bulky and expensive. Analysis of breath samples,
however, is cheap once a machine is available, as consumabiesxgensive

and significant preparation of samples is unnece¥8ary
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“Soft” ionisation is used, preventing complicated analysis of multiple
fragment$® with the HO" reagent ion being used in PTR-MS and either
Hs;O", NO', or 02" in SIFT-MS. Reagent ions in the buffer gas react with trace
gases to form product ions, which are detected downstream. Identification of
product ions relies on their masseharge ratios (m/z), the data for which is
held in an inbuilt computer library, negating the need for calibration with
known standardg"'?° Isobaric product ions cannot be further separated by
PTR-MS, thus a different method of analysis may be necessary. The dfioic
three precursor ions when using SIFT-MS resolves this problem and allows
conclusive identification of compountsA detailed explanation of the SIFT-

MS technique can be found in Chapter 1.4. of this thesis.

Secondary electrospray ionisation mass spectrometry

Secondary electrospray ionisation mass spectrometry (SESI-MS) involves
passing a gaseous sample in a stream of air of tG@ugh a cloud of
electrospray solution with which the volatile analytes react toorhec
protonated. Product ions are driven by an electrical field and are sucked int
the inlet of the triple quadrupole mass spectrometer for detection and
analysis®®'?’ Analytes in the gaseous phase and those condensed in water
droplets can be ionised by this technitfflewith no need for sample
preparatiof?’. Excellent sensitivity, down to the low parts per trillion (pjs),
possible over a wide range of masses (over 606°Dayith results of a full
mass scan available in less than 2 irUnlike PTR-MS and SIFT-MS, the
fragmentation of compounds of interest by SESI enables exact compound
identification by MS%,

Optical spectroscopy

Optical spectroscopy can be used to detect and quantify a singlansgbst
breath, on-line and in real time. One example of this type of instruméne i
chemiluminescent analyser for measurirgd; which measures light produced

by the reaction of NO in the airway with 0z8%&®° A smaller, more portable
tool has been developed that works on the electrochemical cell qaetfi
Standardised guidelines for on- and off-line breath collection have been

produced by the American Thoracic and European Respiratory Sofi&tles
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Electronic noses

Sensor array devices, or electronic noses, utilise chemical vapour sensors
detect a pattern of trace gases in breath in order to diagnose asedise
staté®®*3! The “smellprint” or “breathprint” is recognised from stored patterns

in a simple to use hand-held devi%é*! Electronic noses derived their name
from the comparison with the human nose, having the ability to resmgni
unique smell without knowing the exact constituent compolihdResults are
generated immediately; however complex statistical methods are often required
for data analysi§>. The electronic nose has acceptable within day and between
day repeatability; slightly lower than the repeatability ofyd= and
spirometry®®

1.3.5. Off-linebreath collection and storage

As discussed above, some techniques, such as GC, require off-line breath
collection and others can be used off-line if it is not possible to niwye
instrument to the subject or vice versa. Off-line collection is usesafopling
atmospheric gas&¥ and the headspace above blood samples and urine or cell
cultures'® Sample loss and contamination are potential problems associated
with off-line collection, pre-concentration, storage and subsequent desbrption
A comparative study of on-line versus off-line breath HCN quantification
polymer bags reported higher analyte concentrations in on-line samples;
however, the difference may have been confounded by comparing mixed

breath (off-line) and alveolar (on-line) sampfés

Storage containers

Gaseous samples can be collected into various containers, but theigsayfer
stainless steel canist&#$'*°and polymer badg*3*13>43" 4% mnortantly their
inertness, have led to their common use. Despite being durable and long-
lasting, stainless steel canisters are complicated to useexmhsive to
purchas&*. Polymer bags, on the other hand, are more popular as they are
simple to use, cheap, inert and relatively durdffé® Some bags can be
cleaned and reused, whereas others are disposable, for example Nalophan

(polyethylene terephthalatéj'*° Damage from reuse can affect the inertness
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of the bag and also lead to increased substance adsorption onto the inner

wall*4C

Sample integrity within a polymer bag depends on the rate of diffusion out of
the bag and adsorption of VOCs onto the inner wall, as well as contaminati
of the sample by diffusion of substances into the bag from the envirofifnent
Bag thickness and surface area to volume ratio are important in these
processes, with water vapour more likely to diffuse out of the bag than other
gase§** 138139 previously collected trace gases adsorbed onto the inner bag
wall may also contaminate subsequent samples if the bag islesoted
effectively****! thus it is advisable to clean bags as soon as possible and store
them in a collapsed state if their re-use is intelfde@ontamination from the

bag material itself is a problem with Tedlagpolyvinyl fluoride) bagsN,N-
dimethylacetamide at m/z 88, a solvent used in the bag production, emal ph

atm/z 95 are releas&tt*® particularly if the bag is heat&

Different bags have different storage properties. Tedlar is the most cdynmon
used polymer bdd* and, along with Myldt bags, is recommended for the off-
line analysis of Exo>*. It is suitable for the storage of sulphur compoditids

and acetori&****for up to six hours with minimal loss and HCN for six hours
with 35% los$*®. Nalophan and FlexF&ilbags have been reported to show no
significant loss of contents in the first six hours, unlike Tétlon
(polytetrafluoroethylene) which demonstrated losses of between 10% and 20%.
All bags showed significant losses at 24 hotirs>**"1°The rate of reduction

in volatile concentration is higher when bags are stored at roonetatuge
compared to body temperattite possibly as a result of sample condensation

and adsorption onto the bag’s inner surface.

Due to differences in storage properties of different bags for a variety IOCs,
is important to assess the storage capability of a chosen containgae for
particular VOCs of interest, so that any losses can be accounted fer. |
desirable to store samples for the shortest time possible to neniosis and
contaminatioh*’. It has been recommend that the contents of all polymer bags
are analysed within ten hours of collection, when recovery of alcoholemit

aldehydes, ketones and aromatic compounds is ovel’80%
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Sample pre-concentration techniques

Discontinuous sampling techniques are attractive because the ssneabf

some of the newer pre-concentration materials makes sample oallecti
convenient'®'*® As well as being a useful technique if the patient is remote
from the devic&” the ability to store samples for several days or more with
little sample los¥**** may allow a large number of samples collected at the
same time to be processed over several days. This can improve the cos
effectiveness of an analyser and aid collaboration of research work where only

one site has direct access to an MS instrutfient

As with any pre-concentration technique, despite improvements inigeysit
some of the sample may be lost or contaminated in the collection and
desorption processésSubsequent GC-MS analysis can be lengthy, so the
results are not available in real time, which may limit thefuleess of this
technique in clinical practice. Analytical techniques with instaedas
generation of results, such as SIFT-MS, may overcome this probleml@and al
easy and frequent measurement of breath volatiles, when combined with off

line sampling*.

A popular method of sample pre-concentration is solid phase microextraction
(SPME), which is often used with GC-MS as substances can be agtilyat
desorbed onto the GC column at the time of analysis. Other methods include
direct cryogenic trappifd® and sorbent traps, for example activated

ﬁ3,121,

carbo where desorption is achieved by heating or microwave energy.

Thermal desorption (TD), onto a sorbent such as Tenax®, has been
successfully used with SIFT-MS for the collection and storage of
environmental gas&® and breathf*. On-line breath sample and TD recovery
rates were almost the salffe It was possible to collect samples from a single
exhalation and store them for several days before rapid arialy3ise small
cartridges loaded with analyte can be transported easily, includingrby a
freight, without significant loss of sample over a period longer than two

months, including time spent at altitdde
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1.3.6. Technical and methodological consider ations

There is little standardisation for the analysis of trace gaseshaled breath.

In order to effectively compare results from different studies and use any dat
for clinical purposes the following factors must be taken into accountfand, i
possible, controlled fér*".

Location of VOC production and gas exchange and the effect on breath

concentrations

VOCs in breath may originate in the blood and cross the alveolar membrane, or
may be produced in the airways, sinuses, mouth, nose or gastrointestifal tra
Sampling from the mouth or nose can result in differences in obse®€d V
concentration, for example volatiles produced by oral bacteria can conamina
orally exhaled breath sampté$ H,S*°, HCN™°**! and ammoni&®
concentrations are higher in oral than nasal breath samples, therefore
uncontrolled oral exhalations of these trace gases are inappropriatendpri

into question the relevance of some previous study réSulis contrast, Evo

is higher in nasal than oral exhalations, although lower concemsakiave

been noted in children and in patients with CF and Kartagener’s syndromel52.

The composition of expired gases changes with the phases of expirdit@n. T
concentration of exhale@0O, and other endogenous low blood-soluble trace
gases is very low on initiation of exhalation (Phase 1 or anatodeeal space

air) and climbs during expiration to a plateau (Phase 3), which represents
alveolar air reaching the mouth (Figure 1-1 parallel lines). The concentration of
low blood-soluble gases in alveolar air is in equilibrium with the catinggon

in the pulmonary circulation. The rate of diffusion across the alveolarargpil
membrane is dependent upon the polarity of the molecule, its styiubili
volatility and blood:gas partition coefficiéAt Pathological conditions that
affect pulmonary blood flow and capillary or alveolar surface area, membrane
thickness and permeability will also have an effect on gas exchanigev

blood-soluble gasé¥.

In contrast, highly blood-soluble VOCs, such as ethanol and acetone, exchange
wholly or predominantly in the airway$*>> There is very little or no dead

space air as the trace gas is present in breath as soon dati@xhia
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initiated">®*>’ There is a “wash-infwasheut” effect, whereby high blood-
soluble gases present in airway tissue and the mucus layer trarstemintal

air during inspiration, saturating the air so that by the time it reaches the alveoli
very little or no more gas exchange can occur. There is insuffimeatfor the
tissues and mucus to be completely replenished with soluble gasthieom
bronchial circulation at the end of inspiration, so the saturated air deposits
soluble gas down the concentration gradient back into the mucus during
expiration>**>>*>" As a consequence, the concentration of a highly soluble gas
at end-exhalation is always lower than the alveolar concentt&tign*>’and,
therefore, may not reflect its concentration in the pulmdnar systemic
circulation™® or correlate with end-tidal G&’ (Figure 1-1 solid line). A
rebreathing technique may result in equilibrium between airway and mucus
layer concentrations, therefore improving the accuracy of breath concentration
measurementd"1°01%91€0 however subjects may not be able to rebreathe for

long enough before hypoxfd*®or hypercapnia become a probféh

The process of airways gas exchange is limited by airway tisscienéss,
bronchial blood flow, airway temperature and blood:gas partition coeffidfent

%6 Variation in breath VOC concentrations has been seen in different
temperature environments, some VOCs showing an increase and athers
reduction in concentratioft, although the changes may be related to
differences in humidity rather than temperature alone. Airway gas exclsange
also affected by changes in ventilatiht°**®® with increased bronchial
exchange during exercise resulting from a combination of increased alveolar
ventilation®® increased tidal volum& and/or increased bronchial blood

flow®2

Bronchial blood flow can be affected by drttjsand pathological respiratory
states, for example increased bronchial blood flow is associatbdaimtay
inflammation in asthma; higher bronchial blood flow was seen in ICS naiv
asthmatics than treated asthmatics, with the lowest fiokealthy controf$*.

As CF-related lung disease progresses the bronchial circulation becomes
increasingly hypertrophied. This appears to augment gas exchange in the

airways, with a greater percentage of cardiac output going to thé®lung
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Airway remodelling in pulmonary disease may lead to thickened aiweadlg

and impaired diffusion from the bronchial circulation to the airway Iuiien

For gases with a blood:gas partition coefficient greater than 1,000 gas
exchange occurs entirely in the airways and if the coefficient is less than 10 gas
exchange occurs entirely in the alveoli. For gases with a blood:gaisopart
coefficient between those two values, gas exchange occurs in balvabé

and airways, predominantly in the airways for coefficients greater than
100155,157

Mixed expiratory sampling

<€

‘Alveolar’ sampling

< [ | I-> | I -

!

R

ﬂik/, ) >

Exhaled Volume

Figure 1-1. Schematic showing the phases of an expirogram of a low blood-
soluble gas which exchanges in the alveoli (parallel lines)aahigh blood-
soluble gas that exchanges in the airways (solid line). The partsdupecof
exhaled gagPe) is plotted against the exhaled volume. Red arrows show the
phases of breath collected in mixed expiratory and ‘alveolar’ sampling

(Modified from the originaf?.

Different breath sampling techniques and the effect on measured VOC

concentrations

Much importance has been given to the collection and/or analysiseufia
gas samples because, as well as containing fewer exogenous contstffiina
they contain higher levels of some VOG¥, whereas whole breath or mixed
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expiratory samples are diluted by dead space’G#éBigure 1-1). Multiple
mixed breath samples generally contain lower VOC concentrationsathan

single large exhalation, probably as a result of a greater volume ebsdaae
gas®

Alveolar samples can be identified using breath huniitityvia CQ-
controlled sampling, whereby the portion of exhaled breath containing >3.5%
CO; is collected for analysisor by using computer software to select only the
last 20% of a breath by volume for analysi¢® Discarding a fixed volume of
breath at the beginning of an exhalatfdrinvolves an incorrect assumption
that all subjects have the same dead space voffmand time-controlled
sampling starting breath collection 1 sec after the initiation oiragm, for
example, when compared to &€bntrolled sampling, leads to highly variable

resultg®

Effect of breathing pattern on measured VOC concentrations

The rate of alveolar ventilation is affected by aerobic cellulaabwdism and
acidbase balance, aiming to maintain £& a steady stat¥. Spontaneously
breathing subjects tend to hyperventilate when asked to perform breathing
tests, reducing end-tidal GQroncentration and possibly that of other low
blood-soluble trace gases such as isogfén€ via a combination of increased
tidal volume and minute ventilatidfi*”* Hyperventilation also causes a
reduction in the end-tidal concentration of high blood-soluble gages li
ethanol, where 20 sec hyperventilation can reduce the exhaled cotceittya

11% and only three deep breaths can result in a concentration reduction of
4%"™* This is due to an increased volume of air passing over the airway
mucosa per unit tint8*. The control of respiratory rate and tidal volume,
calculated according to body mass, reduces breath VOC concentration
variability and improves inter-individual comparison, however paced bnegthi
does not always result in improved correlation of VOC concentration with e
tidal CO'® presumably as a consequence of differences in blood:gas partition

coefficient.
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Breath holding before exhaled breath sampling causes an increase inallmos
VOC™ including Eno™™ and ethanol; a 30 sec breath hold can increase

exhaled ethanol concentration by 16%

Expiratory flow rate affectsdyo; during a slower exhalation there is more time

for NO to be released into the airway lumen causing an increase sumraeéa
breath concentratid’?'’? To allow comparison, gyo is reported as a
concentration, however the exhaled flow rate must be kept constant and noted
to allow the calculation of NO output per unit tith&? Due to the wash-
infwash-out effect, exhaled ethanol concentration increases over antiexhala

at a constant flow rat&"

Many investigations of exhaled flow rate, volume and duration doordtat

for the other variables, and have been performed in mixed and alveolar
samples; therefore the behaviour of individual volatiles is not conhpldéar.

The concentration of exhaled isoprene measured on-line increases over the
duration of a single breath without reaching a plateau, with the coatentr
dependent on the duration of exhalation, making it impossible to accurately
quantify during an uncontrolled on-line single breath exhal&tiom contrast,

when whole breath samples are collected and analysed off-line, isoprene
concentration does not increase when greater than 400 ml breathled&%ha
Acetone concentration increases with greater breath volume in on-line
exhalation$°**®and off-line mixed breath sampté&% although the gradient of

the Phase 3 slope for acetone is much shallower than that for isopréhés

is, however, only the case if tidal breath samples are comparedasithother

or exhalations from vital capacity to residual volume are comparedeath

other, as a greater volume of air passing over the airway mucosa dwiiag a

capacity breath has a diluting effect on breath acetone concerlftation

For high blood-soluble gases like acetone, increasing the volume of an
inspiratory breath, and the subsequent exhaled breath, moves the location of
gas exchange deeper into the lungs; a larger volume of air will belesse
saturated with the same quantity of soluble gas, thus more gasgecisa
possible in the alveoli than with shallower bre&th€xhaled acetone has been

reported to be dependent on expiratory flow raténowever this was not the
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case in subsequent studid® Exhaled breaths were only analysed to the
volume of the smallest breath, therefore it is possible for results to be explained

by differing percentages of total lung volume analy¥ed

Due to possible effects of the breathing pattern on VOC concentration, if
breath samples are not collected over a given time period buadneter a
single exhalation, that breath must be representative of the whokhibgea
pattern otherwise averaged breath results are recomntefided

Effect of Va/Q changes on breath VOC concentrations

Changes in alveolar ventilation-perfusion ratiqAQ) affect the concentration
gradient of VOCs and therefore their concentration in exhaled breath, which is
also dependent on the blood:gas partition coeffitiéht’ When the blood:gas
partition coefficient equals /Q, 50% of the gas will remain in the pulmonary
circulation and 50% will move into the alveolus. A greater proportion of the
gas will be transferred to the alveolus ag/QY increases and more will be
retained in the circulation asaXQ is reducet®. This means that highly
soluble gases can still exchange in areas of higlMvhereas in areas of low
Va/Q even the smallest amount of perfusion allows exchange of low blood-
soluble gasé$® This explanation does not, however, completely take into

account airway gas exchargfe

Va/Q is not homogeneous throughout the lung, with areas, Vhismatch

and shunt more marked in critical illn&4§. Physiological dead space is
greater during anaesthesia than spontaneous breathing; alveolar dead space
fraction (alveolar dead space/tidal volume) but not anatomical ¢eee £an

be reduced by increasing tidal volume and reducing respiratofy°ra&taronic

lung diseases tend to increase/Q mismatch without significant shunt,
however in acute lung diseases shunt is more common with Ig&3 V
mismatch (fluid in alveoli prevent gas excharid®) Pronounced
haemodynamic compromise can cause alterations in breath VOC
concentrations, however small changes in cardiac output may notahgve

effect 178
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VA/Q alters as a subject moves from a semi-supine to supine posture due t
increased cardiac output, mainly as a consequence of increasedvathake,
causing increased pulmonary blood ffé{y with less of an effect on
ventilatory parameters. Breath isoprene concentration increases ast afres
greater cardiac output in the supine position, whereas posture has nomeffect

acetone concentratiof or Feno'>

Effect of exercise on breath VOC concentrations

Exercise causes changes in cardiac output, thus pulmonary and bronchial
perfusion, minute ventilation as a consequence of increases in tidal valdme a
respiratory rate, and alveolar ventilation, which all have an effecheasured
breath VOC concentratiotté*’"*’® Breath isoprene increases at the onset of
exercise then decreases back to baseline within 13" mif*"? due to an
increase in cardiac output overwhelming the reduction in breath concentration
that would be expected with an increase in respiratory’fdt& An increase in
airway gas exchange of acetone, as a consequence of increasedaapditic

and subsequent bronchial blood ff3% is balanced by increased ventilation,
however other metabolic factors influence breath acetone concentratiotih Brea
acetone concentration climbs during exercise due to the production of acetone
from carbohydrate and fat sourt€s®to anaerobic threshold, after which it is
seen to fall as a consequence of increased lactate and de@eeieEttetate
production during anaerobic metaboli€fhThe relationship betweemg and
exercise is uncledf however because one study found that NO output
increased with exercise andng and nasal & fell, it is recommended that

subjects refrain from exercise for one hour prior to breath testing (revigwed

Effect of inspired VOCs on exhaled concentrations

The rationale for investigating breath biomarkers involves a belief that
endogenous breath VOCs in disease states will differ from healthy controls
however this does not take into account current or previously inspired VOCs.
Most VOCs in breath are exogen8llsand are either inspired from the
surrounding environment or absorbed through the skin, affecting exhaled VOC
concentration$. Rates of uptake, distribution in body tissues and excretion

vary depending on the compodfti as can be seen in a recent study of

34



subjects breathing air polluted with seven VOCs of int&te®reath volatile
concentrations were examined as inspired air concentrations were reduced,
showing some retention of all inspired VOCs under investigation and a close
linear relationship between inspired and exhaled concentrations. The authors
calculated VOC retention coefficients, concluding that it may bailplesto
ignore inspiratory concentrations of substances with low coefficients, such a
acetone, methanol, formaldehyde and deuterated \Wat@reath acetone
concentrations have also been examined in workers exposed to industrial
acetone, revealing higher concentrations than in non-exposed workers
Correlations existed between breath, blood and urine concentrations and
environmental concentrations; a stronger relationship was seen betweén breat

and blood concentrations in exposed workers than cofiftols

Even within the hospital, environmental levels of some common VOCs show
significant variation in different locations at different times of thg'ta
Interestingly, there seemed to be less variability in VOC coretémnts in the
piped medical air supply than ambient room air when measured over three
month$®. Both indoor and outdoor pollutants could be responsible for the
differences, including building and furnishing materials, disinfectants and air
conditioning systems recycling air around the buildfigThis may have
implications for the clinical application of breath testing in certaitirsgys,
particularly if environmental concentrations of VOCs of interesthagh and

endogenous concentrations are low.

There is no standard way of dealing with different inspired trace gas
concentrations. It is possible to calculate a VOC gradient by subgabie
atmospheric concentration from that found in breath saffipfésalthough due

to the physiology of some trace gases the relationship between irgraled
exhaled concentrations is not linear and the subtraction method may not give
accurate resulf$®: Another possible solution is to “scrub” the inspired air to
remove trace gases, as is recommended for the determinatiogof But for

some analytes this method can be difficult, time consuming, imprafdica
most clinical use and not always reliaBl¥’*® The amount of time an

individual must breathe scrubbed air before equilibrium is reached betineeen

35



inhaled gas and circulating blood is also uncf€ait may take days in the case

of very lipid soluble gases such as isofluofane

If inspired VOC concentrations are the same or higher than corresponding
exhaled concentrations it can be difficult to interpret the ré€tilhis has led
some authors to recommend that results should be treated with dadtien
inspired concentration is greater than®%r more practically 25% of the

expired concentration.

Effect of cigarette smoking on breath VOC concentrations

d86-189 5ome of which can be detected

Cigarette smoke contains many VO&
in human breath and could potentially confound breath analysis; pentane,
isoprené® HCN'*' and methyl-nicotinat&’ have all been investigated as
potential biomarkers with higher concentrations in the breath of smokers than
non-smokers. In one study, a combination of seven VOCs could be used to
discriminate between smokers and non-smokers, the most important agpeari
to be HCN, acetonitrile and benzétfe Feno is lower in smokers than non-
smokers, increasing over time from the last cigarette smoked, but degreas
with increasing total number of cigarettes smoked over a lifélin@he
mechanism by which smoking causes a reductionejp ks unclear. It is
possible that NO in cigarette smoke causes a reduction in endogenous
production in the airways due to a negative feedback loop, supported by lower
eNOS and iNOS in smokers, however, due to its volatile nature, endogenous
NO may simply be more readily oxidised in the lungs of smokers
(reviewed™).

Effect of food and drink on breath VOC concentrations

Different foods and the timing of eating relative to breath sample collection can
affect the results of breath testing. As a ketone body, acetone production is
induced by fasting and reduced by eatthd™ (discussed in more detail in
Chapter 1.5.). Breath acetone concentration is increased by eating a diet high in
protein and fat and low in carbohydrafe'®® Following particular diets, for
example a gluten-free diéf, can affect the concentration of a range of VOCs

in breath. An initial reduction and then increase in breath ammonia
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concentration has been seen after eating, the cause of which iartifcle

however it may be related to changes in salivar{’pH

The consumption of alcohol will obviously affect the concentration of ethanol
in the circulation, which will be reflected in breath concentratidri§? Breath
ethanol concentration also rises slightly after meals as a resumall
guantities of alcohol in food and fermentation in the gut due to bdcteria

activity, especially in the presence of slow gastric emptyirf§*°:

As with alcohol, it is possible that consumption of foods containing V@iCs
interest will contaminate breath samples, particularly if oral latibbas are
used. Examples include 2-aminoacetophenone for the detection of P.
aeruginosa, which can be found in corn chips, canned tuna and sorffé beer
and three potential breath markers of M. tuberculosis; methyl p-anisate is found
in some throat sweets, toothpaste and face cream, methyl nicagif@ied in
cigarettes and chilli powder and methyl salicylate is the mamponent of

“Oil of Wintergreen”, which enhances the mint flavour of products like
chewing gum and toothpasi® Increased breath concentrations of 2-
aminoacetophenone were seen after ingestion of corn chips, falling back to
baseline within two houf¥. Controlling oral intake, breath sampling more
than two hours after the last meal or snack, or enquiring about recent food and

drink is therefore important in breath analysis.

Effect of age and gender on breath VOC concentrations

Ammonia in exhaled breath seems to rise with increasinf’@g& however
this is not the case with acetdfe?® propand!®’ or HCN®®. Different VOC
concentrations have been seen in children compared to’atttand there is
also a suggestion that breath acetone is affected by ¢&rfder

Effect of time of day on breath VOC concentrations

Diurnal variation in breath isoprene concentration, being highest around 6 a.m.
and lowest at about 6 p.m., has been linked in some way to theiaircad
rhythnt. Significant dayto-day variation®’*®® as well as diurnal variatid®,

exists in the measurement of acetone, which is likely to be a consequienc

eating or fasting.
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Standardisation of results and normal values

There are currently no agreed normal ranges available for exhaled dsse g
and there is an ongoing need to standardised breath sampling methods and

é61,166

analysi and/or to normalise ddtaso that results from different studies

can be accurately compared.

It has been suggested that the exhalation manoeuvre performedygor F
assessmefit an oral exhalation at a fixed flow against a fixed resistance, is
used for all breath VOGs Cope et al®® suggest normalising VOC
concentrations in exhaled breath to L£€ncentration, therefore allowing
comparison of mixed and alveolar samples, however this may be dftecte
breath pattern and sampling meth8t, or normalising results to body mass or

surface area, however this may over-normalise results of obese p&tients

It can be seen, however, from the discussion in this thesis so farfteatrdi

trace gases have different properties and a single standardised manoeyvre
not be appropriate for all. The issue is so important to the breath research
community that a “Task Force” was recently set up to look into a standardised

approach, which may involve different standards for individual V&Cs

1.3.7. Specific considerations when breath sampling from

mechanically ventilated patients

Technical difficulties exist in obtaining breath samples from eatigcill
patients as they are often intubated and mechanically vedtil@a-line
sampling is challenging due to the nature of the ventilator cirbaitsize and
portability of the instrument used for breath analysis, health and safety and
infection control issues. Off-line sampling is often required, withstoeiated
benefits and drawbacks (see Chapter 1.3.5.). Breath sampling has been
performed during anaesthesia, to assess breath concentrations of endogenous
VOCs and the intravenous anaesthetic agent propofol. Real-time techniques
such as SIFMS!® PTRMS*"?% and ion-molecule reaction MS (IMR-
MS)Y*®?¥ have been used for continuous monitoring, and discontinuous
techniques involving SPME** and TO*? with GC-MS analysis have also

been explored.
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The physical dimensions of the devices used for continuous monitoring are still
not suitable for positioning adjacent to a pati&if®’**® To overcome the
physical limitation of the device, previous studies have used lanplsg

lines, which can affect sample integrity (compounds can be lost bypaids

onto the tubing) and have been found to change the humidity of the
samplé®®®” As with any technique these effects can be quantified and
controlled for, however this method may be unsuitable for sampling some
VOC.

Mixed breath rather than alveolar sampling is sometimes performed i
ventilated patients due to ease of collectipmowever end-tidal breath has
been determined by various methods; breath sample tempé¥atoreath CQ
levels using valves in the respiratory circuit to identify and collaeath
containing CQ of at least 3.5% by volumeand dual MS systems to trace £O
concentrations for software controlled colleci@nAn experimental circuit for
use with SIFT-MS was developed to exclude the first 30% of each exhale
breath as dead space and collect the remaining 70% into Ted|&r'B&gEhis
method is likely to be less accurate than g-€C@ntrolled sampling technique,
as a consistent expired breath volume is required for the mechanism to work
and the alveolar portion of gas may not be the same percentage tofathe

volume when the breathing pattern changes.

The downside of these techniques is the presence of additional equipment both
in the operating theatre or ICU and in the ventilator circuit, which may
introduce difficulties with the synchronisation of two devices’ flow or
sampling rates and data collecith may not be appropriate or feasible in
these environments, and would introduce additional factors that must be

controlled for.

Breath samples can be contaminated by inspired gases and compoutets emit
by the ventilator and tubing, whilst dilution can occur due to the presence of
dead space gas in the tubiflg Exhaled breath samples from anywhere along
the expiratory limb of the ventilator tubing have been shown to contailais
trace gas levels, however it is advisable to collect ingpyajas samples close

to the ventilator to reduce contamination from expired®.gatimidified
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breathing circuits used in the ICU can result in higher water vapour
concentration in exhaled samples, which may affect analysis by som

technique¥’.

Ventilator settings vary from patient to patient and cannot be altered ieatpati

is breathing spontaneously. The differences in respiratory pattern can affect
exhaled VOC concentratiof§ potentially making interpretation and
comparison of results difficult. Unlike awake volunteers, sedatedmstwill

not be able to perform specific manoeuvres for breath collection.

VOC concentrations in the breath of patients with critical illness ditigr

from healthy subjects due to gases not passing through the upper aindays a
greater shunt and dead space ventil&tiovhich is likely to affect the way
VOCs are excreted in bredfh and the relationship between their

concentrations in breath and bl8od

14. SIFT-MS

1.4.1. Thedevelopment of SIFT-MS

The SIFT-MS technique was originally developed in 1976 as an alternativ

GC. It was first used to study ionic reactions in the atmospteaad to
quantitatively assess the production of molecules exiting interstédlads ™

It is possible to analyse samples more quickly using this metred GC
techniques, which usually require adsorption and concentration of samples onto
traps, with subsequent release of samples to be analysed off-Gaa.ripidly
sense small changes in trace gas concentration allowing forsisnaler a
single exhalation. The SIFT-MS technique enables samples to beteslisto
storage containers and then analysed off-line or breath samples to Iy direc
exhaled into the instrument for on-line analysis. Traditional MS produces a
large number of mass fragments for any compound analysed, however SIFT-
MS has overcome this by using chemical ionisation via reagest (iHO",

NO" and Q), resulting in a reduction in the degree of collision fragmentation.
These reagent ions do not react with the major components of breathr Highe
flow rates of air or breath through the chemical reactor than with other

techniques have improved the sensitivity of this metfitid*
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1.4.2. TheSIFT-M Stechnique

A mixture of ions is produced when water vapour or air is passed through a
microwave discharge ion source. A reagent ion specig®@ (HNO" or Q") is
selected by a quadrupole mass filter and injected into a fast-floweas of

inert carrier gas, usually helium at a pressure of around 1 Torr, passing through
a Venturi-type opening into a flow tube around 1 m long. The sample gas, for
example breath, is injected into the analyser at a set flow iata kieated,
calibrated capillary. The trace gases in the sample retcthe precursor ions

to produce one or more product ions, their characteristic patterns allowing
identification. The reagent and product ions then pass through another
guadrupole mass spectrometer and ion-counting system for detection and
analysis (Figure 1-2). The decay rate of the reagent ions and productiah rat
the product ions are analysed. The SIFT-MS technique has been described in

more detail previousfy*#

helium breath sample Roots pump
carrier gas
— —
ion injection heated calibrated.~,
orifice capillary heated sampling channeltron
microwave _ —-/‘ line ion detector
resonator
carrier gas
—@-' —=0,", H,0" -
! [— o
ion source
gas ion sampling orifice
(Ar/H,0) ey
injection quadrupole detection quadrupole
mass filter mass spectrometer
injection vacuum pump 10cm detection vacuum pump

Figure 1-2. Schematic of the SIFT-MS instrumétit

The device can be set up in two modes: Mass Scan mode (screening of a
number of VOCs by their m/z ratios over a selected mass rande§edected
lon Monitoring (SIM) mode, which targets only VOCs of interest, giving

slightly more accurate quantitatibt*1

An example of the reaction of trace gas, M, and ti@"Heagent ion resulting

in the product ion, MA is shown in equation (1):
M + H30+—) MH" + H,O (1)

The relationship between count rates of reagent and product ions, detected

downstream by the ion-counting system, are shown in equation (2):

41



[MH"] = [Hs0"] k [M] t (@)

Quantification of product ions is possible because the integration tiraa@dt)
rate co-efficients (k) of reactions between analytes and reagent&ksavn,
and this information is stored within an on-board datdba$&? Flow rate,

temperature and pressure are important in the calculation of reactidi°rates

The water vapour content of on-line breath samples can be used to determine
the end-tidal portion of a breatfi however it can affect the analysis of gases

by SIFTMS?'® The sample capillary tube and connecting tubing are heated to
100°C to prevent condensation in the instrurfiéais the error caused by water

vapour is around 284"

When using the k0" reagent ion to analyse a humid gas sample, hydronium
ions are produced and form clustersOH(H,0); > 3 These ions subsequently
react with the trace gas molecules to produce product ions, for example
MH™.(H.0): 2.3 Accurate quantitation of a trace gas requires the identification
and addition of all product iofAsThe results of these reactions are available for

several trace gase§?*®

Various product ions are produced by the reactions of thé pd€ursor ion
with different trace gases: (M)*, M* or NO".M>.

The Q" precursor ion is mainly used to detect small molecules that to no
react with the other precursor ions and do not fragment during the reaction with
O,". Such molecules include NO, N@nd C$%. The molecules are protonated

with concurrent formation of oxygén

Accuracy and precision

Initial studies of the accuracy of the SIFT-MS technique used drysgase
including ethanol, benzene, toluene, xylene, acetone, 2-butanone, 1-methoxy-
2-propanol and trichloroethylene, at concentrations of 10 ppb to 20 parts per
million (ppm) over a range of partial pressures, producing results to within
10% of the true concentration using the syringe inje€tfoand permeation

tube method$®. Further studies have examined the accuracy of analysis of
humid sampleg®?® Dummer et al*® observed an 8% instrument

measurement bias when using known concentrations of acetone at 100%
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relative humidity. The inter-day and intra-day coefficients of variatovs)

were 5.6% and 0.0%, respectively.

The precision, or repeatability, of measurements depends upon the number of
product ions counted; the standard error of an individual measurement is
calculated as the square root of the total number of product ions. Typical
standard errors for acetone and ammonia in single breath exhalations range
from +5% to +209%. The repeatability of SIFT-MS for breath analysis was
investigated in an off-line study of breath samples collected from ten
volunteeré”, Samples were analysed for 60 sec and then immediately
reanalysed for another 60 sec. Volatiles at higher concentrations, for example
acetone and ammonia, had low instrument CVs (1-2%), whilst those at lowe
concentrations, such as HCN, had much higher CVs (19%). This can be

explained by the differences in analyte concentration and count rate.

Specificity

The choice of precursor ion depends upon the trace gas to be analysed. Some
compounds only react with a single precursor ion and others react with all
three. The various product ions produced by the different reactions allow
precise identification of the compourid For example, the reactions between
HsO" precursor ions with acetone and propanal give isobaric product ions at
m/z 59, however reactions of the N®@eagent ion form product ions for
acetone at m/z 88 and for propanal at m/z 57, so they can be accurately

separated and identifidd

Few compounds cannot be identified by SIFT-MS; hydrogen and smaller
alkanes have high ionisation energies and low proton affinities, making

identification impossiblé

Dynamic response time

The dynamic response time is the time taken for changes in analyte
concentration to be detected by the instrument and differs depending on the
VOC to be analysed. This has been reported for SIFT-MS as 26°ms
Another study reported the 0-90% response time for the quantitation of acetone

at physiological concentration as 500’fsThe cause of the discrepancy is not
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clear, although the instrument set-up may have differed up-stream of the
sample inlé¥® It has been suggested that for accurate measurement of an
analyte the 90% response time should be <10% of the total exhalation time,
therefore both dynamic response times mentioned above still allow the# use

SIFT-MS for on-line measurement of single exhalations over$%ec

1.4.3. Theuseof SIFT-MSfor breath analysis

Several studies have used the SIFT-MS technique for on-
IinelOG,110,150,167,168,179,194,201,203,223,225,é2rqd Off_"né.35,144,184,221breath analysis

Most of these studies have taken healthy volunteers to determine ricaoeal

gas values, before comments can be made on concentrations in giatzse

The distributions of exhaled trace gases appear to be log-normal and an attempt

to determine the normal ranges of some common VOCs has been made (Table
1-1P%°.

Table 1-1. The concentrations of common volatile organic compounds in the
breath of 30 healthy volunteers, as determined by SI51%.

Analyte Mean (SD) (ppb) Range (ppb)
Ammonia 833 (1.2)* 248 - 2935
Acetone 477 (1.58)* 148 - 2744
Methanol 450 (1.62)* 32 -1684
Ethanol 196 (244) 0-1663
Propanol 18 0-135
Acetaldehyde 24 (17) 0-104
Isoprene 118 (68) 0-474

* geometric mean (multiplicative SD);median.

1.5. Acetone

1.5.1. Acetone production and metabolism

Acetone (2propanone, dimethyl ketone, B-keto-propane, pyroacetic ether) is
one of the most abundant VOCs found in breath. It is responsible for the

distinctive smell of “pear drops” on the breath of patients with DKA. It is
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produced as a result of ketosis, which is the consequence of increasesislipoly

in adipose tissue and ketogenesis in the liver.

When more acetyl-CoA is produced than can be utilised in the Kreles cyc
ketone bodies (acetoacetate and beta-hydroxybutarate) are formetkasdde
into the circulatiof’?*® (Figure 1-3). To enter the Krebs cycle, acetyl-CoA
must join with oxaloacetate, produced during glycolysis, but when glucose
levels are low oxaloacetate is preferentially used in the prooéss

gluconeogenesis, therefore driving ketogeriésis

Acetoacetate can be converted to acetone by enzymatic or ngmagiwz
decarboxylatioff"#?%?% the acetone formed being excreted in breath. The
enzymatic  catalyst responsible for decarboxylation, acetoacetate
decarboxylase, is induced by starvation and inhibited by adétdfie This
process helps to regulate pH by removing excess acetoacefit &iduring
fasting in healthy individuals about 37% of acetoacetate is converted to acetone
(up to 50% in those with diabetes), however acetone is by far the least
abundant of the ketone bodi&s

Glycolysis B-oxidation of
» / fatty acids
2 x Acetyl-CoA

Thiolase ¥> CoA-SH

Acetoacetyl-CoA Acetyl-CoA

HMG-CoA synthase COA-SH
HMG-CoA
HMG-CoA lyase Acetyl-CoA
Acetoacetate NADH + H*

Non-enzymatic decarboxylation or
action of acetoacetate
decarboxylase

NAD*

B-hydroxybutyrate
dehydrogenase

o,

Acetone B-hydroxybutyrate

Figure 1-3. The pathway of ketone synthesis from excess acetyl-CoA.
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The ratio beta-hydroxybutarate:acetoacetate depends on the redmf state
hepatic cells and is normally 1:1, rising to 6:1 after fasting anc U1l in
DKA %921 Other pathological states that cause higher concentrations of NAD
and, therefore, an increased ratio of beta-hydroxybutarate:acetoaceliadie i
alcoholic ketoacidosis, salicylate poisoning, severe hypoxia, ened-stay

disease, hepatic ischaemia, metabolic disorders and multi-organ“filure

Ketone bodies perform a protective function as an energy source for vital
organs in times when glucose is not readily avaifabfé® Ketones provide 2-

6% energy after an overnight fast and 30-40% after a three day fast. Unlike
other tissues, the brain cannot use fatty acids as an energy sousceg|smi

on ketones during starvation; nearly two thirds of its energy requirements ar

provided by ketones during prolonged fasting and starvation. Despite

protective properties, ketones have also been implicated in the gemeriat
ROS™,

Acetone can be broken down via several pathways to pyruvate,elamtat
acetaté’’?*® VVery small amounts of glucose can be produced from acetone in
an attempt to regulate glucose |€G&f?®%*? Radiolabeled carbon within
acetone molecules has subsequently been detected in glucagon, urea,
cholesterol, amino acids, fatty acids and exhaled carbon dioxide iralanim
model$®® and in lipids and proteins in humaifs showing that metabolised

components of acetone play a role in anabolic processes.

In the fasting state in the non-diabetic, ketone production increasé® in t
presence of decreasing glucose and then insulin levels, with a cocurre
increase in glucagon and stress hormone secretion (glucagon, corticosteroids,
catecholamines and growth hormone). This sequence of events is not as evident
in Type 1 diabetes, whereby insulin levels remain high despite hypeghya,

and there is a lack of glucagon and stress hormone r&fe%&eln DKA,
elevated stress hormone levels promote ketogenesis, a concomitantabnorm
increase in glycogenolysis and gluconeogenesis, and a reduction in the
insulin:glucagon ratio. There is an associated reduction in peripherkeugta
glucose as a consequence of insulin resistaht& Glucagon stimulates

further gluconeogenesis and ketogenesis and reduces the oxidation of fatty
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acids to triglyceride€*#* Insulin is administered to switch off ketogen&¥ijs
usually causing a reduction in beta-hydroxybutarate before acete&Cetat
Acetone levels appear to be elevated in hyperglycaemic diapatients
without DKA?*° and in diabetic patients without hyperglycaemia, in which case

acetone may act as an early marker of loss of glycaemic cghtrol

1.5.2. Acetonein breath

As with other highly soluble compounds, rather than exchanging in the alveoli,
acetone appears to exchange in the airWaysts blood:gas partition
coefficient has been quoted in the literature between 146 ard*4(g®*23’

As a consequence of the wash-in/wash-out phenomenon, the concentration of
acetone in end-exhaled breath may not be in equilibrium with thatein t
systemic circulatiolt®. This relationship may be improved by a rebreathing
techniqué™ which allows at least partial equilibration of acetone in the
airways and mucus lining, increasing the concentration of exhaled
aceton&®®® Rebreathing concentrations of acetone, however, have been
shown to be within measurement uncertainty of single-exhalation
concentrations; therefore end-exhaled gas sampling and the rebreathing
technique may be equivaléfit

Due to its volatile nature, acetone is difficult to accuratelglyse in breath
and blood. Significant intra-individual variation in blood acetone was isea

.Y whereas, despite significant inter-individual

study by O’Hara et a
variation, breath acetone concentration appeared to be more consigtent. Ot
studies have also shown low intra-individual within session CVs for breath
acetone concentration (1.6% - 2.69%) but significant intra-day (36%) and
inter-day (15%) variatiofi"'®® as well as inter-individual variation
(3804). 0167168196238y haled breath acetone concentration appears to correlate

better with arterial than peripheral venous blood concentration

As described in Chapter 1.3.6., exhaled acetone concentration appears to be
dependent on breath volume but not expiratory flow'taté® A difference in

breath acetone concentration between children and &duitss not seen in an
earlier stud$”® and some studies have reported higher breath concentration in
men than womefi’?% independent of height, weight and #f&tThe observed
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differences may be due to differences in energy consuniption may be
attributed to discrepancies in exhaled lung voltffhélo significant difference
in acetone concentration was seen when nasal and oral exhalations were

660,222,239

compare and cigarette smoking does not affect breath acetone

concentratiotf1%°

1.5.3. Physiological and pathophysiological changes in exhaled

acetone concentration

For a long time it has been known that fasting causes a risetanadevels in
blood, urine and brea#??*? Crofford et af* reported a linear relationship
between the concentration of acetone in breath and blood during fasting. A
more recent SIFT-MS study in healthy volunteers showed elevated breath
acetone concentration after an overnight'fswith a fall to nadir within five
hours of ingestion of a protein-calorie meal. Acetone seems to be formed more
slowly in obese compared to non-obese individuals during fa&ttig yet

there is no correlation between breath acetone concentration arfdf ‘B

Exercise results in a small increase in breath acetone concentration, as has been
described in Chapter 1.3.6., believed to be due to the breakdown of fat and
carbohydrate as energy sources up to anaerobic thréSHétdIt should be

noted, however, that the volunteers in the study by King &t d&ad high
baseline acetone concentrations and had been starved for at Veashagaers,

so changes in breath acetone concentration may have been due to ongoing

fasting.

Breath acetone has been used to approximate blood ditftoseplasma

ketone levef>24°

and has been proposed as a useful non-invasive method of
monitoring response to treatment in diabetes mellitus, howevertebmelap
between breath acetone and blood glucose concentrations has notlsemays
seeA™?® Lee et af*! found breath acetone concentration alone did not
accurately predict blood glucose level, however when used in comjumveiih

other breath markers of glucose metabolism (ethanol, methyl nitrate and

ethylbenzene) the accuracy of prediction was increased.
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Differences exist between glucose metabolism in healthy subjectthasel
with diabetes mellitus. In various studies, patients with desbetellitus have
been reported to have high®P****® or similar breath acetone
concentrationf$*??® when compared to healthy individuals. Unfortunately, it
was not always clear whether patients had Type 1 or Type 2 dizfietes
whether patients were fasted or #gtand the blood glucose level at the time
of breath analysis was not always meastffednaking the data difficult to
evaluate. In any case, the difference in breath acetone conaentrativeen
patients with diabetes mellitus and healthy controls appearedsmaller than
the variation of breath acetone concentration seen in healthy subjecabstiee t
time of day or change in digf. Some individuals with Type 1 diabetes were
mildly ketotic despite normal blood glucose concentrafinswhich, as
previously mentioned, may help to identify early loss of glucose cétitrol

In patients with Type 1 diabetes, an insulin induced reduction in blood glucos
has been associated with a reduction in breath acetone concentratidily poss
because insulin has more of an effect on ketogenesis than glucose
concentratioff®. In contrast, in healthy individuals a reduction in breath
acetone concentration following ingestion of glucose as part of an oral glucos
tolerance test (OGTT) has been associated with an initialaiser®llowed by

a reduction in blood glucose concentraffdi*? Breath acetone concentration
during OGTT could not distinguish between patients with diabetes,redpa
glucose tolerance and healthy contf&isA correlation between breath acetone
and grouped glucose and grouped haemoglobig odhcentrations was not
present when glucose and haemoglobinc Alere used as continuous
variable$*. These negative findings were confirmed in a later study in patient
with Type 2 diabeté?

The detection of acetone in breath has been used to monitor the ragtanf di
fat los$* to check for ketosis when using ketogenic diets for the treatment of
epilepsy associated with intractable seiztifesand to investigate metabolic
stress during cardiac surgtfy and congestive cardiac failf@ During
cardiac surgery, breath acetone increased slightly after sternotachy a
significantly after cardiac bypass, mirroring plasma CRP and troponin

levels®® In individuals with congestive cardiac failure, breath acetoneslevel
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were elevated compared to controls, and much higher in the subgroup with
marked signs of right heart failure. It was suggested that elevmesth
acetone was due to a combination of elevated stress hormonessettr

metamlic rate and malnutriticii®

Breath acetone has been measured in ventilated patients in thé®@ith no
significant difference in acetone concentration seen in studies usinte w
breath compared to G@ontrolled breath samplihg Exhaled acetone
concentration appeared to be higher in patients with ARDS than thosedvho di
not meet the criteria, although there was no significant difference
concentration when patients with and without pneumonia were compéirisd
important to note that the inter-individual CVs in this study were high. Acetone
concentration in blood was lower in patients with sepsis than post-operativ
patients, although exhaled acetone concentration was not significdfehgak
between the two groupsit was suggested that the discrepancy in blood levels
was due to septic patients being fed and receiving insulin to contra bloo
glucose, whereas surgical patients had been starved prior to their @perati
This does not completely explain, however, why there was no significant

difference in breath acetone concentration.

The measurement of breath acetone concentration does not appeaa to be
surrogate for blood glucose monitoring, but has the potential to evaluate
glucose metabolism and starvation, by way of ketosis, and the defjree
metabolic stress in critical illness or due to surgery. Eéslvdevels may

indicate reduced response to insulin treatment.
1.6. Hydrogen Sulphide

1.6.1. Themetabolism and biological role of hydrogen sulphide

H.S is a colourless gas with a distinctive smell of rotten eggs.human nose
can detect kB down to levels as low as 100 pffb however at higher
concentrations of around 50 ppm it causes inflammation and irritation of
mucous membran&§?*’ and at 250-500 ppb causes severe irritation of the

respiratory tract and the development of pulmonary oe&@nf& atmospheric
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concentrations over 700 ppm, inhalation @SHs fatal within minutes, due to

inhibition of cytochrome ¢ oxidase and therefore cellular respirdfiét.

The majority of HS is metabolised via a series of oxidation steps, mainly
occurring in mitochondria, to sulphate and thiosulphate, which are excreted via
the kidney*>*! Activated neutrophils can also oxidise; 2 It binds
strongly to and can be scavenged by methaemoglobin (nfétH®emoglobin

acts as a common “sink” for H,S, NO and carbon monoxide (66)253. The
administration of hyperbaric oxygen and nitrate in the treatment & H
poisoning are intended to increase the rate of oxidation and the formation of

metHb, respectively, preventing binding to cytochrome c oxidase

H,S has been proposed as the third gaseous inflammatory mediator after CO
and NG, Its formation from amino acids L-cysteine, L-cystathionine, or L-
homocysteine, is catalysed by the pyridoXaphosphate-dependent enzymes
cystathionineyr-lyase (CSE), cystathionirfgsynthase (CBS) and, to a lesser
extent [3-mercaptopyruva{2é5 (Figure 1-4). The expression of these enzymes is
tissue specific, for example CBS is mainly present in the Br#iti?*’and

CSE predominant in vascular tiséti>®*%and livef>22°2%1 The rate of K5
production differs across organs, higher in the liver compared to the brain at all
substrate concentrations, and under anaerobic compared to aerobic
conditions®? At least partly via a direct effect onak channels, kS can
cause smooth muscle relaxation (resulting in vasodilatation, possibly
bronchodilatation, and regulation of peristalsis) and a reduction in neuronal
excitability, providing a neuromodulatory effect with involvement in leagni

and memory®2%3
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Figure 1-4. Main pathways of kB synthesis and remo¥al

There is conflicting evidence in the literature around wheth8&raddts as a pro-

or anti-inflammatory mediator. Its role in the inflammatory process is not clear;
it seems to influence leucocyte function, it may modulate theitgctf NO

and appears to be involved in the release of cytokines and chemokireassuc
substance P, calcitonin gene-related peptide and neuroiffirafleast partly

via the NF«kB pathway’®*?®> A protective function has been suggested
because by reacting with several cytotoxic species, such as perribeynit
hypochlorite, HN,, O,” and NO, HS can prevent oxidant-related cell déath

H.S is a weak acid and at physiological pH readily dissociatestioe
equation below), with around 18.5% remaining a$ ldnd 81.5% present as
HS >,

HSSHS +H S S, + 2H'

It is therefore unclear whether,${ the hydrosulphide i6ff or sulphite is
responsible for any effects sé&n In in vitro and live animal experiments,
variable results have been produced by differences in the choice andf dose o
H.S donors and the concentration of CSE and CBS inhibiforghe
specificity of CSE and CBS inhibitors has been questioned, as weltleas t

comparability of the effects of a bolus of$produced by the administration
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of a common donor (NaHS or b&) and the endogenous release ¢ Mhich

is likely to be slowe®. High experimental concentrations ofSHmay inhibit
cytochrome c oxidase, but at physiological concentrations could act as a
substrate for the respiratory ch@ih As a result of these problems, a newer
H,S donor, GYY4137, has been developed, causing a slower and more
sustained vasodilatory effect on rat aortic tissue than REHSd may,

therefore, produce a more physiological change,fd ¢bncentration.

Most interest has been focussed on the effects ,8f &h the vasculature.
Bacterial endotoxins appear to cause vasodilatation and hypotension by
activation of Kyp channels, and it has been proposed thg ldauses
hypotensive shock via the same pathffayH,S causes vasodilatation of rat
aortic tissue in vitro, with and without an intact endothelium, imnglya direct
action on smooth muscle cells via# channel modulatidi® Injection of an

H,S donor causes vasodilatation and subsequent hypotension in rats in

258,267

Vivo , with the administration of GYY4137 attenuating the development of

chemically induced hypertensih

Elevated plasma 4% is seen in animal models of haemorrhagic shdck
endotoxic shock*?°%?**and pancreatit’®, and a small study of sepsis in
human&®. By blocking CSE activity it is possible to cause a partial réotuc

in the degree of hypotensfol and reduce plasma,8l elevation and multi-
organ inflammatioff®?°?® This suggests that organ damage associated with
sepsis is not due to hypotension alone, and that the effectsSofnHseptic
shock are independent of its potential role in blood pressure reg@ition
Injection of NaHS in mice produced similar effects to those of endotoxic
shock, with increased myeloperoxidase (MPO) activity, neutrophil

accumulation identified histologically, and increased levels of TNFo

In contrast, administration of GYY4137 to anaesthetised rats in a mbdel
endotoxic shock attenuated the developing hypotension, inhibited TNFa
production and reduced the rise in INOS, Mactivation and other measures

of inflammatory cascade activifjl. In the same model but using conscious
rats, GYY4137 administration reduced the rise in pro-inflammatory cytokines

and CRP, reduced the rise in pulmonary MPO activity, increased the
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production of anti-inflammatory IL-10 and reduced lung tissue damage. It is
possible, therefore, that the role ofSHat physiological concentration is anti-

inflammatory.

Oxygen concentration appears to modulate the effects®bH in vitro animal
studies; the same B concentration that mediated aortic contraction at high
oxygen concentration caused relaxation at lower oxygen levels, ingludi
physiological concentratiéf’. Exogenous b8 caused the same vasoactive
effects as hypoxia in isolated vascular tissue of fatsows and sea liof%. In

renal tissue, improvements in medullary blood flow have been linked to
hypoxia-induced b5 formatio’>. H,S metabolism, therefore, appears to be
important in oxygen sensing pathways’? Progression of renal disease in
rats corresponded with a reduction in plasmg Koncentration, due to a

reduction in CBS and CSE expression in kidney and liver fi§sue

At physiological concentration, 3 appears to exert anti-inflammatory effects

in the brain and gut, hypothesised to be as a consequence of its influence on the
regulation of gastrf¢® and cerebrd?® microcirculation. Animal models of
gastric mucosal damage demonstrated a reduction in plasBeaamtl CSE
expression, inflammatory changes improving on administration of NaHS, with
an associated attenuation in TNFa level and leucocyte adherence in mesenteric
venuled” An in vitro study by Whiteman et &’ demonstrated the inhibitory
effect of HS on hypochlorous acid-induced oxidative stress in brain tissue. In
Alzheimer’s disease, human brain tissue contains significantly less HS than

expected and showed evidence of oxidative sttéss

Several studies have examined the effect £8 Hn insulin secretion. CBS is
expressed in the whole of the mouse pancreas but CSE is mainlynseen
exocrine pancreatic ceff§2’> In in vitro animal models of insulin-secreting
cell lines, increased 43 concentration, due to NaHS or L-cysteine
administration or stimulation of CBS, caused a reduction in insulin
secretioA’*?’® via opening of Krp channel&*?’’ These effects were reversed
by CSE’" and CBS inhibition and the administration of glibenclarfiitiea
drug used to treat diabetes mellitus and known to blogks Khannels,

suggesting that $ modulated the secretion of insulin vigatK channel
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activity’’%. Hyperglycaemia was associated with a reduction,B ptoduction,
increased insulin secretio, but a slight increase in CSE expreséian
Hyperglycaemia-related islet cell apoptosis was suppressetegdtition of
NaHS, therefore it was suggested tha® khay be involved in the mechanism

by which pancreatic B-cells are protected from glucotoxicity in diabéfas

In diabetic rats, increased pancreatic and hepati§ Hroduction was
associated with greater CBS expression in the pancreas and CSE and CBS
expression in liver, when compared to non-diabetic anfiffalsnsulin
administration restored these changes, but resulted in higher plaggha H
concentration compared to diabetic rats and controls, the cause of which is
uncleaf’® H,S also appears to modulate glucose uptake in rat adiposé tissue
Endogenous formation of 8 due to CSE activity in rat adipose tissue caused
a reduction in basal and insulin-mediated glucose uptake in adipocyiel, w
was reversed by CSE inhibition. As previously described in pancreatic
tissué’’, high glucose concentration was associated with lowes H
concentration in adipose tisstie Inhibition of glucose uptake by 8
appeared to involve the PI3K rather than thgg<hannel pathway’.

In humans, plasma samples from male subjects with non-insulin dependent
Type 2 diabetes mellitus (median concentration 10.5 pumol/L) were lower tha
those from BMI-matched overweight subjects (22.0 umol/L) and lean men
(38.9 pmol/L¥®. There was a negative correlation betwees Ebncentration

and blood pressure, microvascular function, glycaemic control and insulin
sensitivity. Waist measurement and other measures of adipositg we
independent predictors of,8 concentration, which may be confounded by

peripheral insulin sensitivif§°.

1.6.2. Hydrogen sulphide and airways disease

H,S, via the addition of NaHS, has been demonstrated to cause tracheal smooth
muscle cell relaxation, but had no effect on muscle tension when addeltst

that had not been pre-contract&dIn isolated airway smooth muscle cells
from resected or donor lungs, the administration of both NaHS and GYY4137
resulted in inhibition of both cell proliferation and pro-inflammatory8IL-
releasé® By blocking CBS but not CSE activity, the effects ofSHwere
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reversed and further inflammation was seen, hence the effect§Safddm to

be anti-inflammatory and dependent on CBS acfitity

Acute lung injury (ALI) in the oleic acid-induced rat was asseciawvith
reduced plasma and pulmonary,SH concentratioff>. Injection of NaHS
reduced the degree of pulmonary injury and inflammatory cell infiltrate, and
caused an elevation in the level of the anti-inflammatory cytoKinE0?®®
Similar effects were also observed in a murine model of ALI assdcieita

burns and smoke inhalation, where there was an associated reduction in
mortality and improved survival r&f. These results differ from those of
Bhatia et af°® who saw elevated plasma$in a rat model of pancreatitis and
ALL. In their experiment, the addition of a CSE-inhibitor reduced the degree of

lung inflammation and MPO activity.

The effects of administering NaHS and a CSE blocker were simikmimal
models of asthma-rela®d and cigarette-exposure-related  lung
inflammatiorf®.. Administration of NaHS led to a reduction in the previously
induced lung inflammation, whereas injection of a CSE blocker further
aggravated airway hyperresponsiveness. Injection of NaHS in ovalbumin
(OVA)-treated rats caused a reduction in iINOS activity, indicativag HS

may modulate airway inflammation via interactions with the NO payffik

The administration of NaHS in control rats had no effect on pulmonary
function, lung pathology or cell counts in BAL fldf8. There were some
important baseline differences between the two studies; lung éssligserum
from OVA-treated rats contained lowep$iconcentration, in association with
reduced CSE expression, when compared with cofittolfiowever in
cigarette-exposed rats lung CSE expression and plasBavere higher than
control€®:, In the asthma model, serum and lung tissy8 Eoncentrations
negatively correlated with inflammatory cells (neutrophils and eosindphils
BAL fluid®® The difference in CSE expression and production &% H
between the two models of lung inflammation may be in the chronicityeof
exposure; OVA-treated rats may show an acute inflammatory response,
whereas rats exposed to cigarette smoke daily for four months may display

pattern of chronic inflammation.
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Stable patients with asthma have been observed to have lower BleBum
concentrations than controls, the lowest concentrations seen in patignts
severe acute exacerbations (revief¥etf. There was a positive correlation
between HS concentration and severity of airways obstruction, and a negative
correlation with sputum cell count and neutrophilia. Serw8 tas lower in
smokers than non-smokers in all groups. The authors hypothesised that airway
H,S production in asthma causes inflammation and bronchoconstriction,
however it is difficult to determine whether lower serurgSHn asthma

patients is the cause or consequence of the condition.

In contrast, studies of 43 in patients with COPD revealed higher serum
concentrations when compared to controls, however worsening lung disease
was associated with a reduction iaSHconcentration, including during acute
exacerbations. An inverse relationship was seen betwe8naHd sputum
neutrophil count, but positive correlation betweef tldnd sputum lymphocyte

and macrophage levels and lung function, as measured by forced expiratory
volume in 1 sec (FEV. The effect of smoking on serum,$ was not
consistent in the two studies, with significantly lowerSHIn smokers
compared with non-smokers in the first study and no significant difference in
the secontf”?*® Treatment with theophylline for one month did not affect
serum HS concentration, however it was associated with a reduction in sputum
neutrophil courff® It was concluded that higher,8l levels were protective,

with reduced inflammatory cells in sputum and increased smooth muscle

related bronchodilatici’ 2%

A further study of serum #$ and airways disease focussed on the relationship
with pulmonary infectioff®>. No significant difference in $8 concentration
was seen between patients with acute exacerbations of COPD andscontro
Acute infection was associated with significantly loweiSHoncentration in
those with pneumonia versus controls and those with infective extioasbhaf
COPD compared to non-infective exacerbations. There was a weakeinvers

relationship between serum$iconcentration and CRP.
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1.6.3. Hydrogen sulphidein breath

The administration of intravenous Maresulted in a dose dependent increase
in H,S concentration, measured by a sulphide gas detector, in the exhaled
breath of mic&® and humarf™. The concentration of exhaled$increased
rapidly after commencement of the infusion with an equally rapid reduction
when the infusion was stopg@d Although less than 1% of the total amount of
sulphide injected was removed via the IUfigsit still seems possible that
increased concentrations 0$&lin exhaled breath could be used as a marker of
elevated plasma 43, as long as changes in breath could be measured at the
ppb level. The quantification of43 in humid air by SIFT-MS has enabled the

use of this technique for the detection @BHn human breatf’.

Oral bacteria produce A8, along with other sulphur compounds, which is
detectable in human bredth Several methods have been employed in an
effort to reduce the concentrations of these sulphur compounds that cause
halitosis, the most effective being rinsing the mouth with hydrogen peroxi
solutiorf®>. When measuring % in exhaled breath, levels were found to be up

to ten times higher in oral than nasal samples, although this waallastudy

of only two subjects and it was unclear whether breath samples kere ta
following mouth or nose breathiti]. By first rinsing the mouth with hydrogen
peroxide solution and then performing a nasal exhalation, contamination by
oral HS can be avoidé&® H,S is present in small quantities in cigarette

smoké&®’ but there is no evidence that it is detectable in the breath of smokers.

End-expiratory breath samples were collected orally from healthy vehsnte
after a 15 sec breath hold with the mouth wide open, and analysed&y
chromatograph equipped with a chemiluminescence sulphur detector. Results
for exhaled HS were only slightly higher than concentrations in ambief¥air
These results are mirrored by those from nasal exhalations in experbgents
Dummef?® using a SIFT-MS device. The concentration aSHn exhaled
breath correlated with the ambient air, thus the possibility of contéiomnay
inspired air could not be ruled out. It was, therefore, not possible to identify

whether exhaled flow or volume had any effect 68 Honcentratioff’.
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When examining b5 in breath as a potential marker of inflammation in
airways disease, Dumnfét found no significant difference between mean-
exhaled or end-exhaled breath concentrations in subjects with COPDroaast
versus controls. There was a significant negative correlation betds&and
sputum neutrophil count in COPD patients and a positive correlation between
H.S and markers of eosinophilic inflammation in asthmatic patients, although

neither relationship reached statistical significance.

Two studies of breath 43 have been performed in other inflammatory states,
revealing higher breath concentrations in chronic pancreatitis compared to
healthy control$* and lower concentrations in lung transplant recipients with
evidence of acute rejection compared to those with stable lung doncti
although the difference did not reach statistical signific&ficelnfortunately,

it was not possible to distinguish patients with disease from thgiectge
controls using breath 49 results due to concentration overlap between the

group$®2%

If H,S behaves in the same way as NO, it is possible that pulmonariianfe

will result in higher breath concentrations as a result of local ptiodgua the
airways, as seen in two previous studies of exhaled NO in ventilated
patient$'’ 8

These findings suggest further studies are required to investigate wHesher
could act as a biomarker of airway inflammation. The relationship between
breath and serum28 requires further exploration as it is possible that breath

H,S may act as a marker of systemic inflammation as well.
1.7. Hydrogen Cyanide

1.7.1. Hydrogen cyanide exposure and itsbiological role

At physiological pH and temperature, cyanide is largely found asled#CN
gas® which has a bitter almond smell. Its toxicity is well known, begthdl
if inhaled at concentrations over 300 gpfrand causing hypoxia and collapse
at lower concentratioy. Its toxic effects are caused by the inhibition of

aerobic respiration in mitochondria by the competitive inhibition of
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cytochrome ¢ oxida$®€2%°?%® Despite its toxicity, HCN has been found in

small quantities in blodd® and breath of healthy individud?&

HCN is commonly detected at concentrations above 1,000 ppm in domestic
fires, produced by the combustion of nitrogen-containing materials in solid and
upholstered furniture and beddfig Death probably results from rapid
collapse (only requiring 2 min exposure at 200 ppm) preventing escape and
allowing further exposure to poisonous levels of HCN and®€C@lood
cyanide levels in fire victims are usually I6% possibly because over 98% is

bound to metHp 299301

and that remaining in the plasma disperses into
tissue&”’ where it is detoxified by conversion to thiocyarddté®: It is
unbound HCN in plasma that causes toxic eff8ttsAntidotes for cyanide
poisoning induce methaemoglobinaemia in the belief that the strong adfinity
metHb for HCN?#929:2%9301 \yil prevent it binding to cytochrome c

oxidasé?*®297:2%8

HCN is found in cigarette smok&'®*#and in higher concentrations in the
breath?*19%%%! salivd®* and blood of smokers than non-smok&r®: The
detoxification of HCN to thiocyanate results in higher plasia' and
salivary thiocyanat&* concentrations in smokers than non-smokers, allowing
distinction between the two groups Plasma thiocyanate concentrations
decrease slowly, taking up to 14 days to return to normal after smoking
cessatioff’, however a study of volunteers breathing HCN at 10 ppm for 1 min
(equivalent to smoking one cigarette), showed that the half-life in ekhale
breath was very short, only 10-22 ¥&cThis led the authors to conclude that
even at fatal inspired concentrations the exhaled concentration of HCN shoul

be low, therefore high breath concentration may indicate systemic intoxication.

Oral exposure to HCN in food is not uncommon as many plants, particularly
food crops, are cyanide producing, such as maize, rice, wheat, barley, rye, oats,
apples, sugar cane and cassava. This property is believed to proteleintise
against pests and ward off herbivores. Humans have overcome the problem by
pre-processing food and detoxifying any HCN consumed by the activity of
sulphurtransferases in the gut. These enzymes require sulphur-containing

amino acids, which is why low protein diets in countries where largeigaant
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of high HCN-containing crops, particularly cassava, are eaten candead t

chronic HCN poisoning®,

Leucocytes contain thiocyanate, MPO and hydrogen peroxidase, mixtures of
which in other settings have been seen to contain ¥fCKherefore the
observed production of HCN within these cells is plausible. Under
physiological conditions, thiocyanate has been found to be a major substrate
for MPO™® and eosinophil peroxida®8 although the main product of these
reactions was hypothyocyanite rather than HCN, which is believed yapla
antimicrobial role in the oral cavity/. Further studies have confirmed the
production of HCN by phagocytosing polymorphonuclear lymphocytes in the
presence of Staphlococcus epidermidis and Escherichid®coliia the
MPO/HO,/CI™ system, more HCN was produced by the chlorination of S.
epidermidis than E. coli and this was explained by a larger amount of the
substrate glycine in S. epidermidis cell walls. HCN productionauggnented
following damage to S. epidermidis cells by a sublethal doseniditia G3°®

In subsequent experiments, Stelmanszynska showed that, in the prafs&nce
epidermidis, leucocytes can produce cyanide from thiocyanate, againevia
MPO/HO,/CI™ system. Only minute quantities of HCN were formed, however,

by leucocytes without bacterial stimulatfSh The biological role of HCN
itself is still unclear, although it appears to stimulate the “respiratory burst”

during phagocytosi&® and may therefore have a role in the inflammatory

process.

1.7.2. Hydrogen cyanide production by Pseudomonas aeruginosa

P. aeruginosa is a cyanogenic bacterium producing HCN from glycine,
catalysed by the enzyme HCN synthase associated witHlitee@brane. The
function of this phenomenon is not fully understogdhowever by excluding
other microorganisms it may improve its chances of colonisatioR.
aeruginosa is not affected by high HCN concentrations itself, having
developed a respiratory chain that is not inhibited by HCN and employing
several mechanisms to detoxify its environmientP. aeruginosa produces
many other VOC2®%? however the production of HGN and 2-
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aminoacetophenofe appear to be almost unique to this organism, potentially

allowing its identification.

P. aeruginosa is an opportunistic pathogen, colonising and causing infection in
patients with chronic lung diseases, particularly those with CF, andim@
system compromise. It is one of the most common nosocomial patheggns
commonly causes VAP (reviewdd. The presence of P. aeruginosa in the CF
lung is associated with poorer lung function and increased mottality
therefore its detection is crucial in order to delay CF lung adise
progressiof‘f‘5 by modifying treatment and attempting eradication.

Four different methods of detection of HCN or the cyanide ion in
microbiological samples have been employed in previous studiestidat of
HCN in the headspace above solid or liquid culture media by 1678312316
or GCMS*? detection of the cyanide ion in sputtthand BAL sample®®
using a cyanide ion selective electrode, and by liberating cyanidesfsratum

by acidification followed by cyanide assay &5t

HCN is more consistently detected in the sputum of P. aeruginosaveositi
patients than in non-infected individudfs®*>>'" It is not always detected in
infected sampléd* however, and can be detected in those that do not culture
P. aeruginosa>®* non-infected samples contained HCN at lower
concentrations than infected sampteésTwo studies show conflicting results

in terms of correlation of cyanide concentration in sputum and lung
functior™*%'” In the study by Ryall et & the cyanide positive group
showed significantly lower FEVand forced vital capacity (FVC) which could

not be explained by age, sex or P. aeruginosa sputum load. Stutz“et al.
proposed that HCN production was related to pulmonary inflammation rather
than infection with P. aeruginosa because their study of 226 BAL samples
from 96 children with CF reported an association between cyanide
concentration and neutrophil count. The relationship between HCN and poorer
lung functio* may also be explained by greater levels of neutrophil
inflammation. In the CF lung, both neutrophils and Pseudomonas species may
be producing HCN, therefore the relative effects of HCN from both of these

sources is unknowf’.
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The use of antibiotics may affect the quantity of HCN produced by P.
aeruginosa in the CF lung. In the study by Sanderson &Y, alhe
administration of intravenous antibiotics to treat P. aeruginosa icliestions

was followed by a reduction the concentration of HCN to undetectable levels in
the sputum of four of seven cases and the highest concentration was aeen
sputum sample from a patient with chronic P. aeruginosa infection who was
not taking antibiotics. It was not clear whether decreased HCN produi®n
related to a reduction in bacterial load, the level of pulmonary inflammaition,

a direct effect of antibiotics on HCN production.

A study by Gilchrist et ai'* revealed higher concentrations of HCN in sputum
samples containing non-mucoid compared to mucoid strains, a study
contradicted by Stutz et &° who found higher HCN concentrations in
association with mucoid strains. Another study of several P. aerugtragass
showed a difference of up to two orders of magnitude in the concentration of
some VOCs produced, and that culturing P. aeruginosa on solid media
produced higher concentrations of HCN than when the same sample was
cultured in liquid medi#? This suggests the difference in HCN concentration
between mucoid and non- mucoid strains between the two studies cobkl be t
result of differences in culture media, or duration of incubation. It is, haweve
clear that the production of HCN by different strains of P. aeruginosa is
variable, which probably explains why the production of HCN does not appear

be related to the concentration of P. aerugifidsa

1.7.3. Hydrogen cyanidein breath

HCN is soluble with a blood:gas partition coefficient greater than 100, thus it is

likely to behave like acetone and exchange predominantly in the aifiv&lyis

HCN can be detected in breath after the administration of sodium nitroprusside
as an anaesthetic agent. Breath concentrations follow changes in plasma
concentration, with a linear relationship between;dogreath and plasma

concentration$*,

HCN can be identified in orally exhaled breath of healthy sub&ds at

levels around 50 times higher than would be expected from plasma*12vels
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Higher concentrations of HCN are found in orally compared to nasally exhaled
airt®02#3239318ha highest concentrations being found in the oral cavitin

order to investigate the source of HCN in the oral cavity, Lundquiat.®?
performed in vitro experiments on saliva, demonstrating the formation of
cyanide in aerated saliva at 37°C, enhanced by the presence of glucose. Furthe
heating prevented cyanide production, implying enzymatic involvement, in
agreement with previous experiments showing catalysation by rsaliva
peroxidas&. A similar process is responsible for HCN production in the lung,
catalysed by lactoperoxidase in the healthy lung and MPO iprdsence of

pulmonary inflammatioff”.

HCN produced in the mouth can contaminate nasally exhaled breath, so for
accurate HCN quantitation it has been suggested that nasal bréaliovwgd

by a nasal exhalation should be performedOral, but not nasal, breath HCN
concentration is increased after eating and drinking, implying H&l#rgtion

in the moutf'®

Variation in HCN concentration at low levels in ambient air dogsappear to
affect exhaled concentration§ however higher inspired concentrations result

in higher exhaled concentratidfs Exhaled breath volume has no effect on
HCN concentratiott’, however, due to low concentrations of HCN in the
exhaled breath of healthy subjects and a correlation with ambientveas ot
possible for Dumméf to fully examine the effects of exhaled flow rate on
physiological concentrations of breath HCN. Due to differences in breath
sample collection (oral versus nasal, mixed versus end-exhaled breath) and
analysis, there is discrepancy in the literature around the effegender, age

and oral intake on breath HCN concentratigrite-320-321

In studies by Dummé# the concentration of exhaled HCN in patients with
COPD and asthma was not statistically different when compareéaithiy
individuals. A negative correlation existed between HCN in breath andnsputu
neutrophil count in the COPD group and a positive correlation between HCN
in breath and sputum eosinophil count in asthma, neither of which reached
statistical significance. Larger studies are needed to further esantiether

there is a true relationship between these markers. The role ofiiH@i¢
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inflammatory process is not fully understood, both in localised airway
inflammation or systemic inflammation, and this requires further sturlitde

clinical field.

Three SIFT-MS studies have been performed to assess the utilityath bre
HCN as a marker of P. aeruginosa colonisation or infection. Significantly
higher breath HCN concentrations were seen in children with CF and known P.
aeruginosa colonisation when compared to children with astAnait oral
exhalations were performed in this study, which must be borne in mind when
interpreting the results. In a recent study of 20 adults with CF, oral breath HCN
concentrations were similar in P. aeruginosa colonised and non-colonised
subjects, but higher median concentrations were observed in nadalgc
breath of those with P. aeruginosa (11 ppb versus G-ipbhe two groups
could not be separated by breath HCN concentration, however, due to
considerable overlap between the two groups; four subjects with chronic
infection had nasal breath concentrations lower than 5 ppb and two without
infection had nasal breath concentrations greater than 13°ppb another
recent study of 30 adults with bronchiectasis, including three with CF, there
was a small but significant difference in nasal end-exhaled HCNeotnation
between those with bronchiectasis and healthy controls (median 3.7rgpb ve
2.0 ppb), but no difference in breath concentration between patients colonised
with P. aeruginosa and those who were'fiofThese results reveal that, at
present, despite the known production of HCN by P. aeruginosa it cannot be

used as a reliable breath marker for the presence of this bacterium in the lung.

1.8. Hypothesesand aims

There are two main hypotheses to be explored in this thesis. Fifsily,
increased metabolic and oxidative stress in critical illnessweall as the
development of stress hyperglycaemia, leads to increased bresttineac
concentration. It is believed that elevated breath acetone conicentdespite
adequate insulin therapy for hyperglycaemia, indicates an increasedf risk
developing further organ failure. Secondly, that exhale8 Bnd HCN are
elevated in the presence of infection and inflammation in this pro-inflammatory

state. If these compounds are detectable in breath, there is ungextaimd
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whether they originate in the airway or are due to systemic produdten.
utility of these VOCs for the diagnosis of pneumonia in intubated and

ventilated patients is explored.
The aims of the thesis are:

e To evaluate the efficacy of the breath sampling apparatus and Tedlar
bags for the collection and storage of aceton&, &hd HCN in breath.
This is necessary to confirm the suitability of these materials for
subsequent parts of the study, enabling causes of sample loss and
contamination to be identified and quantified, if possible.

e To develop an off-line end-exhaled breath sampling technique for use
in intubated and ventilated patients in the ICU, ensuring that it is
repeatable and will provide reproducible results.

e To develop a breath sampling technique for use in anaesthetised
intubated patients, comparable to that used in the ICU. The rationale for
this aim was to develop a technique that allowed samples to be
collected from a healthy control group and to explore how altering
anaesthesia machine settings might alter the concentration of VOCs
collected.

e To explore changes in breath acetone concentration over time in two
groups of patients in the ICU; patients with stress hyperglycaanua
those with new pulmonary infiltrates on CXR. Also, to assess they utilit
of breath acetone as a marker of illness severity and clinical outcomes
The rationale for this aim is that if acetone is a marker of oxielatnd
metabolic stress, seen as an alteration in glucose metal8fiéirthen
it should correlate with conventional measures of illness severity.

e To explore specifically the variation in breath acetone concentration
with insulin administration and feeding, and to assess whetheuld
be used to guide insulin or feeding regimes.

e To investigate any change in concentrations £8 Bind HCN over time
in ICU patients with new pulmonary infiltrates on CXR and to correlate
these changes with clinical parameters, as well as aggelsintility

of these VOC:s for the diagnosis of pneumonia.
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e To examine the effects of factors known to influence exhaled VOC
concentration, for example breathing patteérfr’*°*%®and inspired
VOC concentratioff*8?

e To investigate any relationship between breath and serum VOC

concentrations.
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2. The effect of breath collection apparatus and

sample storage on breath analyte concentration

2.1. Introduction and aims

It is not always possible for an individual to travel to a SIF$-Mstrument
and, due to its size, weight and infection control issues, the instrwaiembt
always be moved to an individual, therefore breath analysis maytbawe
performed off-line. Appropriate breath collection equipment and containers are
thus required for the collection, storage and transport of breath samples in

order to preserve their integrity.

Volatile organic compounds (VOCs) behave differently in different containers,
thus it is important to understand how the compounds of interest will behave i

a chosen container. When stored in polymer bags, all breath samples are
affected by a degree of volatile adsorption onto the bag’s inner surface,
diffusion out of the bag and contamination from pollutant diffusion into the bag
and from compounds emitted by the bags themsgfEs13"4°Effective bag
cleaning is necessary to prevent analytes from one sample causing

contamination of subsequent sampt&§*14°

It is important to consider whether other components of the breath @uilect
equipment might release or absorb volatile gases and, therefore, affipid sa
composition prior to analysis. In order to compare breath VOC concentrations
across different studies, the effect of different equipment and sampling

processes on sample concentration must be investigated.

The aim of this part of the study was to evaluate any change igteana
concentration and humidity of breath samples due to the breath icollect
apparatus and storage in incubated Tedlar bags. It was importase breath

in the experiments wherever possible, rather than humid gas mixtares, t
enable changes in physiological concentrations of VOCs and humidity to be

explored. The process of bag cleaning will be described and evaluated.
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2.2. Methods

2.2.1. Bag cleaning

A standard cleaning procedure was established at the start of the study.
Transparent 1 L Tedlar bags with single polypropylene hose/valve fittings (film
thickness: 50 pm) (SKC Inc, USA) were employed in all sections of this thesis.

Bags were filled with medical air from the wall supply, left for oa@ hour

then evacuated. This process was repeated three times, with shieebagyleft

full of air overnight at least once. Bags were refilled a fourth timerfatyais

of the contents by SIFT-MS. Bags were not heated. Bags containi@g ¥O
concentrations less than 110% of medical air supply concentrations were
accepted as clean. ‘Dirty’ bags, containing higher VOC concentrations, were
flushed and analysed again until concentrations were no more than 110% of
medical air concentrations. For all other parts of this thesis, cledlarTeags

were used unless otherwise stated.

2.2.2. The effect of sample storage on analyte concentration and
humidity

Six Tedlar bags were filled with breably healthy members of laboratory staff
exhaling directly into them and each was analysed immediayeiFT-MS.

Bags were then incubated at 40°C (MIR-162, Sanyo Electric Co. Ltd, Japan) to
prevent condensation of the humid samples. Higher temperatures were not used
in order to avoid potential bag wall damage and impairment of storage
integrity’*>. The contents of each bag were analysed by SIFT-MS at 30 min
intervals for two hours, then hourly for another two hours. The concentrations
of acetone, kB and HCN were calculated along with a measure of §@& H
precursor and hydrated ion counts. The concentration of Tedlar specific
contaminant compounds was assessed. Each bag was removed from the
incubator for the duration of analysis only, then immediately returned. Bags
were stored in the incubator for a total of four hours, because bregbhesam
were unlikely to need longer storage periods before analysis in subsequent
parts of this thesis.
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2.2.3. The effect of the breath collection apparatus on sample

concentration

Firstly, the proposed breath sampling equipment was tested for the enoission
volatile gases at the massecharge ratios (m/z) of the three volatiles of
interest. Air in a sealed inert container was analysed by SIFT Hd8,an item

of proposed breath sampling equipment was placed inside. The container and
its contents were incubated at 40°C for 30 min. The headspace above ¢éhe piec
of equipment was then analysed by SIFT-MS. This process was repeiited

each piece of equipment that could be incubated.

The breath collection apparatus was set up as if to collect atfsateath
sample. Two pieces of suction catheter tubing (4.7 mm x 53 cm, Ch14, Pennine
Healthcare, UK) had their tips cut off up to the side holes and the dapeds
trimmed. The two suction catheters were connected by a sampling filte
(DISMIC®-25, Advante®, Toyo Roshi Kaisha Ltd, Japan) (total 8 ml dead
space in tubing and filter). One of the suction catheters was joined to the ‘in’

port of a handheld pump (Gili&rPersonal Air Sampler, Sensidyne, USA) via
the tapered end. The pump flow rate was set to 1.8 L/min (checked by a
pneumotachometer (RSS 100, Hans Rudolph Inc, USA)).

A Tedlar bag was filled with breath by a member of laboratory stdféling
directly into it and was analysed immediately by SIFT-MS. It was then
attached to the free end of the suction catheter. An empty Tedlar bag was
attached to the pump output tube and the pump switched on for 4 sec (the
duration over which a breath sample would be taken) (Figure 2-1). Ahbreat
sample of approximately 150 ml was transferred from the full to the empty bag.
The pump was switched off and the new sample placed to one side whilst
another empty Tedlar bag was attached to the pump and the process repeated to
give a total of three new samples. Breath samples were anafysech by
SIFT-MS. The remainder of the initial sample was re-analyseabtofbr any
changes in volatile concentration and humidity. The process was performed
with a total of seven original breath samples containing VOCdifierent

concentrations. The pump was turned on to suck room air through the
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equipment for at least 2 min between different initial breath sampl@sier to

flush out the previous sample and prevent contamination of further samples.

Suction catheter
tubing

Biological filter

Tedlar bag

Hand-held pump

Figure 2-1. Photograph displaying initial breath sample in Tedlar bag (right)
and bag for collection of sample after it had passed through the suction

catheters, biological filter and handheld pump (left).

To eliminate any effect of dead space gas in the pump and tubing @rsthe
sample drawn through the apparatus, the experiment was performed again, as
above, with three further Tedlar bags of breath. This time, the first eampl
drawn through the pump was discarded. A fourth sample was drawn through
the apparatus to give a total of three samples for analysis. The effec
discarding the first new sample on mean VOC concentrations and percentage
CVs of VOC concentration for the three new samples from each initigdlsam

bag were investigated.

2.2.4. The effect of the pump on sample concentration

A Tedlar bag was filled with breath by a member of laboratory stdfling
directly into it and was analysed immediately by SIFT-MSwéls then
attached directly to the ‘in” port of the pump and an empty Tedlar bag attached

to the output tube (Figure 2-2). The pump was switched on for 4 sec and
approximately 150 ml of breath was transferred from the full to the emgty ba
The pump was switched off, the new sample placed to one sidanaticer
empty Tedlar bag was attached to the pump. The process was repegited t

a total of three new samples. Samples were analysed in turn byMSRnRd
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the rest of the initial sample was re-analysed. This process peated with

five different breath samples containing VOCs at different concentrations.

Tedlar bags

Hand-held pump

Figure 2-2. Photograph of the hand-held pump, original breath sample in a
Tedlar bag (right) and the sample after it had passed through the pump (left).

2.2.5. Theeffect of the sampling filter on sample concentration

A test gas of 100% relative humidity was produced using dilution apparatus
(Syft Technologies Ltd, NZ), a permeation chamber (Dynacalibrator Model
150, VICI Metronics, USA) and permeation tubes of acetone (Kin-tek, USA)
and HBS (Metronics, USA). The permeation tubes had known emission rates of
1269 and 489 ng/min at 40°C, respectively. Test gas flowed directly into the
instrument and the concentration of acetone @& hvas analysed. The
sampling filter was then attached to one end of the flow tube and to the SIF
MS instrument (Figure 2-3). The test gas was then analysedsatueee after
passing through the filter. The concentration of each test gas weedalisiiy

the dilution apparatus to enable the experimental process to be depdtate

six different acetone and six differeni$iconcentrations.
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Dilution
apparatus

Sampling filter

SIFT-MS instrument:
inlet :

Figure 2-3. Photograph displaying the biological filter in-line with the s
flow and SIFT-MS input port. Arrow shows direction of gas flow.

2.2.6. Selected ion flow tube mass spectrometry

The concentration of volatiles in exhaled breath and humid gas samate
measured by SIFT-MS, Voice2D@Syft Technologies Ltd, NZ), described in
detail in Chapter 1.4. of this thesis. Bag samples were attdohtbe sampling
capillary end cap of the heated inlet extension of the SIFT-MS and analysed for
30 sec (Figure 2-4).

Breath
Computer m= Head
interface
Heated Inlet
Needle Extension to
through SIFT-MS
valve instrument
| SIFT-MS
Tedlar bag instrument

Figure 2-4. Photograph showing a Tedlar bag attached to the Breath Head and
Heated Inlet Extension of the SIFT-MS instrument via a needle thrdwggh t

bag’s valve.
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Scans were performed in mass scan (MS) and selected ion monitdifg (S
modes. Using the touch screen to control the instrument, results \spelaeydd

on a computer interface using LabSyft software. In SIM mode, the average
concentration of an analyte over a desired time interval wasla&duby
dragging the cursor over the selected area of the trace, causing the

concentration to appear in a pop-up box.

|on reactions

The NO reagent ion was used to analyze breath acetone. The reaction is a

ion-molecule collisional association with He atom stabilizafion
NO" + CHCOCH; (+ He) — NO*.CH;COCH; (+ He)

The NO reagent ion was monitored at m/z 30, and the'.N& hydrated
reagent ion at m/z 48 as this ion is formed in humid air mixtures. The
NO".CH;COCH; product ion was monitored at m/z 88.

The HO" reagent ion was used to analyse brea® &hd HCN. The reactions
are proton transfer reactidns®*?

H30Jr +H,SS H38+ + H,O
HsO" + HCNS H,CN' + H,0

The HS" and HCN' product ions were monitored at m/z 35 and 28,
respectively. The kD" reagent ion was monitored at m/z 19 and the hydrated
ions HO".H,O, HO'(H,0), and HO*(H,0)s, formed in humid air mixtures,
atm/z 37, 55 and 73, respectively.

The HO" ion is the only reagent ion that can be used to measi®eltdoes

not react with NO and the product of the reaction with,'OH,S’, reacts
quickly with H,O?*’. A proton donation reaction can only occur if the proton
affinity of the acceptor is greater than that of the donor. The difference i
proton affinities of HS (705 kJ/mol) and #© (691 kJ/mol) is 14 kJ/mol,
which is less than the suggested 20 kJ/mol for proton donation to occur,
therefore it is possible for the reverse reaction to occur if extra energy is

generated by the protonated product {6hdhe rate coefficient of the reaction
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of H,S with HO" has been calculated in humid 2éﬁrallowing accurate

calculation of concentration.

The difference in proton affinity between HCN (713 kJ/mol) an@® H691
kJ/mol) is 22 kJ/mol, thus driving the reaction forward. Again, the rate

coefficient of this reaction in humid air has been calcufafed

I nstrument accuracy and precision

Before the start of the experiment the SIFT-MS instrument was calibwath
known concentrations of acetone,3Hand HCN in humid air from a
commercial gas cylinder supply. The accuracy and precision of themesit
for the measurement of acetong,SHand HCN in humid air has previously

,168,223

been investigaté and found to be appropriate for the quantification of

these compounds at physiological concentrations in breath.

I ndicators of sample humidity

Sample humidity was investigated by analysing changes in welati

concentrations of the4@" precursor ion and its hydrated ions.

2.2.7. Statigtical analysis

The percentage change in analyte concentration over storage tisie wa
calculated. Means, standard deviations and CVs of analyte concentiations
bag samples after being drawn through the sampling apparatus weitatedlc
Linear regression was performed to look at the difference between initial
breath sample analyte concentrations and concentrations after breath wa
passed through the apparatus. Statistical analyses were performed using
GraphPad Prism version 5.01 for Windows (GraphPad Software, USA).

2.3. Resaults

2.3.1. The effect of sample storage on analyte concentration and
humidity
Acetone, HS and HCN concentrations all decreased over time, as did the

humidity of the breath samples. Figure 2-5 shows the absolute change in
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analyte concentrations during storage and Figure 2-6 shows the percentage

change in analyte concentration when compared to baseline concentration.
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Figure 2-5. Change in analyte concentration over time in each of the six Tedlar
bags; (a) acetone, (b8, (c) HCN.
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Figure 2-6. Mean change in analyte concentration over time as a percentage of
the starting concentration.

Acetone

There was a greater reduction in acetone concentration in the two bags

containing the highest starting concentration (Figure 2-5). Losses from the
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other bags were minimal over four hours. Over 92% of the initial sample
concentration was detected in each bag after 90 min of storage, and the
concentration had dropped by more than 10% in only one bag after three hours.
A small increase in acetone concentration was seen in mdst samples in

the first 30 min of incubation.

Hydrogen sulphide

The concentration of ¥ was stable for 2 hours in five out of six of the bags
and then tended to slowly decline (Figure 2-5). When looking at the mesan dat
of all of the bags, the concentration ofSHappears to be stable for 90 min and
satisfactory for two hours (Figure 2-6). A small initial increase H,S
concentration was noted in 4 of the bag samples (Figure 2-5).

Hydrogen cyanide

The concentration of HCN was stable over the full four hours of sample
storage (Figures 2-5 and 2-6), with 93% of the initial concentrationtddtat
that time. There was a fluctuation in HCN concentration over timidn, a

tendency for initial reduction and subsequent increase in concentration.

Humidity

The reduction in humidity was assessed by looking at changes in the
percentage of ¥D" precursor ion counts (Hz) compared to hydrated ion
counts. The reduction in hydrated ions as a percentage of the total caunts c
be seen in Figure 2-7. The percentage ¢®Hydrated ions fell from 64% to

32% of the total KO" ion count with a corresponding increase yOH19 ions.

NO" does not form hydrated ions as readily a®H however there was still a
reduction in the percentage of hydrated ions over the experimental theyve T

was a slight increase in the percentage of hydrated precursor ions in all six bags
when analysed at 30 min, however humidity fell more rapidly over the four-

hour storage period than any of the analyte concentrations.
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Figure 2-7. Change in HO" m/z 19 precursor and hydrated precursor ion
counts (m/z 37, 55 and 73) as a percentage of the tgbdlddunts.

Tedlar contaminants

There was an increase in the mean concentration of contaminants djeecific
Tedlar bags during incubation at 40°C (Figure 2-8). The concentration of
phenol (m/z 95) appeared to plateau after a peak in concentration at 120 min,
whereas the concentration MfN-dimethylacetamide (m/z 88) continued to rise

throughout the incubation period.
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Figure 2-8. Change in mean contaminant counts over storage time; (a) phenol
(Hs0" m/z 95), (b)N,N-dimethylacetamide (§0" m/z 88).

2.3.2. The effect of the breath collection apparatus on sample
concentration

There was no change in acetongSkr HCN concentrations of headspace air

in the storage container before and after incubation of the breath sampling

equipment. The apparatus tested was as follows: suction catheter tubing
(Pennine Healthcare, UK), sampling filter (DISMI25, Toyo Roshi Kaisha
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Ltd, Japan), oxygen enrichment attachment (Respironics Inc, USA), tubing
adaptor (Care Medical Ltd, NZ), cut-off tip of a 1 ml syringe (Becton,

Dickinson and Company, Singapore).

There was a reduction in the concentrations of acetos®ahd HCN after the
breath sample was passed through the two suction catheters, sampling filter and
hand-held pump. Data for acetone can be seen in Table 2-1. When the first
post-apparatus breath sample was discarded, the CV of the three poatesppa
samples improved. This did not alter the mean percentage reductiatonec
concentration (Table 2-2). Similar improvements in the CVs & &d HCN
samples were seen (median C¥SH2.9 improved to 4.2, HCN 11.8 improved

to 5.3).

Table 2-1. Initial and post-apparatus breath acetone concentration and the
percentage change in acetone concentration. The percentageieateiif

variation (CV) of the three post-apparatus samples is shown.

Initial acetone Post-apparatus acetone concentration (f CV %

concentration Sample Sample Sample Mean (%) change
(ppb) 1 2 3
1360 786 1030 1070 962 16.0 29.3
1020 593 682 670 648 7.4 36.4
992 566 805 532 549 46.4
803 571 643 669 628 8.1 21.8
719 491 545 638 558 13.3 224
644 273 328 333 311 10.7 517
439 280 325 410 338 195 229

median 13.3 29.3

CV, coefficient of variation; % change, percentage change between initial
sample and mean acetone concentrations after sample was passed tti@ough
apparatus. Missing value was due to sample leakage via a hble iredlar

bag.
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Table 2-2. Initial and post-apparatus breath sample acetone concentration and
the percentage change in acetone concentration after the first posttappa
sample is discarded. The percentage coefficient of variation (C\Hedhtee

post-apparatus samples is shown.

Initial acetone Post-apparatus acetone concentration (f CV %
concentration Sagmple Sample Sample Mean (%) change
(ppb) 2 3 4
843 578 619 647 615 5.6 27.1
665 468 470 506 481 4.4 27.6
484 301 330 315 315 4.6 34.8

median 4.6 27.6

CV, coefficient of variation; % change, percentage change between initial
sample and mean acetone concentrations after sample was passedttie@ough

apparatus.

According to the linear regression equation comparing initial and subsequent
acetone concentrations (y = 0.79x6.14), there was a fixed loss of 46 ppb
and a variable loss of 21%. The equation of the linear regression lirkSor
concentration (y = 0.75x 1.43) explains a fixed reduction of 1.4 ppb followed

by a loss of 25% from the rest of the sample. The linear regressionoadfoati

the reduction in HCN concentration (y = 0.76x + 0.68) reveals a decrease of
24% associated with the sampling equipment. Losses were reproducibke acros

the analyte concentrations measured (Figure 2-9).
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and (c) HCN before and after the gas sample was passed through the tubing,
filter and pump (linear regression lines with 95% confidence intervalseaa
Individual data points for analyte concentrations, first post-apparatysies

not included.

2.3.3. The effect of the pump on sample concentration

There was a reduction in the concentrations of acetoste,add HCN in the
breath samples caused by being passed through the pump alone (Table 2-3). In
a similar way to the results presented in section 2.3.2., there aghpedoe an

effect of dead space dilution on the first sample passed through the pump,
therefore the first post-pump samples were excluded from linear regression
analysis (Figure 2-10). There was a higher degree of variability ,& H
concentration in post-pump samples than was seen for acetone and HCN

concentrations within the same breath samples.
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Table 2-3. Initial and post-pump breath sample analyte concentration and the
percentage change in analyte concentration. The percentage coeffitient

variation (CV) of the three post-apparatus samples is shown.

Analyte Initial analyte Post-pump analyte concentratio CV %
concentration (ppb) (%) change
(ppb) Sample 1 Sample 2 Sample 3

Acetone 1160 862 907 890 25 236

Acetone 684 544 536 542 0.8 201

Acetone 502 338 398 393 8.8 250

Acetone 378 260 281 304 78 255

Acetone 361 299 301 303 0.7 16.6
H,S 1.10 0.69 0.70 0.73 3.0 359
H,S 1.01 0.99 0.95 1.06 5.6 1.0
H.S 0.94 0.80 0.91 0.83 7.2 9.8
H.S 0.83 0.76 0.70 0.73 42 129
H,S 0.66 0.56 0.55 0.54 1.7 17.2
HCN 7.24 4.62 5.92 6.31 158 224
HCN 6.68 4.35 5.22 5.61 12.7 243
HCN 5.69 3.64 4.65 4.96 156 224
HCN 4.61 3.27 3.47 3.79 75 239
HCN 4.47 3.69 3.87 3.70 27 16.0

CV, coefficient of variation; % change, percentage change between initial

sample and mean analyte concentrations after sample was passel theoug

pump.
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Figure 2-10. The relationship between the concentrations of (a) acetone, (b)
H,S and (c) HCN before and after the gas sample was passed through the pump
alone (linear regression lines with 95% confidence intervals marked).
Individual data points for analyte concentrations, first post-pump samgtes

included.

Linear regression equations suggest a 24% reduction in acetone cormentrati
a 33% reduction in 6 concentration and a 14% drop in HCN concentration as

a result of breath samples being passed through the pump.

2.3.4. Theeffect of the sampling filter on sample concentration

A small fixed reduction in acetone andSdconcentration was seen due to the
sampling filter alone (Figure 2-11). When the filter was placed ifitleeof

gas flow from the dilution apparatus to the SIFT-MS instrument, $ need

that no analyte could be detected if the filter was turned through 180°. This
highlights that the filter must be positioned in the correct oriemabr no

analyte will be detected downstream.
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Figure 2-11. The relationship between the concentration of acetone (a) and
H.S (b) in humid air and that detected by SIFT-MS after passing through a
small biological filter (linear regression lines with 95% confidemtervals

marked).
2.4. Discussion

2.4.1. Storage of breath samples

This study confirms the appropriateness of Tedlar bags for the collectdon an
short-term storage of acetone;3Hand HCN at physiological concentrations in
breath. The concentration of each of these analytes decreased over the four
hours of incubation, however on average over 90% of the initial sample
concentration was detected at 90 min and over 80% at 120 min. The results
described here are more applicable to the rest of the thesis thaauprevi
studies using dry gases instead of breath, which is humid, with VOCs a
concentrations far exceeding physiological concentrations, where the
concentration gradients across the bags were steeper and would ldecdeigpec
result in greater losses of analyte due to diffusion out of theé #ags"*° Few
studies have explored the storage of H&MNnd sulphur compountf§ in
Tedlar bags, therefore it was important to evaluate the utility of the bags for the

storage of these compounds in particular.

The concentration of acetone in Tedlar bags at physiological cortcamtnas
stable over four hours of incubation at 40°C, confirming findings of previous
studied®*%2*2 The two bags with the highest initial starting concentrations
showed the greatest percentage losses over time. This may leswvdugeto a
higher acetone concentration gradient between the inside of the bageand

atmosphere (room air acetone concentratiorb@5pb), leading to increased
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diffusion out of the bag. It is also possible that these two bags weee aid

had more microdamages causing greater 16¥ses

The concentration of ¥ dropped most rapidly, a finding similar to that seen
in a previous study of sulphur compounds stored in transparent Tedl&t’bags
In that study, HS recovery was at least 90% at six hours compared to 77% at
four hours in this study. The difference in percentag8 Hcovery between

the two studies may be due to the difference in initiz® Honcentration; less
than 2.5 ppb in this study, 61.8 ppb in the study of Mochalski &f. aumid
breath was analysed in this study, whereas the previous study dsgdest

gas. HS dissolves readily in water droplets present in humid breath, which
may have reduced the concentration gbhh the gaseous phase available for
detection by SIFT-MS in this study.

A recent study of breath samples stored in Tedlar and Nalophan bags for off-
line analysis of HCN showed that, when incubated at 37°C, HCN concentration
was stable for up to six hodr§ in agreement with this study. They did not,
however, measure volatile concentrations immediately, but at 1, 6, 248and

hours, so any loss over the first hour was not quantified.

As seen in other studies, humidity declined faster than analyte
concentration$*** There was an initial increase in humidity after 30 min
incubation. It is possible that this increase was due to larger diatplets in

the breath samples turning to water vapour as the sample was abated
body or room temperature. This may lead to an increase the concendfation
hydrated ions in the mixture. This process may explain the imgatases in
analyte concentration in some bags. Analyte dissolved in water wraple
unable to be analysed by SIFT-MS, however heating may have mioged t
substances into the gas phase, therefore enabling their detectiontristto

this idea, Steeghs et 4 did not find any difference in analyte concentration

when the relative humidity of bag samples was increased.

Other possible causes of an increase in analyte concentration are comaminat
from VOCs previously adsorbed onto the bag’s inner wall being mobilised into
the sample gas on heating, and substances diffusing into the bag from the

environment.
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Increases in the concentrations of known Tedlar contaminaxfs;
dimethylacetamide and phenol, were seen during incubation, confirming the
findings of previous studié¥'*® These compounds, found in clean Tedlar
bags, can affect the analysis of other compounds with peaks at m/z 88zand m
95, however they do not affect the detection or calculation of acetgBeartd

HCN necessary for the rest of this thesis. The product of the reactN® ‘of
with acetone has a peak at m/z 88, but it can be separated fronakhat pe/z

88 due to the reaction dfN-dimethylacetamide with D"

24.2. The effect of breath sampling apparatus on analyte
concentration

None of the separate pieces of breath sampling equipment caused aichange
the m/z peaks of acetone,$Fand HCN after incubation. It was concluded,
therefore, that the sampling equipment would not contaminate breathesampl
It was also necessary to explore whether the sampling apparatus s |

a reduction in analyte concentration.

Reductions in acetone, ;8 and HCN concentrations due to the breath
sampling apparatus were seen. However, because the losses werevarea
the range of concentrations tested it is possible to use the apparnates, Si
actual analyte concentrations can be calculated from observechtratioes.

Loss of analyte was due to the pump, tubing and filter. Adsorption of analyte
onto the surface of the filter and tubing, and reduction in humidity as a sample
travelled through the pump are the most likely causes of a reduction in
observed concentrations. Unfortunately, when the filter was tested sgparatel
breath could not be used and the concentration rangeSointhumid gas was

not within the physiological range. The concentration range of acetode use
was also at the upper end of physiological concentration. It is therefore
possible that the filter has a different affect at the lower concentrations that will
be seen in the rest of this thesis. It was also not possiblep&atréhe
experiment with HCN in humid gas as HCN permeation tubes were not

available.

By assessing analyte loss using all of the equipment togetherregh®ving

the pump and filter and testing them separately, the identificatiotiheof
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sources of analyte loss was attempted. The reduction in acetonatcatice

was similar using the pump alone or all of the apparatus, with narrower 95%
confidence intervals when breath was passed through the pump alone. The
increased variability in concentration using all of the equipmaghtnhave

been due to a variable concentration of acetone sticking to thesumfiace of

the suction catheter tubing. HCN concentration reduction by the full set of
breath sampling apparatus was greater than with the pump alone. As with
acetone, it is likely that HCN in the samples was adsorbed ontmrlee
surface of the suction catheter tubing.

The concentration of }$ was significantly lower and more variable when
using the pump alone compared to using all of the sampling apparatus together.
It is difficult to explain this increased loss; it may be relatedifferences in
laboratory temperature or humidity on the days of testing. The concentration of
H.S in both sets of initial samples was very low, lower in the pamly
experiment, close to the limit of detection ofSHby the SIFT-MS instrument.

All H,S concentrations were determined by physiological concentrations
breath of the volunteers who provided samples. Any small changes in absolut
concentration resulted in large percentage changes in concentratrefpréne

it would be useful to repeat the experiments with breath or humsd ga

containing higher b5 concentrations to improve accuracy.

Although it was not possible to accurately identify the relatss lof analyte

due to individual parts of the apparatus, the most important of the equipment
testing experiments was that using all of the equipment togethtietaest bags

of breath, as this is the proposed apparatus for the rest of the thesis and
investigates changes in concentration of VOCs in a humid mixture at

physiological concentrations.

Dead space gas in the tubing and pump led to dilution of the first sample
collected after being passed through the pump or pump, filter and tubing.
Deposition of analyte from the first sample onto the surface of the filtr a
tubing, possibly saturating the filter, may also have contributed to lower
analyte concentrations measured in the first sample compared tajserise

samples. Discarding the first sample improved the CV of the thneglessrun
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through the apparatus without greatly affecting the percentage reduction in
analyte concentration. The first breath sample collected from eadtcsirb)
other parts of this thesis will be discarded to minimise analgteentration
variability due to the sampling method. Running the pump for at least two
minutes after collecting breath from each subject should flush the podhp a

prevent, or at least reduce, contamination from a previous sample.

2.4.3. Summary

It is recommended that breath samples are incubated to prevent saoiig
and condensation prior to analysis, and that samples are analysednass
possible after collection, preferably within 90 min. According to the restilts
this investigation, the recovery of, on average, greater than 90% ofitibk i
sample concentration is possible if samples are stored in transpawiat
bags at 40°C.

The breath sampling apparatus did not emit analytes at the m/z pkaks
acetone, b5 or HCN and its use resulted in losses of up to 25% of analyte
concentration. Losses were linear over the range of concentrations studied;
therefore, it should be possible to calculate the absolute concentrations of
VOCs in breath from measured concentrations. The apparatus studied is
therefore suitable for the collection of breath in the following parts of this

thesis.
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3. Are breath volatile concentrations affected by

sampling location and breathing manoeuvre?

3.1. Introduction and aims

In order to accurately quantify volatile compounds in the breath of intubated
and ventilated patients, a robust and reproducible method of breath collection is
necessary. End-exhaled breath is often analysed because the composition of
VOCs better reflects that of alveolar breath, thus reducing the chance of sample
contamination or dilution with dead space @45'°® In spontaneously
breathing ambulatory subjects, end-exhaled breath has been identified by t
elimination of the first few seconds of an exhaled bré3thuse of
humidity™>®*®” and analysis of the last 15-20% of a breath sample by
volumée®. These studies used forced vital capacity manoeuvres, with or

without expiratory flow rate restriction.

Several breath collection and analysis techniques have been used itethtuba
patients in the operating theatre and in the ICU; off-line breatbatah with

pre-concentration prior to analydis®> mixed breath continuous on-line

sampling®?°’ or on-line sampling using computer software to pinpoint the
alveolar portion of breal#®?°%#® A CO, switch has also been used to

determine alveolar breath for collection

The aims of this study were to compare end-exhaled single breath
concentrations of acetone,$Hand HCN collected from two different locations

in the breathing circuit following tidal breathing and a larger voluoreath,
replicating a vital capacity breath. Attempts were made toatademples as
similar to alveolar composition as possible by sampling directly froen t
airways. The reproducibility of each sampling method and the ease of

performing each technique were assessed.
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3.2. Methods

3.2.1. Subjects

Study procedures were approved by the Upper South A Regional Ethics
Committee, New Zealand. Non-diabetic adult patients admitted tdCiie
Christchurch Hospital, requiring intubation and ventilation on a controlled
mode due to lack of spontaneous breathing were recruited between Septembe
and October 2011. Patients or their next of kin provided written consent prior
to sample collection. In addition, if the patient had not givernr then consent

prior to inclusion, and regained adequate cognitive functioning, they confirmed
their consent to participate in retrospect. Each patient wasatedtilsing a
Nellcor Puritan Bennett™ ventilator system (USA) on Synchronised
Intermittent Mandatory Ventilation (SIMV) mode with volume control or Bi-
Level mode with pressure control. Some ventilator circuits included
humidifier (Fisher & Paykel MR 730 Respiratory Humidifier, NZ). Initial
ventilator modes and settings, including fraction of inspired oxygeny)FiO
were determined by ICU staff. Drug infusion rates were kept constant
throughout breath sampling. The following data was collected for ea@mipati
diagnosis and reason for admission, age, gender, ethnicity, smoking status,

ventilator settings and end-tidal GO

3.2.2. Inspiratory air sampling

All methods utilised a T-piece (oxygen enrichment attachmentpiRess
Inc, USA) inserted into the breathing circuit at the ventilator gaketoudr

humidifier outlet, for inspiratory gas sampling (Figures 3-1(a) and (b)).
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Figure 3-1. Photographs display the location of the T-piece in the ventilator
circuit (red circle) for inspired gas sampling, with (a) and without a tlidieni

in situ (b).

3.2.3. Exhaled breath collection

Four different methods of breath collection were explored in each patient,
using two different sampling locations within the breathing circuit aval t
different exhalation techniques (Table 3-1). Full experimental set-upe&an
seen in Figure 3-2 and a photograph of the location of the T-piece for breath

sampling in Figure 3-3 (Written patient consent obtained).

Table 3-1. Exhaled breath collection methods.

Method Sample location  Exhalation manoeuvre

A T-piece Tidal breath
B T-piece Recruitment-style breath
C Airway Tidal breath
D Airway Recruitment-style breath
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Figure 3-3. Photograph of the location of the T-piece within the breathing

circuit.

Three breath samples were collected using each sampling methce jpairate
1L transparent Tedl8rbags (SKC Inc, USA). During breath sampling, the
pressure sensitivity setting on the ventilator was temporatiéreal so the
collection of exhaled breath did not trigger the ventilator to delanother
inspiratory breath. All inspiratory and exhaled breath samples were iedubat
at 40°C and analysed within 40 min of collection by SIFT-MS. The pwag
flushed by running through room air for at least 2 min between patients.
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Sampling location

The first sampling location utilised a T-piece inserted into #spiratory
circuit on the ventilator side of the suction catheter mount (FishBaykel,

NZ). Suction catheter tubing (4.7 mm x 53 cm, Ch14, Pennine Healthcare, UK)
was connected to the side port of the T-piece using the cut-off tip ohla 1
syringe (Becton, Dickinson and Company, Singapore). The other end of the
tubing was connected via a sampling filter (DISI\%QB, Advanteg, Toyo

Roshi Kaisha Ltd, Japan) and another length of suction catheter tubing to a

handheld pump (Gilidh Personal Air Sampler, Sensidyne, USA) (Figure 3-
4(a)).

The second sampling location allowed collection of breath sampledlydirec
from the airways. Two lengths of suction catheter tubing, with a sanfptarg
between them, were connected to the hand-held pump. The free end of the
suction catheter was inserted into the suction catheter mount and down the
endotracheal tube (ETT) (PorfeXracheal Tube, Smiths Medical Australasia
Pty Ltd, Australia) until it was 1 cm from the end (Figure 3-4(b)). Wiith
suction catheter in situ, the opening of the suction catheter mount aled se
with two Tegaderm™ film dressings (6 cm x 7 cm, 3M HealthCare, USA)
(Figure 3-5).
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Figure 3-4. Breath sampling equipment attached to the T-piece (a) and inserted

into the suction catheter mount (b).

Figure 3-5. Suction catheter situated inside the mount, sealed with two

Tegaderm™ film dressings.

Breathing manoeuvre

Breath samples were collected after a tidal breath and after a lenigene

lung recruitment-style breath. Sampling location order was randomised by
flipping a coin, however breath samples were always collected follawdaly
breathing first to minimise the number of times ventilator settirgye \altered

94



and ensure that delivery of a large volume breath that might recruibysby

collapsed airways did not alter subsequent tidal volumes.

After a tidal breath, the expiratory pause button was held down for 4 sec to
allow the collection of approximately 150 ml of end-expiratory breath into a
Tedlar bag via the pump. The volume of the tidal breath was notesl.
ventilator delivered several standard breaths before this processpeasece
using another Tedlar bag.

Pressure-controlled lung recruitment-style breaths were delivered using B
Level mode. If necessary, the mode was changed and the inspiratoryepositi
airway pressure (IPAP) and expiratory positive airway pressure (EPAP)
adjusted to maintain the previous tidal volume. The IPAP was thein 856
cmH0, the respiratory rate reduced to three breaths per minute, and at end-
expiration after the recruitment-style breath, approximately 150 ml bwesegth
collected over 4 sec during the natural pause before the next inspiratohy breat
Recruitment-style breath volume was noted. Pressure and respiratory rate
settings were returned to starting levels before the ventilator delitke next
breath. The ventilator delivered several standard tidal breaths befere thi

process was repeated.

Direction of air flow during breath sample collection

A pneumotachometer (RSS 100, Hans Rudolph Inc, USA) was inserted into the
respiratory circuit on the ventilator side of the T-piece to checHliteetion of

flow during sample collection.

3.2.4. Infection control

The suction catheters and sampling filter were disposable and used for only one
patient. The T-piece was decontaminated for re-use. Disinfestpas were

used on the surfaces of the hand-held pump and Tedlar bags (Azo wipes, W.
M. Bamford & Co Ltd, NZ). None of the cleaning procedures changed the

VOC composition of samples.
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3.2.5. Selected ion flow tube mass spectrometry

Volatile gas concentrations were measured by SIFT-MS, Voife28§ft
Technologies Ltd, NZ), using SIM mode. The technique and ion reactions have
been described in detail in Chapter 2. Each Tedlar bag wasettas the
sampling capillary end cap of the heated inlet extension of the SIE &M

analysed for 30 sec.

3.2.6. Statistical analysis

Previous studies of breath testing in non-intubated and ventilated tsutgee
demonstrated CVs of 0-5.698 however it is recognised that CVs in patients
with disease are often higher than normal subjéctas this the first study to
explore the effects of breath sampling location, including directly from the
airway, and of breathing manoeuvre on breath volatile concentrations in
intubated and ventilated patients, the variability due to breath volume
sampling location were unknown. Sample size was therefore estifnate
previous experience to allow the determination of clinically me&ulingpange

for the purpose of more focussed future study design.

Means and percentage CVs of three end-exhaled breath samples were
calculated for the four different breath sampling methods for each patient.
Comparisons were made using Wilcoxon signed rank tests. Correlations were
determined by Spearman’s rank correlation (rs). Bland-Altman plots were used

to compare breath VOC concentrations using each method. Statinabzes

were performed using GraphPad Prism version 5.01 for Windows (GraphPad
Software, USA). A value of p<0.05 was considered to be statistically

significant.
3.3. Reaults

3.3.1. Subjects

Twenty non-diabetic patients (12 male, 8 female), median age 67.5 years
(range 48-84 years), were recruited. Patient demographics, diagnosis and
reason for admission to ICU can be seen in Table 3-2. Ethnicity dietse

that of the wider Christchurch populatféh Medical concerns prevented large
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volume breaths being delivered to two patients (patients 2 and 9).oln tw
further patients (patients 8 and 14) it was not possible to collesdt diirway
breath samples due to significant air leak around the suction cathéter w
subsequent reduction in tidal volume. The pneumotachometer confirmed the
direction of flow during breath sampling was from the patient and not the distal

ventilator tubing.
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Table 3-2. Patient demographics and ventilation data.

Subject Age Gender Ethnicity Smoking Reason for admission to ICU RR FiO, PEEP or P.CO,
(years) status (breaths/min) IPAP/EPAP (mmHg)
(cmH,0)
1 61 M NZ European N Cardiac surgery 16 0.4 10 41
2 72 F NZ European N Cardiac surgery 14 0.4 7.5 33
3 63 M NZ European - Sepsis and ARDS 18 0.4 25/15 48
4 70 F Caucasian Ex Pneumonia 18 0.3 27/10 29
5 69 F NZ European N Cardiac surgery 16 0.4 5 31
6 66 M NZ European N Cardiac surgery 16 0.4 5 35
7 78 M NZ European N Cardiac surgery 12 0.4 5 42
8 75 F NZ European N Cardiac surgery 16 0.3 5 22
9 61 M NZ European Ex Pneumonia 20 0.95 25/12.5 36
10 64 F NZ Maori Y Cardiac surgery 16 0.4 5 31
11 69 M NZ European N Intracranial bleed 18 0.3 5 30
12 73 M NZ Maori Y Vascular surgery 16 0.35 10 33
13 74 F NZ European N Cardiac surgery 12 0.4 5 36
14 52 M NZ European Ex Out of hospital cardiac arrest 16 0.3 5 38
15 74 F NZ European N Cardiac surgery 16 0.4 5 34
16 63 M NZ European Ex Cardiac surgery 12 0.6 10 39
17 48 M NZ European Y Asthma 15 0.35 21/10 42
18 64 M NZ European Ex Cardiac surgery 14 0.35 5 36
19 84 F NZ European Ex Vascular surgery 16 0.6 5 25
20 65 M NZ European N Cardiac surgery 16 0.45 5 42

M, male; F, female; N, Non-smoker; Y, smoker; Ex;sexoker; ARDS, acute respiratory distress syndrdRf®; respiratory rate; FiQfraction of inspired
oxygen; PEEP, positive end-expiratory pressurePIPAspiratory positive airways pressure; EPAP jrexgpry positive airways pressure;®80,, partial
pressure of end tidal GO
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Table 3-3. Ventilation method, tidal volume and recruitment-style breath volume for the four bréattico methods.

Subject Ventilation Breath from T- Breath from Breath from T-piece after recruitment- Breath from airways after recruitmen
mode for piece after tidal  airways after tidal style breath (method B) style breath (method D)
tidal breath (method A) breath (method C
breathing Tidal volume (ml) Tidal volume (ml) Tidal volume Mean recruitment-style Tidal volume Mean recruitment-style
(ml) breath volume (ml) (ml) breath volume (ml)

1 SIMV 500 500 475 1388 475 1033
2 SIMV 450 450 - - - -
3 Bilevel 470 300 470 730 300 500
4 Bilevel 475 230 460 539 230 300
5 SIMV 480 330 480 1174 330 660
6 SIMV 500 365 500 1435 500 1136
7 SIMV 480 480 480 1404 480 1227
8 SIMV 420 - 405 778 - -
9 Bilevel 460 350 - - - -
10 SIMV 463 480 460 1326 460 700
11 SIMV 490 480 500 1534 480 985
12 SIMV 500 465 470 853 470 678
13 SIMV 435 434 425 1078 425 707
14 SIMV 430 - 520 1603 - -
15 SIMV 473 450 420 1204 375 662
16 SIMV 570 600 550 988 550 883
17 Bilevel 540 440 580 1100 420 763
18 SIMV 440 430 470 1410 480 999
19 SIMV 450 450 445 1086 430 661
20 SIMV 480 480 510 1870 480 1375

Median 474 450 473 1189 465 735
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3.3.2. Breath volume

Individual patient breath volumes for each of the four sampling methods can be
seen in Table 3-3. Tidal volume was significantly larger wkamples were
taken from the T-piece than directly from the airways (tidal breath p=0.01,
recruitment-style breath p=0.008) (Figure 3-6). The reduction in tidal volume
with direct airway sampling was due to air leaking around the sucttbetea
in the mount, despite sealing the area with Tegaderm film dgsssand
resulted in a greater degree of inter-subject variation in mearh brelime
when sampling at this location. Air leaks were more pronounced at higher

positive end-expiratory pressure (PEEP) settings.
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Figure 3-6. Individual mean patient tidal volumes delivered by the ventilat
and group medians when using each breath collection method.

There was a significant difference between mean tidal breath vcéunde
recruitment-style breath volume at each sampling location (T-jpe€002,
airway p=0.0005). When the IPAP required to maintain adequate tidal volume
(during routine ventilation) was close to 35 cgfiH the recruitment-style
breath volume was similar to the tidal breath volume. Unfortunately, increasing
the ventilation pressure led to greater air leak around the suctionecathet
during direct airway sampling, attenuating the increase in breath vaadhe
causing a significant difference between mean recruitment-stylehlvelaime

at the different sampling locations (p=0.0005). There was also greater inte
subject variation in mean recruitment-style breath volume compargdato

volume at each sampling location (Figure 3-7).
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Figure 3-7. Individual mean patient breath volumes delivered by the ventilator

and group medians when using each breath collection method.

3.3.3. Breath acetone concentration

Individual patient breath acetone concentration for each of the four sampling
methods can be found in Appendix C. Group median exhaled acetone
concentrations using each of the breath sampling methods, as well as

reproducibility data, can be seen in Table 3-4.

Table 3-4. Median breath acetone concentration and intra-subject CV for

breath acetone concentration using each breath sampling technique.

Median acetone Median inta-
Breath sampling method concentration (range) method CV
(ppb) (IQR) (%)

T-piece after tidal breath 4060 (26127800) 8.4 (3.911.4)

A

B T-piece after recruitment-style 4005 (32220500 8.3 (5.7213.1
breath 5( 500) 3 (5. 1)

C Airway after tidal breath 5500 (44935367) 8.0 (4.1 6.6)

D

Alrway aftegrfgtrr‘]"tmem'sw'e 5250 (46528800) 6.0 (4.7-10.8)

CV, coefficient of variation; IQR, interquartile range.

There was a strong correlation between an individual’s breath acetone
concentrations using each of the four breath sampling techniguL9@ and
p<0.0001 for each of the four analyses). Individual mean acetone concentration
in breath samples directly from the airway was significantly highan tin
samples from the T-piece (tidal breath p=0.004, recruitment-style breath
p=0.0005). End-tidal breath samples collected from the T-piece had

significantly higher mean acetone concentration than those colledimairg
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a recruitment-style breath (p=0.03), however the difference in group median
acetone concentrations was small (Figure 3-8). No relationship vess se
between breath acetone concentration and breath volume when data from each
sampling location was analysed (T-piege +0.01, p=0.95; airway+0.26,
p=0.13).
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Figure 3-8. Individual mean patient end-exhaled acetone concentrations and
group medians using each of the four breath sampling methods.

Bland-Altman plots show increased variability between samplindgnodst at
higher breath acetone concentrations. In general, at acetone cormentrat
under 10000 ppb, there was only a small difference between methods (Figure
3-9).

102



8000~ 8000+ °
[ ]

6000- 6000-
8 0001 ; 8 agoo] 1T s
& o 5 .
2 20004 2 2000-
§ ..... e EE N
[=) 0 ’ .‘ a 0 e o

~2000- ~2000- o

-4000- -4000-

@ ° 10000 20000 30000 (b) 0 10000 20000 30000 40000

Average Average

6000+ * 8000+ .
40004 . i PR
2 € 40004 d
& 20004 o o, °
(] ()
Y o S £ 20004 - - J
£ 9
=) ." ce [a] 04 .. .:.

~2000- o

................................. -2000-
aoppd e OO
() 0 10000 20000 30000 40000 d o 10000 20000 30000
Average Average

Figure 3-9. Bland-Altman plots comparing mean exhaled acetone
concentrations (ppb) seen using each method (dashed line = bias, dotted lines =
95% limits of agreement): (a) T-piece after tidal breath minus Gepadter
recruitment-style breath (bias 1056, -284224), (b) airway after tidal breath
minus T-piece after tidal breath (bias 1058, -2728@08), (c) airway after tidal
breath minus airway after recruitment-style breath (bias 221, -386@), (d)

airway after recruitment-style breath minus T-piece after recruitsigie

breath (bias 1754, -2668175).

Breath acetone concentration following surgery

Twelve of the 20 subjects who provided breath sampled were admitted to the
ICU following cardiac surgery (Table 3-5). Median end-tidal acetone
concentration from T-piece samples in post-operative patiergsigher than

in patients who had not undergone surgery (6750 ppb, rang B830 ppb
versus 867 ppb, range 2@B40 ppb) (p=0.01). There was no relationship
between the duration of fasting and breath acetone concentration and no
difference in breath acetone concentration between cardiac supgioahts

who required cardiac bypass and those who did not.
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Table 3-5. Cardiac surgical procedure and duration of fasting of post-operative

patients enrolled.

Subject Cardiac surgical procedure bC;p:glsig fa[;g;%tl&rl)g];s)
1 AVR, CABG Y 16
2 AVR, MVR Y 16
5 CABG N 13
6 CABG N 11.5
7 AVR, CABG Y 15.5
8 MV repair Y 16
10 CABG Y 14
13 Repair Type A dissecting aortit v 20

aneurysm
15 CABG N 17.75
16 CABG N 10
18 AVR, Bentall procedure, CABC Y 14.75
20 CABG N 10.25

AVR, aortic valve replacement; Bentall procedure, composite graft
replacement of aortic valve, aortic root and ascending aorta, with re-
implantation of the coronary arteries into the graft; CABG, coronary artery
bypass graft; MV, mitral valve; MVR, mitral valve replacement; N, no; Y, yes

Corrected acetone concentrations

Median inspiratory acetone concentration corrected for losses due to the
sampling apparatus was 149 ppb (range 87.0-427 ppb). Median corrected
breath acetone concentrations can be seen in Table 3-6 below.n&he li
regression equation used for this correction is described in Chapter 2 of this
thesis.

Table 3-6. Median corrected breath acetone concentration arasubject CV

for breath acetone concentration using each breath sampling technique.

Median acetone Median intra-
Breath sampling method concentration (range) method CV (IQR)
(PPDb) (%)

A  T-piece after tidal breath 5198 (389-35248) 7.9 (3.9-13.1)

B T-piece aﬂ‘f)';e“zlf;”'tme”t'sw" 5128 (466-26008) 7.9 (5.6-12.8)
C  Airway after tidal breath 7020 (627-44826) 7.8 (4.1-16.5)

D Alway aftef ecritment-style 6704 (647-36514) 5.9 (4.6-10.3)

CV, coefficient of variation; IQR, interquartile range.
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3.3.4. Breath H,S concentration

Individual patient breath }$ concentration for each of the four sampling
methods can be found in Appendix C. Group median exhale8 H
concentrations using each of the breath sampling methods, as well as
reproducibility data, can be seen in Table 3-7.

Table 3-7. Median breath b6 concentration and intra-subject CV for breath
H,S concentration using each breath sampling technique.

Median HS Median intra-
Breath sampling method concentration method CV (IQR)
(range) (ppb) (%)

T-piece after tidal breath 1.7 (0.7 -4.2) 9.7 (7.3-12.7)

T-piece after recruitment-styl 1.5(0.7-3.9) 12.0 (8.3- 16.4)
breath

Airway after tidal breath 2.1(0.7-4.7) 9.3 (6.7- 15.5)

Airway after recruitment-style 2.0 (0.7- 4.5) 9.8 (8.5- 16.0)
breath

CV, coefficient of variation; IQR, interquartile range.

A
B
C

D

There was a strong correlation between an individual’s breath H,S
concentrations using each of the four breath sampling technigs8<9& and
p<0.0001 for each of the four analyses). There were small but significant
differences in breath 43 concentration between all four breath collection
techniques. The concentration of3Hin samples taken from the airways was
higher than from the T-piece (after tidal breath p=0.009, after recruitment-style
breath p=0.02), and in end-tidal samples compared to those collected after a
recruitment-style breath (T-piece p=0.0006, airways p=0.0009) (Figure 3-10).
No relationship was seen between breatf Ebncentration and breath volume
when data from each sampling location was analysed (T-pigce0108,
p=0.62; airway &0.07, p=0.71).
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Figure 3-10. Individual mean patient end-exhalegSHconcentrations and

group medians using each of the four breath sampling methods.

Bland-Altman plots show a bias towards higher exhale8 Ebncentrations

when sampling from the airways and using the end-tidal method; thisotlid

change when the 8 concentration measured increased (Figure 3-11).
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Figure 3-11. Bland-Altman plots comparing mean exhalessidoncentrations
(ppb) seen using each method (dashed line = bias, dotted lines = 95% limits of
agreement): (a) T-piece after tidal breath minus T-piece after raentistyle
breath (bias 0.46, -0.56.48), (b) airway after tidal breath minus T-piece after
tidal breath (bias 0.19, -0.338.71), (c) airway after tidal breath minus airway
after recruitment-style breath (bias 0.30, -6286), (d) airway after
recruitment-style breath minus T-piece after recruitment-stylattorébias

0.38, -0.611.37).

3.3.5. Breath HCN concentration

Individual patient breath HCN concentration for each of the four sampling
methods can be found in Appendix C. Group median exhaled HCN
concentrations using each of the breath sampling methods, as well as

reproducibility data, can be seen in Table 3-8.

107



Table 3-8. Median breath HCN concentration and intra-subject CV for breath

HCN concentration using each breath sampling technique.

Median HCN Median intra-
Breath sampling method concentration (range) method CV (IQR)
(PpRDb) (%)
A T-piece after tidal breath 1.7 (0.713.2) 11.8 (8.6-29.5)
g IPlece aﬂ%rre“:t:r:”'tme”t'sw' 1.2 (0.7.9.8) 145 (6.418.2)
C Airway after tidal breath 2.1 (0.718.2) 12.8 (10.618.9)
D Airway after recruitment-style 1.9 (0.714.1) 11.4(3.6-21.8)

breath

CV, coefficient of variation; IQR, interquartile range.

There was a strong correlation between an individual’s breath HCN
concentrations using each of the four breath sampling techniget®9{r and
p<0.0001 for each of the four analyses). Median breath HCN concentration
was significantly higher in end-tidal samples compared to thoss aft
recruitment-style breath at the T-piece (p=0.001). When samples were
collected after a recruitment-style breath, the concentration of HCN glaerhi
from the airways than the T-piece (p=0.0001). There was no significant
difference in median HCN concentrations when comparing end-tidal breath
samples at each location or the two breath manoeuvres when samplatly dire
from the airways (Figure 3-12). No relationship was seen between bt€ath
concentration and breath volume when data from each sampling los&tson

analysed (T-piecesx -0.07, p=0.67; airwaysx0.19, p=0.30).
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Figure 3-12. Individual mean patient end-exhaled HCN concentrations and

group medians using each of the four breath sampling methods.
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Bland-Altman plots show an increased variability between samptiepods
at higher HCN concentrations. At lower HCN concentrations the sampling

methods appear to provide similar results (Figure 3-13).

4 5 °
3 ¢ 47
2 <
c 21 c
£ 1 £
i ke ELELEELEEELELEL & 1 °
1 & of "BGF """
R R R I 1 [ ]
(@ © 5 10 15 (b) © 5 10 15 20
Average Average
44 ) 5
2 PO MU
8 2- 83
5 5 .
5ol &8 --------------- B 1t -- -
0 @
[ ]
-2- * 1
(c) o 5 10 15 20 (d o 5 10 15
Average Average

Figure 3-13. Bland-Altman plots comparing mean exhaled HCN
concentrations (ppb) seen using each method (dashed line = bias, dotted lines =
95% limits of agreement): (a) T-piece after tidal breath minus Gepadter
recruitment-style breath (bias 0.77, -0-2619), (b) airway after tidal breath
minus T-piece after tidal breath (bias 0.35, -2200), (c) airway after tidal
breath minus airway after recruitment-style breath (bias 0.27,-2.40), (d)

airway after recruitment-style breath minus T-piece after recruitsigie

breath (bias 1.02, -1.73.76).

3.3.6. Inspiratory volatile concentrations

Individual patient inspired VOC concentrations can be seen in Appendix C of
this thesis. Group median concentrations and concentration ranges can be see
in Table 3-9 below. Relationships between inspiratory and exhaled breath

concentrations were affected by the location and type of breath prior ttesamp
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collection, therefore calculations for each of the breath sampling metrerds

required.

Table 3-9. Group median inspiratory volatile concentrations and ranges.

Volatile organic compound Median inspiratory concentration (range) (pf

Acetone 71.7 (22.6-291)
H,S 0.87 (0.42-1.62)
HCN 0.87 (0.66-1.30)

Acetone

Higher inspiratory acetone concentrations were seen when exhaled
concentrations were higher, with a relationship seen between the two

concentrations 0.50, p<0.0001). As the exhaled acetone concentration in 18

out of the 20 cases was at least one order of magnitude greater than the
corresponding inspired acetone concentration, it is unlikely that inspired

acetone concentrations had an effect on exhaled concentrationandires

likely that higher breath acetone concentration led to greater coatizon of

the ventilator tubing due to adsorption.

Inspiratory samples were always obtained prior to collection of exbabadh
samples so that the collection apparatus did not become contaminated by

higher breath compared to inspiratory concentrations.

Hydrogen sulphide

There was no relationship between inspired and exhaj&dcBHncentrations
when the results were analysed together or separately (T-piece after tidal breath
r<=0.15, p=0.54). Exhaled 28 concentrations were significantly higher than
inspired concentrations (T-piece after tidal breath: median exhaled

concentration 1.7 ppb, median inspired concentration 0.87 ppb, p=0.0002).

Hydrogen cyanide

There was no relationship between inspired and exhaled HCN concentrations
using breath collected from the T-piece after a tidal breah40, p=0.09.
Exhaled HCN concentrations were significantly higher than inspired
concentrations (T-piece after tidal breath: median exhaled wotvaten 1.7

ppb, median inspired concentration 0.87 ppb, p=0.0029).
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Effect of the humidified circuit on inspired volatile concentrations

Humidification units were used in five of the 20 breathing circuits. Tdis i
fewer than would be expected in the ICU population; the majority ofrpatie
underwent elective surgery and were expected to be ready for extubation
within several hours, there®rthey were not felt to require humidified

inspiratory air or oxygen by the ICU team.

The numbers in the humidified circuit group were low, however there did not
appear to be any difference in inspiratory volatile concentration between
breathing circuits containing a humidification unit or not (acetone p=0.4%, H
p=0.10, HCN p=1.00).

3.3.7. External factors affecting measured breath volatile

concentration

Closed suction catheter unit

When an intubated patient in the ICU has a communicable respiratory
infection, it is necessary to replace the standard suction catheter wituat

closed suction catheter unit (KimVent: Turbo-Cleaning Closed Suctister8y

for Adults, Kimberly-Clark, USA), to prevent droplet spread into the
surrounding atmosphere. It was possible to replace one of the standard suction
catheters with the closed suction catheter unit for breath samplé long as

the valve was open (depressed) at the time of sampling (Figure 3-&s It
noticed, however, that breath acetone and HCN concentrations obtained via the
closed suction catheter were much higher than expected, and decreased with

each sample collected.
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Figure 3-14. Breath sampling equipment attached to a closed suction exathet

unit.

In an in vitro experiment, the headspace over a closed suctionetcathétwas
sampled after 30 min incubation at 40°C. Concentrations of acetg8eand

HCN were higher than background air levels (Table 3-10). Breath samples
collected via the closed suction catheter unit were thereforerditstaue to
contamination by compounds emitted by the tubing itself. All other breath
sampling equipment had been tested for the presence of volatiles at greater than
atmospheric concentration prior to commencing the study (described in
Chapter 2).

Table 3-10. Comparison of volatile concentrations in the headspace of the box

(room air) before and after incubation of a closed suction catheter unit.

Volatile of interest Headspace concentration (ppb)
Empty box Box containing closed suction cathe
Acetone 19.7 3500
H,S 0.7 5.2
HCN 1.1 38.6

Precursor ion stripping

At higher breath acetone concentrations, corresponding concentrations of
breath HS and HCN also appeared to be higher (Figures 3-15 (a) and (b)). The
increase in K5 and HCN concentrations appeared to rise more steeply at

concentrations of breath acetone over 10,000 ppb.

HsO" precursor ion counts were examined in samples with very high acetone

concentrations. In inspiratory samples, where acetone concentrations were
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much lower, HO" counts were greater than 3,000,000 Hz. At acetone
concentrations of 20,000 ppbs® counts were between 13,000 and 50,000
counts.
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(a) Mean breath acetone concentration (ppb) (b)  Mean breath acetone concentration (ppb)

Figure 3-15. Individual data points show mean breatfSHa) and HCN (b)
concentrations at matched acetone concentrations using all four sampling
methods.

Salbutamol administration

Whilst collecting breath samples from a patient with asthmbputsenol
(Respigen™, Mylan New Zealand Ltd) was administered via a metered dose
inhaler (MDI) through an adapter in the ventilator circuit adjacent tol'the
piece. Acetone concentration in the samples after salbutamol admiomstrat
was much higher than in previous samples, the concentration decreasing
subsequent samples. Both Né@nd HO" precursor ions were depleted. Figure
3-16 shows the change in precursor ion counts in breath samples prior to and
following salbutamol administration to the breathing circuit.
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Administration of salbutamol
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Figure 3-16. Reduction and subsequent increase in precursor ion counts

following salbutamol administration via the breathing circuit.

To explore this phenomenon further, an in vitro experiment was performed,
whereby salbutamol was sprayed into a glass jar and the headspgsedana
Initially it was not possible to analyse the sample at alltdue complete lack

of precursor ions; the ion count gradually increased over time. At low
precursor ion counts, the concentrations of compounds analysed were falsely
elevated. In full mass scan mode using th®'Horecursor ion, a large ion peak
was seen at m/z 93 corresponding to the product of the reaction between
ethanol and kD" ((C;HsO")2.H"), which is known to be a co-solvent in
salbutalmol MDI3%® (Figures 3-17 and 3-18).
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Figure 3-17. Mass spectrum of the empty glass sampling container analysed
using the HO" precursor ion. The main peak at m/z 19 is th®'Horecursor
ion. The other two large peaks are the hydrated forms of #82 precursor

ion.
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Figure 3-18. Mass spectrum of salbutamol sprayed into a glass sampling
container analysed using the® precursor ion. Main peak at m/z 93 is the

product of the reaction between ethanol ag®H
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3.4. Discussion

This is the first study to explore the differences in VOC concentrations of
breath samples obtained from two sampling sites following two breathing
manoeuvres in intubated and ventilated patients in the ICU. End-tidgthbre
sampling from the T-piece produced less variability in breath vollower or
comparable variability in volatile concentrations, similar meamthrgolatile
concentrations, and was technically the easiest to perform, therefas the
favoured method. Equipment routinely available in the hospital setting was
used in each of the breath sampling methods, enabling replication of this

technique in clinical practice.

3.4.1. Breath sampling location

It is preferable to collect samples from as close to the airnaysasible to
minimise dilution or contamination by components of the Dbreathing
circuit "% Analyte concentrations of breath samples collected directly from
the airways were generally higher than those collected from the &-pig¢he
breathing circuit. This is likely to be predominantly due to increasedianhl

by dead space gas in samples from the T-piece. Unfortunately, despitg s
around the suction catheter in the mount when sampling from the airway, small
air leaks required adjustments in PEEP to maintain airway preasdrédal
volume. Additionally, in a few patients, significant air leak aroundstiation
catheter was observed and direct airway sampling was abandoned liglzduse
volumes could not be maintained adequately. In extreme cases thidhawveld

had detrimental consequences in certain patients on the ICU, for exaogse

with severe pneumonia, when periods of reduced PEEP and tidal volume may
lead to de-recruitment of airways and hypoxia. When sampling from the T-
piece there was little reduction in PEEP, therefore no need tovehélator

settings, making sampling from this location quicker, simpler and safer.

The suction catheter mount used in this study is widely daiknd designed

to hold a suction catheter when removing secretions from the airwayal\ sm
amount of air leak is tolerated during this procedure, however the suction
catheter must remain in the mount for longer when obtaining breath sarhples. |

would be possible to design an attachment for the ventilator circtiivthad
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have a tighter seal to prevent air leaks, but this may wedkpensive and not
as freely available, thus the collection method could not be performed in
routine clinical practice. If there was an alternative attachmeadlilye

available, sampling from the airway would be more attractive.

3.4.2. Breathing manoeuvre

Pressure-controlled breaths were used to deliver a recruitment-style torea
each patient, replicating a vital capacity breath. A similahrigue is used
routinely in the ICU to recruit collapsed airways and improve oxygemaind

was favoured over volume-controlled large volume breaths due to lower risk of
barotraumZ’. In most cases, a recruitment-style breath of larger volume could
be delivered when sampling from the T-piece than from the airway irathe s
person, as increased air leak around the suction catheter attenuatecetseinc

in breath volume. Unfortunately, in one case, the recruitment-style breath
volume delivered when sampling via the airway was smaller than th
corresponding tidal breath volume when sampling via the T-piece. Waere

no added benefit in terms of repeatability of breath acetone cortcentéier

the delivery of a recruitment-style breath rather than a tidatibrat the T-
piece, and a modest improvement during airways sampling, however there
were difficulties in sampling via this technique. Firstly, it wemmetimes
necessary to change the ventilation mode, which required knowledge of the
ventilator set-up. Secondly, a wide range of recruitment-style brediimes

was produced, thus the change in breath acetone concentration due to change in
breath volume was difficult to evaluate. Only small breath veluncreases

from tidal volume were possible when the IPAP required for on-going
ventilation was close to 35 cm@. Despite a significant difference in breath
volume using each of the breathing manoeuvres the difference in breath VOC

concentrations was small.

Variability in breath acetone concentration due to breath volume ssshien
that caused by other factors, notably surgical stress; therefors diffieult to
quantify the effect of breath volume on breath acetone concentrationittAs w

other VOCs that are highly soluble, for example ethanol, larger breath volumes
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appeared to cause a reduction in breath acetone concentration due to the “wash-

in, washeut” phenomenon154.

3.4.3. Breath volume and flow rate

Unlike on-line studies, the use of an off-line method did not allow nea-t
evaluation of breath concentratidffs?®"2°%?%¢or the ability to select a
particular phase of the respiratory cycle of intéfést’ The timing of each
breath sample at the very end of expiration did, however, enable the first
portion of an exhalation to be delivered to the ventilator tubing as pesaxt

gas. In comparison to off-line collection methods that require sample pr
concentration, analysis of breath samples by SIFT-MS is rapid \aidsa
potential sample loss or contamination during adsorption and desorption
processe’® Results obtained using the end-tidal breath collection technique
via a T-piece, with analysis as described, should also be conmg&waim-line
analysis techniques reporting end-exhaled breath concentrations. Sasgde los
due to the collection apparatus can be quantified and are discussed in Chapter 2
of this thesis. No other authors have published quantified losses due to the

sampling method, either in on-line or off-line sampling.

In contrast to previous studf8$*®® there was no relationship between breath
acetone concentration and breath volume. This could be a result of our
sampling technique because, when collecting breath samples as dkestribe
this study, we could not predict residual volume and therefore 150 ml breath
samples represent a different percentage of that volume in differeentpat
There was no relationship between breats lr HCN concentrations and

breath volume, which is consistent with previous stddtéé’

Exhalation in intubated patients ventilated on controlled modes is/@assl
therefore it is not possible to control the exhalation flow rate. The flevofat

the hand-held pump during breath collection was constant at 1.8 L/min and
sample collection was timed, thus ensuring a constant adequate vofume
breath for analysis by SIFT-MS. The pump used could not run fastethiisan
rate, however the flow rate of the suction units attached to thenwtak ICU

was around 4.8 L/min. This suggests that higher pump flow rates would be
suitable for breath sample collection as they would not cause lung trasma,
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long as they did not induce coughing, which would affect sample coltecti
Unlike breath concentrations of nitric oxide the concentrations of breath

acetone, b5 and HCN do not appear to be flow rate dependfefit?*

Ventilatory pattert®™ and cardiac outptit®!’® as well as degree of

pulmonary shurft*!’® have been shown to affect breath volatile
concentrations, and may have played a part in determining the measuthd brea
VOC concentrations in this study. The effect of these variables, other tha
breath volume, on an individual’s breath analyte concentrations was not
assessed, as these variables did not change significantly oveuréteon of
breath sampling and it was important that the patient’s care was disrupted as

little as possible by the breath sampling technique. Patierstd asttheir own
controls, thus inter-subject changes due to the different breath sampling
techniqgues were more important than inter-subject breath volatile

concentrations.

3.4.4. Breath acetone concentration

Previous studies have shown a high degree of inter-person variation tim brea

acetone concentratiof?’ 168

which is confirmed in this study. In this patient
group other factors, for example degree of metabolic stress associ#tted wi
sepsis and surgery, are likely to account for the higher degree epéarsan
variability in breath acetone concentrations compared to intra-person
variability as a consequence of the breath collection method. As mehtione
previously, inter-person variation in breath acetone concentration was less
important in this study as each patient acted as their own comtreh

comparing each of the four breath collection methods.

The mode of ventilation (SIMV versus Bi-Level) was determined by $Giff.

In general, patients who had just returned from the operating theatre were
ventilated on SIMV and those with respiratory compromise were a&dilon
Bi-Level. Medical patients were fed via a nasogastric tube aste¢d, and had

lower breath acetone concentrations. Post-operative patients underwent breath
sampling within four hours of arriving in the ICU from the operating theatre
and their high breath acetone concentrations are likely to be a cdiorioh

fasting®**%®*>and metabolic stress caused by surfjary
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3.4.5. Breath H,S and HCN concentrations

Breath concentrations of .H and HCN in this study were very small; all
observed KS concentrations were less than 5 ppb and less than 20 ppb for
HCN. Differences due to sampling technique were, therefore, also velly sma
and although statistically significant were probably not clinicalgnificant.

Only one patient was a current smoker, and although breath HCN
concentrations are known to be raised due to cigarette smkittgvas not
possible to assess the effect of smoking on breath HCN concentratitiss in t

study.

High concentrations of endogenous compounds in breath, in this case acetone,
can affect the calculated concentration of volatiles by incrgase number of
reactions with precursor ions and depleting the precursor ion count rates.
Product ion count rates of the lower concentration volatiles should not be
affected, but the ratio of product ions to precursor ions is affectedndet

the generation of a higher than would be expected calculated concenttation. |
may, therefore, be necessary to look at product ion count rates and not
calculated concentrations if a compound at a very high concentratalsois
present in the breath sample. It is possible that higls lnd HCN
concentrations seen in the breath of subjects with high acetonentratioas

were due to precursor ion stripping, although it is also possible thatwitbse
higher breath acetone concentrations had greater levels of metabskcastde
inflammation and this was reflected in true increases in breghald HCN.
Again, the absolute concentrations ofSHand HCN were less important than
changes in their concentrations due to different sampling methodsachs

subject acted as their own control.

3.4.6. Effect of inspiratory on exhaled volatile concentrations

There was no relationship between inspired and exhaled volatile
concentrations, and in all cases the median exhaled concentxaisogreater
than the median inspired concentration. The inspired concentration$ @ind

HCN were almost always greater than 25% of exhaled concentrations,
however, and should therefore be treated with catfi@crubbing inspired air

to remove VOCs of interest can be difficult, time consuming and Inatya
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reliable’®*" especially if it is being delivered via a ventilator. Itsitherefore

not attempted in this study where it was not felt to be partlguraportant, as
inspired VOC concentrations did not appear to interfere with breath
concentrations. There did not appear to be any difference in inspiredevolati
concentrations when a humidification device was added to the breathing

circuit.

3.4.7. Samplelossand contamination

It is possible that condensation of water vapour occurred in the Tedlaobags
other parts of the equipment at the time of breath collection due to wthg c
equipment. This may have altered observed sample concentrations, howeve
samples were immediately incubated and analysed as soon as ptssible
minimise any such losses. The pump was flushed after use and other equipment
disposable or cleaned to prevent contamination of future samples. Theogffect
the sampling apparatus on breath VOC concentrations is important sb that i
can be taken into account when comparing results from different stutigs us
different sampling techniques, as previously described in Chapter 2 of this

thesis.

In a previous study, chlorofluorocarbons (CFCs) present in inhalers used to
deliver bronchodilator drugs produced characteristic peaks when measured by
SIFT-MS in vitro and in vivd”, which interfered with the quantification of
substances with product ions at the same mass/charge ratios. Salbutamol MDIs,
however, no longer contain CFCs as propellants and instead use
hydrofluoroalkanes (HFAS) but can still cause problems when analysing breath
samples. In order for the active compound to remain dispersed, ethanol must
also be present as a co-solvent. The concentration of ethanol present in
different preparations of salbutamol (Salafh@nd Airomif®) has led to
positive roadside alcohol breath t€&tand two investigations show that after
two puffs of salbutamol it is necessary to wait 3 min in order to pass the
alcohol breath te¥”*! |t is likely that the high concentration of ethanol
present in the Respigen™ formulation of salbutamol in this case depleted the
precursor ions by reacting with them, affecting the concentration oftesaly

measured. It would therefore be prudent to wait at least 10 min afibjexts
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has used inhaled medication before performing breath tests, whiciklasc

collecting breath samples from a ventilator circuit.

3.4.8. Samplesize

One final limitation of the study was the sample size. There avagyher
degree of inter-subject variability in breath volatile concemmatparticularly
acetone, than expected; some patients having much higher acetone
concentrations than reported in previous studies. This meant that integtsubj
changes in volatile concentration due to breathing manoeuvre and location
were smaller than inter-subject differences caused by patienbrdact
Importantly, patients acted as their own controls, which enabled differimces
each of the four sampling methods to be seen. A larger sample sizeare
helped to separate further the differences in volatile concentrationsodue

sampling techniques.

3.4.9. Summary

Although measured analyte concentrations were slightly lower thanwect
airway sampling, there was comparable intra-subject reproducilwtlign
sampling from the T-piece. End-tidal breath sampling via the Gepieas the
simplest technique and was able to be successfully carried out in all patients, so
this method of sampling is recommended. In subsequent parts of tliss tihes
method of end-tidal breath collection via a T-piece will be eyed. It is
important to be aware that high concentrations of analytes, evely &thaot

of interest in terms of quantification, can affect the way in which VOC
concentrations are calculated by SIFT-MS, and these should be nediasgs

much as possible.
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4. Off-line end-exhaled breath testing in healthy
anaesthetised patients

4.1. Introduction and aims

Ideally, when choosing a group of subjects to act as controls, congiderati
should be paid to the ability to collect and analyse all breath saraping the
same technique to minimise the number of variables. There is no suitable
control group of intubated and ventilated patients in the ICU with whach t
compare patients with critical illness, as respiratory, cardraneurological
failure, including that induced by drugs, may all affect breath volatile
concentrations. Intubated and ventilated patients undergoing surgical
procedures constitute a group of healthy individuals from whom baseline
concentrations of exhaled volatiles could be collected. By sampling fotjow
intubation, but prior to the start of a surgical procedure, breath VOC

concentrations will not be affected by surgery itself.

Anaesthesia machines are designed for rebreathing of exhaled gasemgnclud
volatile anaesthetic agents, unlike ventilators in the ICU teat exhaled
gases to the atmosphere and deliver fresh medical air/oxygen direotiyre
breathing circuit on every inspiratory breath. The recycling of exhalethbre
into the inspiratory limb of the anaesthesia ventilator allows the ctvaten

of anaesthetic volatiles to be controlled, so that equilibrium eaneached
between breath and plasma concentrations. The oxygen content of thexgas
is altered by adding as much medical oxygen as necessary arnd @@®oved
from the breathing circuit by soda lime granules. When breath samplihg in
operating theatre, it is necessary to use higher inspired gas flesv thatn
sometimes used during anaesthesia to prevent rebreathing of endogenous
volatiles, which may affect measured breath concentrations. The ue&alof
intravenous anaesthesia (TIVA) not only prevents potential contamination wi
anaesthetic volatiles, but also allows the gas flow rate to lbeais®ed without
using large quantities of anaesthetic gases, which are not only esxpénsi

have been argued to be damaging to the envirorfiéfit
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It was the intention in this study to develop an off-line samplingrtejue for

use in anaesthetised intubated patients, comparable to the dndr&dth
collection technique via a T-piece described in Chapter 3 of thisthesng
equipment readily available in the hospital environment. As withntathod
developed in the ICU, the physical location of the SIFT-MS device
necessitated an off-line discontinuous technique. Acetone was setected
model compound to validate the breath collection technique as itssnpri@
human breath in large quantities and can be easily and accuraablured
using SIFTMS™® Whilst altering the anaesthesia machines so that they
behaved like ICU ventilators, it was necessary to investitfaeeffects of
breath sampling from either side of the filter in the breathing cirdtet;irag

the inspiratory gas flow rate, and the position of the adjustable pressure
limiting (APL) valve on inspiratory and exhaled acetone concentrations, as
well as the reproducibility of these measurements. The final aim was to provide
control concentrations of acetone;3Hand HCN for comparison with breath

samples obtained from intubated and ventilated patients in the ICU.
4.2. Methods

4.2.1. Subjectsand anaesthesia

The study procedures were approved by the Upper South A Regional Ethics
Committee, New Zealand. Twenty-six elective and semi-ekection-diabetic,

adult patients awaiting various surgical procedures at Christchurch Hospita
for which endotracheal intubation was indicated, consented to take part.
Patients were recruited during October and November 2011. Immedghetely

to the surgical procedure, subjects performed spirometry and peripheral venous
blood was obtained and sent to Canterbury Health Laboratory for anaflysis
fasting glucose, ketones (acetone, beta-hydroxybutyrate), renal function (urea
creatinine) and inflammatory marker status (WCC and )CRRe sample for
acetone testing was immediately put on ice with subsequent latyoaatlysis

of the headspace by gas chromatography. The analysisSofdthcentration in
blood samples was carried out at Canterbury University, Christchurch, New
Zealand, using a protocol described by Zhang et‘ahs there is no

commercially available assay. Blood samples had to be preparddrimyesat
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Christchurch Hospital before transfer to Canterbury University in batches;
whole blood samples were centrifuged and the plasma immediateln fabze
25°C, with subsequent freezing at -80°C. Past medical history, drug history,
duration of fasting prior to surgery and planned surgical procedure were noted

for each subject.

The breath sampling technique required little change to standard atiaesth
practices; patients were pre-oxygenated before induction of anaesiligsia
propofol and an opiate chosen by the anaesthetist. A paralysing agent was
given before intubation. Two different anaesthesia machines wederusige
operating theatres; Aisys Carestation (GE Healthcare/Maddison, Helamki
ADU Carestation (Datex-Ohmeda/GE Healthcare, Helsinki). Eatbnpavas
ventilated using a circle breathing system. Ventilator settingre determined

by the anaesthetist, commonly a tidal volume of 500 ml and respiraterpf

10 breaths per minute. Unless otherwise stated, the inspiratory gas tow ra
was set at 6 L/min and the APL valve was in the fully opentipasiEnd-tidal

CO, was monitored continuously along with all other routine monitors. Data
was collected on ventilatory parameters (fi®@espiratory rate and tidal

volume).

4.2.2. Exhaled breath collection apparatus

A schematic of the apparatus is shown in Figure 4-1. A T-piece (oxygen
enrichment attachment, Respironics Inc, USA) was inserted into the hgeathi
circuit at the ventilator gas outlet to facilitate inspiratory gm®pling(Figures
4-2(a) and (b)). Another T-piece, connected to an adaptor (Care Medical Ltd,
NZ), was inserted between the endotracheal tube and breathing cireuit filt
(Inmed Manufacturing Sdn Bhd, Malaysia) (Figure )i-3As described in
Chapter 3, two suction catheters with a sampling filter between there
connected at one end to the side port of the T-piece using the cut-offatip of

ml syringe andatthe other end to a hand-held pump.
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Figure 4-1. Schematic of the experimental setup for pre-filter breath sampling.
Arrows show direction of gas flow.

(b)

Figure 4-2. Photographs show T-piece (circled) within the inspiratory limb
of the breathing circuit; (a) Aisys Carestation and (b) ADU Catiest
anaesthesia machines.
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Figure 4-3. Photograph showing the T-piece and adaptor (circled) adjacent to
the endotracheal tube (right) and circuit filter (left).

4.2.3. Exhaled breath collection

The apparatus was assembled as above. The ventilator was swiffcaethe
end of expiration, timed by observing the position of the bellows, farcd s
whilst a sample of approximately 150 ml of breath was collected iritd.a
transparent Tedl&rbag (SKC Inc, USA) via the pump. The ventilator was
switched back on and several standard breaths were delivered. The prases

then repeated until three samples had been collected into separate Tedlar bags.

All breath samples were obtained prior to the start of the surgicaguce

and incubated at 40°C prior to analysis. All but one set of samples were
analysed within 30 min of collection by SIFT-MS. A pneumotachometer (RSS
100, Hans Rudolph Inc, USA) was inserted into the respiratory circuit to
confirm the direction of flow during sample collection was from the patient and
not the distal breathing circuiThe pump was flushed by running through

room air for at least 2 min between patients.

4.2.4. Theeffect of the breathing circuit filter

To investigate whether the filter located in the breathing circuitangdeffect

on the concentration of acetone detected in breath samples, teipiod-
expiratory breath samples were collected, as described above, fronaeB-pie
located on each side of the circuit filter. Pre-filter sample collection was carried
out in 22 patients and post-filter sample collection in seven patiantsding

three patients for whom samples were collected from both sides of the filter.
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4.2.5. Theeffect of altering theinspiratory gasflow rate

In all patients the flow rate was set at 6 L/min during thepsia process,
however, to explore whether varying the inspiratory gas flow rate woulc affe
inspiratory and/or exhaled acetone concentrations the effetbsirodlifferent

flow rates were investigated. In two patients, different flow ratese
investigated by collecting an inspiratory gas sample and ttpliend-
expiratory breath samples. For patient A, the flow rates tested wéemir2, 6

L/min, 10 L/min, and 15 L/min. For patient B, the same flow rates, ut i
descending order, were tested. A 2 min equilibration period was used between

each different flow rate.

4.2.6. Theeffect of the adjustable pressurelimiting (APL) valve

The APL valve is adjusted during manual ventilation; closingvittee allows

the build-up of pressure and inflation of the manual ventilation bag, assvell
delivery of the contents of the bag to the patient. When fully openasiasg
allowed to build up in the circuit and any excess gas is venteritilator
scavenging system. The valve can be positioned partially or dp&n, or
closed (Figure 4-4). During mechanical ventilation it is not impordrether

the APL valve is open or closed as it is no longer part of the viamtileircuit,
however it is routinely fully opened. In order to obtain end-expiratory breath
samples as described above, the ventilator had to be switchdd/effing the
breathing circuit to the manual ventilation bag. Because of trespasition of

the APL valve during sampling becomes relevant, and closing the wedyn

be expected to cause unquantifiable dilution of the sample. To confirm that
closing the valve would lower the concentration in the sample, breath was
collected with the valve fully open (usual position during mechanical
ventilation) and partially closed (a position chosen by the anaesthetist).
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Figure 4-4. Photographs display the location of the adjustable pressure limiting
(APL) valve (red circle) in the Aysis Carestation (a) and ADafestation (b)

anaesthesia machines.

4.2.7. Infection control

The suction catheters and sampling filter were disposable and used for only one
set of samples. The T-piece and adapter were decontaminated for. re-use
Disinfectant wipes were used on the surfaces of the hand-held pump and Tedlar
bags (Azo wipes, W. M. Bamford & Co Ltd, NZ). None of the cleaning
procedures changed the VOC composition of samples.

4.2.8. Selected ion flow tube mass spectrometry

Breath volatile concentrations were measured by SIFT-MS, Voi€egbyt
Technologies Ltd, NZ) as described in Chapter 2.2.6. of this thesis. Bag
samples were attached to the heated inlet extension of the M8BFInd
analysed for 30ex.

4.2.9. Statistical analysis and calculations

There was limited previous work on which to base a calculation of easigal
in order to determine differences in breath volatile concentratiotvgebr
controls (patients in this investigation) and patients in the ICU (qubse
investigations in this thesis). No other breath studies in the oppetaeatre
examine the volatiles of interest here along with off-line amalyithout pre-
concentration of samples. Intra-subject, inter-day and intra-day CVs for

exhaled acetone in a previous study of non-intubated and ventilated healthy
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volunteers were between 0% and 5'8%The sample size chosen was
equivalent to that of the first investigation in this thesisking for clinically

significant change to plan future studies.

Means and percentage CVs of three end-exhaled breath samples for each
patient were calculated. Comparisons were made using Mann-Whittestd)

for unpaired and Wilcoxon signed rank tests for paired data. Correlations were
determined by Spearman’s rank correlation coefficient (rs). Statistical analyses

were performed using GraphPad Prism version 5.01 for Windows (GraphPad
Software, USA). A value of p<0.05 was considered to be statistically

significant.

Inspired and exhaled acetone concentrations were adjusted for losses caused by
the sampling apparatus using the linear regression equation formulated in
Chapter 2.3.2. Due to very low concentrations observed &hd HCN

concentrations were not adjusted and measured concentrations are displayed.

4.3. Results

4.3.1. Patients

Nine male and 17 female patients were recruited in total, medeafCagears
(range 22-91 years). Patient demographics and ventilator settingjsoave in

Table 4-1. Interpretable spirometry results were available for 17ngati©f
these, 15 were normal and two showed an obstructive pattern (one mild, one
moderately seve?és). Two patients were current smokers and five confirmed
ex-smokers. Ethnicity data reflects that of the wider Christchurch
populatiori®®. All patients had normal fasting glucose, renal function and
inflammatory marker status. Median duration of fasting prior to breath
sampling was 12 hours (range 6.5-17.8 hours). Following breath collection,
patients underwent a variety of surgical procedures; twelve lagpgiosc
procedures, six open abdominal or pelvic procedures and seven others. Breath
samples were collected prior to commencement of the operatiomo so
influence on breath biomarkers as a result of operation type could be

determined.
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Table 4-1. Subject characteristics and ventilation data.

Subject Gender Age Ethnicity Smoking  Surgical procedure FEV; (L) (% FVC (L) (% FEV/FVC  Tidal volume RR (breaths P,CO,
(years) status predicted) predicted) (%) (ml) per min) (mmHg)
1 m 44 NZ European N Abdominal wall 4.86 (116) 5.94 (115) 82 500 10 42
2 m 64 NZ European N Open abdominal 3.52 (111) 3.86 (95) 91 500 12 43
3 m 79 NZ European EXx Open abdominal 2.92 (112) 3.61 (103) 81 500 10 39
4 m 54 NZ European N Hand surgery 3.64 (99) 4.61 (100) 79 500 10 34
5 m 29 NZ European N Open abdominal 550 10 38
6 m 66 NZ European N Laparoscopy 3.88 (124) 5.49 (136) 71 450 10 37
7 m 69 NZ European N Laparoscopy 2.58 (80) 3.29 (78) 79 500 10 40
8 m 64 NZ European EX Open abdominal 3.50 (103) 4.63 (106) 76 500 12 36
9 m 29 NZ European EXx ENT 3.62 (86) 4.74 (95) 76 500 10 38
10 f 40 NZ European N Laparoscopy 2.66 (92) 3.29 (99) 81 500 10 35
11 f 40 NZ European N Laparoscopy 400 10 36
12 f 34 Maori Smoker Laparoscopy 550 10 40
13 f 57 Polynesian N Open pelvic 1.65 (79) 2.28 (92) 72 450 10 43
14 f 41 Maori N Laparoscopy 500 10 40
15 f 69 NZ European EXx Hand surgery 425 8 38
16 f 48 African N Laparoscopy 500 12 34
17 f 43 Maori Smoker Laparoscopy 2.99 (98) 3.73 (106) 80 550 10 39
18 f 91 NZ European N Breast surgery 0.85 (52) 1.39 (63) 61 450 10 40
19 f 62 NZ European N Breast surgery 1.17 (54) 2.34 (90) 50 500 10 38
20 f 88 NZ European N Breast surgery 400 10 42
21 f 46 NZ European N Laparoscopy 3.00 (108) 4.07 (126) 74 500 10 33
22 f 73 NZ European N Open abdominal 500 10 32
23 f 65 NZ European EXx ENT 1.42 (84) 2.66 (129) 53 450 10 39
24 f 22 NZ European N Laparoscopy 450 10 45
25 f 26 Asian N Laparoscopy 2.88 (87) 3.80 (100) 76 500 10 35
26 f 37 Caucasian Ex Laparoscopy 3.23 (101) 3.83 (104) 84 500 12 33

Ex, ex-smoker; N, non-smoker; ENT, Ear, Nose and Throaesur§EV,, forced expiratory volume in one second; FVC, forced vipbeity; Tidal volume delivered by the ventilator; RR,
respiratory rate; FCO,, partial pressure of end-tidal GO
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4.3.2. Theeffect of the breathing circuit filter

Median CV for breath acetone concentration in samples collected fem th
patient side of the filter was lower than in samples taken frondittal side
(prefilter CV 8.3% (IQR 6.914.5%) n=22, postdter 10.1% (IQR 6.8
14.1%) n=7).

Data was available for three patients who had samples collectedbfstm
sides of the biological filter, making it possible to compare thelatesschange

in concentration. Acetone concentrations were higher when measured on the
patient side of the filter (Table 4-2).

Table 4-2. Difference in mean exhaled breath acetone concentration between

samples taken from either side of the biological filter in the respiratory circuit.

Change in acetone

Patient Mean acetone concentration (ppb) concentration

Patient side of Anaesthesia

filter mach@ne side of ppb %
filter
2 303 205 98 32
3 386 366 20 5
13 157 65 92 59

The reason for the change in acetone concentration caused by théngreath
circuit filter was explored in greater detail in the laboratory. Teses of
100% relative humidity were produced using dilution apparatus (Syft
Technologies Ltd, NZ), a permeation chamber (Dynacalibrator Model 150,
VICI Metronics, USA) and permeation tubes of acetone (Kin-tek, USA). Gas
mixtures containing different concentrations of acetone were individually
passed into the SIFT-MS instrument for quantification of acetone, tEseg
through an identical filter to those used in the operating theatre Igathi
circuits and the acetone concentration again analysed directl$INBMS
(Figure 4-5). The concentration of acetone once it had been passed tiugh t
filter was initially lower than the pre-filter acetone concenbratbut increased
over 15 sec to a plateau equivalent to the pre-filter concentratioriilt€héad

a dead-space volume of 50l. We therefore surmise that the reduction in
acetone concentration across the filter observed in patients waso dae

dilutional/dead space effect rather than absorption across the filter.

132



Dilution apparatus

Biological filter

SIFT-MS inlet

Figure 4-5. Photograph of the filter in-line between the dilution apparatus
containing a permeation tube of acetone and the SIFT-MS instrument. The

direction of gas flow is marked by an arrow.

4.3.3. The effect of different anaesthesia machines on inspired and

exhaled volatile concentrations

Ventilator settings were chosen by the anaesthetist, delivediggvblumes of
400-550 ml at respiratory rates of 8-12 breaths per minute. There was no
relationship between the anaesthesia machine used and tidal evaum

respiratory rate.

Of the two different types of anaesthesia machine present in the iogerat
theatres, the Aysis Carestation was used in 61.5% (n=16) of cases and the
ADU Carestation in 38.5% (n=10).

Acetone

Median inspired acetone concentration for all 26 patients was 151 ppb (range
90-577 ppb). Acetone concentration of the inspired gas from the ADU
Carestation was higher than from the Aysis Carestation (medians 2&hgpb
134 ppb, respectively; p=0.0002) (Figure 4-6). Despite the differences in
inspired acetone concentration associated with the different anaesthesia

machines, there was no significant difference in exhaled acetonentratioa
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in subjects ventilated by the different devices (medians: ADU 630 pphs Ay
513 ppb; p=0.95). In addition, there was no relationship between acetone
concentrations of inspired gas and exhaled breath in the 22 patients in whom

pre-filter samples were collected«0.33, p=0.14).
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Figure 4-6. Individual data points and column medians show the concentration
of acetone in the inspired gas of the two main anaesthesia machines.

Hydrogen sulphide and hydrogen cyanide

Median inspired b5 concentration for all 26 patients was 1.26 ppb (range
0.53-6.83 ppb). HS concentration of the inspired gas from the ADU
Carestation was higher than that from the Aysis Carestation (medianspb.95
and 0.92 ppb, respectively; p=0.0078). There was no difference in exh&ed H
in subjects ventilated by the different anaesthesia machines.

Median inspired HCN concentration for all 26 patients was 0.77 ppb (range
0.44-6.41 ppb). There was no significant difference between inspired HCN
concentrations collected from each model of anaesthesia machinger{sed

ADU 0.72 ppb, Aysis 0.81 ppb; p=0.51). There was no difference in exhaled

HCN in subjects ventilated by the different anaesthesia machines.

4.3.4. Theeffect of altering the inspiratory gasflow rate

Despite a large variation in inspired concentration (Figure 4-7), xheled
acetone concentration was not affected by altering the flow ratde(fa3)
For the two patients tested the median (inter-flow) CV for expired acetone
concentration across the four different flow rates (5.6%) was comparabée to th

median CV for the triplicate samples collected at a single flow rate (6.6%).
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Figure 4-7. Acetone concentration of inspiratory gas at each flow rate.

Table 4-3. Mean inspired and exhaled acetone concentrations at different

inspiratory gas flow rates.

Inspiratory gas flow Mean exhaled acetone concentration (pp

rate (L/min) Subject 9 Subject 10
2 998 364
6 946 341
10 967 365
15 923 322

4.3.5. Theeffect of the APL valve

In the three patients tested (subjects 23, 25 and 26), exhaled acetone
concentration was higher when the APL valve was fully open compared to

partially closed. With the valve open, the mean concentration was 1389 ppb,
compared to 783 ppb with the valve closed. There was a median 37% reduction

in acetone concentrations between the two valve positions.

4.3.6. Analyte concentrationsin exhaled breath

The pneumotachometer was used to visually confirm that samples were
collected from the patient and there was no significant back flow from the
ventilator circuit. Median breath volatile concentrations and reprodugibili

data are presented in Table 4-4.
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Table 4-4. Median inspired and exhaled breath concentrations and median
intra-subject CVs of VOC concentrations in healthy anaesthetised patient
(n=22).

Median exhaled breath Median intra-subject CV
Analyte

concentration (range) (ppk (IQR) (%)
Acetone Measured 537 (157-5163) 9.2 (7.6-16.0)
Calculated 738 (257-6594) 8.3 (6.9-14.5)
H.S Measured 1.00 (0.71-2.49) 10.0 (8.2-14.8)
HCN  Measured 0.82 (0.60-1.51) 6.8(3.810.5)

CV, coefficient of variation; IQR, interquartile range.

Acetone

There was a relationship between exhaled breath acetone concentnation a
both plasma acetone £0.80, p<0.0001) (Figure 4-8) and plasma beta-
hydroxybutyrate concentrations%0.55, p=0.0075) (Figure 4}9There was no
relationship between breath acetone and blood glucose concentratfors (r
0.31, p=0.1Y. Duration of fasting did not correlate with breath acetone, plasma

acetone, plasma beta-hydroxybutyrate or blood glucose concentrations.

The patient with the highest breath and plasma ketone levels waswithlno
significant past medical history or regular medications. He was abetit, as
confirmed by his normal fasting glucose concentration, and did not fast
significantly longer than other subjects (15 hours compared to a median of 12
hours), however he showed a more marked ketotic response to fasting. If his
data is excluded, the relationships between breath acetone and ptasome a
(r<=0.77, p<0.0001) and plasma beta-hydroxybutyrate concentrations are not
affected (&0.49, p=0.02p
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Figure 4-8. Individual data points show the relationship between mean

calculated exhaled breath acetone and plasma acetone concentrations.
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Figure 4-9. Individual data points show the relationship between mean
calculated exhaled breath acetone and plasma beta-hydroxybutyrate

concentrations.

There was no significant correlation between the concentrations of adetone
inspired gas and exhaled breath (n=220.14, p=0.54). Breath acetone
concentration did not correlate with tidal volume delivered by threilaéor
(n=22, = -0.23, p=0.29), FVC (n=15,0.32, p=0.24) or FE¥ (n=15,
r<=0.15, p=0.60). There was no relationship between breath acetone
concentration and height£0.21, p=0.34), weight £0.075, p=0.74) or body
mass index (BMI) @= -0.14, p=0.5% There was no relationship between
breath acetone concentration and aged(04, p=0.87).

Exhaled breath acetone concentrations measured in men were higher than those

in women, however this difference was not statistically signifi¢armdians
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1046 ppb and 738 ppb, respectively; p=0.36here was no significant
difference in tidal volumes delivered by the ventilator to men and women
(median 500 ml in both groups, p=0.31), however there was a difference
between the FVC values in the two groups (median 4.6iale and 3.59 L
female, p=0.05).

Hydrogen sulphide and hydrogen cyanide

It was not possible to calculate corrected HCN concentrationbeatotv
measured concentrations seen, and although intra-suljést for HS
concentrations were improved by correcting for losses due to the apparatus, the
results are likely to be unreliable at such low concentrations, whgrsiaor

error in analysis is exaggerated.

There was no significant difference between breath concentrationssgmetd
gas concentrations of either analyte$H=0.12, HCN p=0.24), and for this
reason there was a relationship between the concentrations ofoltetiles in
inspired gas and exhaled breath,$Hr=0.59, p=0.004; HCN ¢0.52,
p=0.014.

Due to the very low concentrations of these volatiles, it wagpaossible to
accurately determine the effects of the breathing circuit filter, insgasdlow

rate and ALP valve position on breath concentrations. No interpretatioa c

be made about the effect of age or gender on breath &hd HCN
concentrations as a result of the very low analyte concentrations and

relationship between inspired and exhaled concentrations.

Median venous b$ concentration for all 26 patients was 12.8 umol/L (range
6.1-42.3 umol/L). There was no relationship between breath and plasma H,S
concentrations (n=22¢7 -0.056, p=0.80), and no relationship between breath
H.S or HCN concentrations and WCC or CRP blood results.

4.4. Discussion

This is the first description of a single end-exhalation breatiplsag method
analysed by SIFT-MS in anaesthetised, intubated and ventilated patients. Whil

this method was designed for use with SMS; it is applicable to other
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techniques, including PTRES, where off-line sampling of these breath
volumes is possible, or in combination with SPME for GC-MS analj$is
importance of exploring the influences of flow rate, sampling site and othe
aspects of ventilator mechanics, on volatile concentration, has been
demonstrated. By doing this and establishing a defined protocol, analyte
concentrations in breath can be repeatedly and reproducibly measured in
samples from anaesthetised patients and compared with samplegaffitaim
patients ventilated in the ICU. Few authors have reported CVs for sample
collection in the intubated patient, however the CVs for this tecienand
subsequent analysis are of comparable magnitude to others reported for the

repeat on-line analysis of acetoffeé®:

It was important in this study that the method of breath samplectohiedid

not interfere with standard anaesthetic procedures. This was deliberate
ensure smooth sample collection, and high compliance from operating theatre
staff. Additionally, it was important that the apparatus used to taifex
samples was the same as that used in other parts of this thegisadiig
available in the hospital environment. For these reasons, items cotontize
operating theatre and ICU were used (suction catheters, oxygen enrichment
attachment T-pieces), which could be disposed of or decontaminatedsafter

protecting biological safety of the patient and all staff.

4.4.1. Inspiratory gasflow rateand APL valve

During the method development phase, to avoid possible contamination of
breath samples with anaesthetic volatile gases and allowrhigtse flows
through the circuit to prevent rebreathing of organic volatiles, TIVA (i.e.
propofol and an opiate) was used. This enabled a method of breath collection
comparable to that used in the ICU to be performed, but did limit the &tudy
specific group of operative procedures and therefore a particular group of
patients for which TIVA was appropriate; generally laparoscopic and
gynaecological surgery. There is no reason why this method of breath
collection and analysis could not be applied when inhaled anaesthesagase
used if the effects of the anaesthetic volatiles were properly fedrdaind did

not interfere with the quantification methidd However, this should be
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approached with caution as anaesthetic flow rates are frequentlgrddliat
less than 1 L/min, therefore the effects of this on all VOCs of interesid

need prior investigation.

Analyte concentrations could be reliably and reproducibly measured in samples
obtained using the default 6 L/min inspiratory gas flow rate on these
anaesthesia machines, with the APL valve open as is routine during mechanical
ventilation. An inspiratory gas flow rate of 6 L/min was greater thache
patient’s minute volume so should have prevented rebreathing in the
anaesthesia machine. When the soda lime granules, used to absdiror@O

the breathing circuit, were removed from the anaesthesia machims #owv

rate, no increase in the partial pressure of end-tida} @&s seen, thus
indicating no significant rebreathing of GOAPL position can be variable,
especially if the same anaesthetist is not used for a whole, stadyone
person’s partially opened may be different from the next. In this regard,
stipulating that the APL valve must be “fully open” simplifies the procedure

and minimises potential variation.

As has been shown, altering the flow rate or the position of the APL vadve ha
the potential to affect both the inspired gas and measured breath
concentrations. To achieve reproducible results a consistent welibges

method should be used for all patients in a study population.

4.4.2. Composition of breath samples and timing of sample

collection

The composition of breath at end-exhalation is presumed to represeat that
alveolar ga¥’'® By switching the ventilator off at the end of a tidal
exhalation, VOCs contained within the subsequent breath sample collected
should be equivalent to end-exhaled concentrations, thus the introduction of
additional devices into the respiratory circuit (i.e. fractionatingoget*?) can

be avoided. End-exhaled acetone concentrations reported here are ctanparab
to results of non-diabetic subjects in other stUfii¢8¥?** and those of
anaesthetised patients via a continuous breath sampling technigtne |
operating theat®®. That the concentrations measured are comparable to other

techniques where end-exhaled breath is known to be collected suggeiketha
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tedhnique described here does target alveolar breath. However thiedmst
not without limitations; it is not possible to identify other parts oftifeath if

analysis of a different expiratory phase is desired.

Other discontinuous sampling techniques have used @Onitoring or
temperature to judge the end-expiratory phase, since these dewiees
generally already in the breathing circuit. Continuous end-tidalr@@itoring

was used in the operating theatre, the trace being displayed oratsthasia
machine monitor. Capnographs have an inherent delay between the patient’s

alveoli and the analyser interface, and also due to the computation method, thus

it could not reliably be used for the timing of breath collection.

Same discontinuous techniques require an additional intermediate stepssuch a
the use of a gas tight syringe to remove sample and then aplicdtihe
sample onto SPME or TD tube. This can introduce additional absorption or
condensation problems. The technique described here involves colléwing t
sample into the bag that is analysed, so sample loss is litnited method of
breath collection, particularly as samples were analysed almaostdiately

after collection. Additionally, rapid analysis can be achiebgdSIFT-MS
despite using this discontinuous technique. Results are readily awadabl
analysis takes only a few minutes when lengthy sample preparation with SPME

or TD is not required.

The presence of an endotracheal tube may reduce anatomical deadbyspace
bypassing the upper airways, however the observed concentration of highly
soluble VOCs in breath may also be reduced by avoiding an area of gas
exchange. One benefit of the presence of an endotracheal tube is the
elimination of breath sample contamination by mouth reservoirs of
H,S19%62292 and HCNP®**! Breath HS and HCN concentrations in the
current study are similar to previous studies involving nasally exhaled

H50,l51,262
)

breat where nasally exhaled breath concentrations were only slightly

higher than ambient air.

As sampling took place prior to the start of the surgical procedurgaasyble
changes in VOC concentration associated with the stress of sifg&twere

avoided.
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4.4.3. Location of breath sample collection

It is advisable to take samples from the patient side of thex fiithin the
respiratory circuit to avoid any unquantified analyte loss. The dead-space of the
filter is one third the volume of each breath sample collected and ketasis
purged with fresh gas on every inspiratory breath, sample dilution may occur.
In a study of the differences in exhaled isoflurane (an anaesthetic gas)
concentration at different positions within the respiratory circuit of
mechanically ventilated patients, the authors concluded there was no
significant difference between the concentrations of exhaled isoflurane
measured at various sites in the expiratory limb of the breathingitcircu
however there was no filter present in the breathing cfrcTiite best place to
monitor inspired gas concentrations was as close to the ventilgtossislé,
however a subsequent study in the operating theatre has shown that mepreathi
of VOCs can occur around the biological filter in the breathing citéuit

(discussed below).

4.4.4. Inspired volatile concentrations

It is evident from the results of this and other studies that differsesthesia
machines, machine settings, and hospital environitféaiger inspired volatile
concentrations. We observed a large discrepancy between inspirattogeace
and HS concentrations in the different anaesthesia machines, the cause of
which is unclear. It may be the result of volatiles being absorbedearsezl by
components of the breathing system within the anaesthesia machirersgliff

gas concentrations in the oxygen supply of different areas of the hospital, or

another difference in the operating theatre set-up.

In a recent study of exhaled isoprene in anaesthetised ptiertigh
concentrations of inspiratory isoprene collected on the patient sideeof th
breathing circuit filter were felt to be due to the rebreathing nattiréhe
anaesthesia machine and contamination from exhaled VOC liberatednfzom t
breathing circuit filter on each inspiratory breath. Inspiratory sampbre
collectedfrom the gas outlet of the anaesthesia machine in this study, before it
had passed through the circuit filter, eliminating any effect of rebreathi

around the filter. Inspiratory samples were not collected from the patat
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of the filter. The correlation between inspired and exhaled concentrations of
H.S and HCN may be due to the previously described influence of inspired
concentrations of some VOE§™%%7 byt no relationship was seen between
inspired and exhaled acetone concentrations at the relativelyrgginaitory

flow rate used in this study. It is difficult to know whether a relatigns
between inspiratory and exhaled acetone concentrations would have been
present if the inspiratory flow rate was lower and/or both types of sdmple
been collected from the same location, as in the study by Hoetuess®’.
Inspired concentrations from this location may more accurately reflect true

inspired VOC concentrations.

As a result of the lack of correlation between inspiratory and exhaléshace
concentrations, standardising the air supply or limiting this stady single
operating theatre and type of anaesthesia machine, which would havet made
unnecessarily difficult to recruit participants, was not attempted. Cimigeor
inspired gas concentrations by simply subtracting them from exhaled
concentrations does not take into consideration the complexity of the
relationship, which has led some authors to recommend that care should be
taken when interpreting breath volatiles if the inspired concentratigneater

than 598 or 25% of the exhaled concentratipwhich would apply to both %

and HCN in this study. As has been discussed in Chapters 1.3.6. an®f3.4.6.
this thesis, inspired air can be scrubbed to remove VOCs, but this can be

problematic and unreliablé'*’ so was not attempted.

4.45. Breath acetone concentration

468205 thare was a difference in breath

As has been noted in other studfé
acetone concentration between men and women, though in this study it did not
reach statistical significance. The cause for the observed differsnce
unknown; differences in metabolic demand have been proposed by some
authors®’, and others have suggested gender differences in lung volume, which
are important in the forced exhalation methods used to obtain breath
samplet®. In this study, the median tidal volume delivered by the ventilator
was the same for both male and female subjects, removing anyrgende

variation in exhaled breath volume. There was no correlation betweeh breat
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acetone and either FEMFVC, height, weight or BMI. Despite this, our study
shows a small gender difference in exhaled breath acetone concentration,
which may be the result of a larger airway surface area for exchangetof@

in men or imply that breath acetone concentration is related tobofieta

factors rather than exhaled breath volume.

In mechanically ventilated patients, it is even more importamt thawake,
spontaneously breathing patients to understand the relationship betwehn brea
and blood VOC concentrations as there is a greater chance of s@itamof

the inspired g&s Several studies have reported a relationship between exhaled
acetone concentration and blood acetone, beta-hydroxybutyrate or glucose
concentrations in serial measurements in both diabetic and non-diabetic
populationd®226240243 A relationship between breath acetone and plasma
acetone concentrations was observed, comparable to results seenes ctudi
fasted healthy subjeéf82%2 and a positive correlation between breath ageton
and plasma beta-hydroxybutyrate concentrations, previously seen during
glucose tolerance teét8 and the ingestion of ketogenic méals No
significant relationship was seen between exhaled acetone and bloodegluc
concentrations in this study, similar to a previous study of individudls w
Type 2 diabeté> In contrast, two studies looking at breath acetone and blood
glucose concentrations in healthy volunteers during a glucose tolerance
test?®?*% and a study of subjects with Type 1 diab&tesevealed positive

relationships between breath acetone and blood glucose concentrations.

When drawing comparisons with other studies it is important to notetinat
study involved fasting healthy individuals; patients with diak were
excluded due to known effects of diabetes mellitus on breath acetone
concentratioff®*** No significant difference in breath acetone concentration
has been found between individuals with Type 1 diabetes and healthy
control$?®, however those with Type 2 diabetes appear to have significantly
higher breath acetone concentratf@nit is possible that relationships of breath
acetone concentration with plasma measurements may be affectdte by
abnormal glucose metabolism of individuals with diabetes, and thecabsén
significant change in glucose concentration in healthy fasted indisidua

despite marked changes in breath acetone concentration. We did not control for
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dietary factors because all patients were fasted for more than six, hours
however fasting itself has been shown to cause an increase in acetdne

concentrations in non-diabetic subjégts®**%®

Patients in this study were starved for a considerable amount of timeqorior
surgery, up to 17.8 hours, which is greater than the six hours required
accading to North Americaf® and UK®* guidelines. This is often because
elective surgical patients are fasted from midnight before surgerf, wit
possible delays building up over the day in the operating theatre. Gl fl

are permitted up to two hours before surgery. Interest in the utility of pre-
operative carbohydrate-rich drinks has led to studies reporting attenuation in
pre-operative thirst, hunger, anxiety and general discoff\tofost-operative
nausea and vomitifigf, and earlier return of gut function following colorectal
surgery*’. Pre-operative oral carbohydrate treatment also reduces the
development of immediate post-operative insulin resistdhcehe evidence

has led to a British Consensus Guideline recommending the consideration of
pre-operative carbohydrate-rich drinks 2-3 hours before induction of
anaesthesia for elective surgical procedures in adult non-diabegatpatiith
normal gastric emptyirfd’. Patients in this study showed signs of pre-
operative ketosis due to fasting, which may have been improved by the

administration of carbohydrate-rich fluid.

4.4.6. Breath H,S and HCN concentrations

Breath concentrations of,H and HCN were not significantly different from
inspired gas concentrations in this study, however it was anticipateutdash
volatile concentrations, other than acetone, would not be elevatedsbeca
subjects were healthy and did not have significant systemic or pulmonary
inflammation or infection. Due to very low,H and HCN concentrations
measured, it was not possible to correct concentrations for losses e to t
sampling apparatus using the linear regression equations in ChapteiAR.3.2.
such low concentrations, corrected results for these two volatss likely to

be unreliable; any minor error in analysis is exaggerated and the linear
regression line is not as reliable when volatile concentrationarated their

limit of detection in humid gas by SIFT-MS. The concentrations of eghal
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H,S and HCN appeared to be influenced by inspired concentrations. In
contrast, a recent investigation of six healthy volunteers found atoredhip
between inspired gas (room air and medical air supply) and nasally éxhale
breath HCN concentratiofts. The higher breath HCN concentrations in that
study may reflect the upper airways contribution to breath HCN concentrati

eliminated here by the presence of an endotracheal tube.

There was no relationship between breath and blogfl ¢bncentrations,
however it is still unclear whether,8 detected in breath is a result of systemic
or airway productioff>, or mouth contaminatidf®?®> Blood HS
concentrations have been reported for two patients with §&psisd in small
numbers of patients with COPB?° and asthma (reviewéd), as well as
healthy controls, however there is no agreed normal range for this compound

or commercial assay available.

The concentrations of these VOCs in illness will be explored in subseque
chapters of this thesis, when breath concentrations are predicted tchee hig

than inspired gas concentrations if, like NO, they are produced in the dfways

4.4.7. Limitations and appropriateness of baseline volatile

concentrations

It is recommended that spirometry is performed after measurement® of N
concentration in brealfy as the exhalation manoeuvres appear to temporarily
reduce NO concentratiof1s>*. Repeated spirometric manoeuvres caused a
reduction in NO that lasted for less than one hour in a group of asthaadics
healthy subjecf&® and up to eight hours in a group of allergic asthm#ticBy
performing spirometry 30-60 min prior to breath sample collection in this
study, it is possible that VOC concentrations were altered, hovilese is no
data available for the effects of spirometry on VOCs other than NO.

Breath samples were taken at any time of the day, which magy lev an
impact on breath volatile concentrations, however it is unclear wheitireal
variation in breath acetone concentration, for example, is related itg toh
meals or another cause. It is known that inter-subject variatslyeater than

inter-day variability of breath acetone concentrdfi6i*® In most other studies
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of breath acetone there has been no attempt to link breath and blet] lev
whereas in this study we could see that breath acetone concentrations

correlated with blood concentrations.

For this group of anaesthetised patients to provide baseline breathevolati
concentrations they needed to be healthy, without conditions known to affect
breath volatile concentrations, but also be representative of the poptitetyon
would be compared to. As previously mentioned, patients with diabetes were
excluded due to known difficulties in interpreting breath acetone
concentratiorf€®?*2 The exclusion of patients with significant lung disease
and smoking was attempted, however in reality it was not fully pesdi# to

the greater need to identify patients in whom TIVA would be appropriate and
where theatre staff were happy to be involved in the study. Cigarette smoke
contains numerous volatile organic compodfftisithough of the three VOCs

of interest in this study only HCN from cigarette smoke can bectat in
human breati®. For this reason non-smokers were recruited if possible to
reduce any possible contamination of breath samples, however they would not
have smoked for several hours prior to breath sample collection, reducing the
level of potential contamination. Including two smokers and two patigith
obstructive spirometry improved the relevance of any results to the whole
population, as patients admitted to the ICU will not all be non-smokigns w
normal lung function. Although children were excluded from the study,
subjects were recruited over a wide age range which makes i

representative as a control group.

4.4.8. Summary

This off-line method for single end-exhalation breath collection with SH#ST
analysis in intubated, ventilated patients is repeatable and repeduthe
study highlights the importance of exploring variation in volatile
concentrations associated with local theatre and ICU environments and
equipment. Patient numbers in some parts of the study are smalhgnesdaict
assessment of the impact of components of the breathing circuit or shange
anaesthesia machine set-up difficult. However, it is still possibleonclude

that it is important to keep all settings the same in order to raekerate

147



comparisons between different patient samples. A suitable methodecan b
established with set parameters to minimise variation introducedhdy t

sampling methods and therefore reproducibly measure VOC concentrations.

The sampling method presented here is comparable to that described for breath
sampling in intubated patients in the ICU. The ease of this sampltigod

lends itself to serial measurements of breath volatiles to monitor &hang
during an operation or to test treatment algorithms in the operatingetioea

ICU. Breath VOC concentrations obtained via this method are compaoable
previous studies and can, therefore, be used as a reference point in any
intubated patient in whom it is not possible to collect a baskhe&th sample.

This breath collection and analysis technique is suitable for further
investigation of these and other breath volatiles in the operatiagrehdor

example to assess the effects of surgical procedures.
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5. Breath acetone analysis in critical illness

5.1. Introduction and aims

Non-invasive breath acetone monitoring in the ICU could provide rapid,
frequent or continuous assessment of physiological changes occurring as a
consequence of critical illness. Breath acetone has been invedtigata
marker of ketosiS>?** and metabolic stress in patients with heart faffire

and during surge™>'% It is produced by decarboxylation of acetoacetate
mainly during lipolysis and is excreted in brafti?® Beta-hydroxybutyrate is

also produced from acetoacetate; the direction of this reaction is dependent
upon the redox state of the cells, therefore the relationship betweestatineer

quantities of acetoacetate, acetone and beta-hydroxybutyrate is not é&hstant

For VOCs like acetone that are produced by metabolic pathways, it i
important to understand the relationship between their concentrations in
exhaled breath and the systemic circulation in order for them to be®u3éfel

high variability seen in repeated measurements of acetone conoenirati
plasma compared to breath means the monitoring of breath acetone

concentration may be more reliable than plasma measuréments

Sepsis is a major cause of mortality in the ICU, due to haemodynamic
compromise and multi-organ faildfé®. Activation of the inflammatory
cascade is known to cause ‘“stress hyperglycaemia”, which is common in
patients with critical illness in the absence of pre-existingedes mellitu¥’
Glucose control appears to be important in the prevention of unnecessary

morbidity and mortality in this situatin®® ¢4

The aims of this part of the study were to explore any changes ithbrea
acetone concentration over time in two groups of intubated and ventilated
patients in the ICU; patients with stress hyperglycaemia laosetwith new
pulmonary infiltrates on chest radiograph. Variation of breath acetone
concentration with insulin administration and feeding was examined tkéth
ultimate aim of assessing whether it could be used to guidenrsufeeding
regimes. Breath acetone was investigated as a marker of pulmonatjomfe
versus other causes of pulmonary infiltrates on chest radiograph. Theaitilit
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breath acetone as a marker of metabolic stress and therefore illness severity and
clinical outcomes was explored, comparing it to other validatd &nd tools.

The relationships between breath acetone and arterial acetone, beta-
hydroxybutyrate and glucose concentrations were examined, along with the
effects of factors known to influence breath acetone concentration, including

breathing pattern (described in Chapter 1).

5.2. Methods

5.2.1. Subjects

Study procedures were approved by the Upper South A Regional Ethics
Committee, New Zealand. Between October 2011 and April 2012, consecutive
critically ill non-diabetic adult patients requiring mechanieahtilation on a
controlled mode in the ICU, Christchurch Hospital, were enrolled if they had
either or both of the following: stress hyperglycaemia requiring imshé&rapy

as per local protoct and/or new pulmonary infiltrates on chest radiograph.
Baseline sampling was performed prior to insulin administration and/or within
24 hours of intubation or development of infiltrates if already intubated.
Patients, or their next of kin, provided written consent prior to sample
collection. In addition, if the patient had not given their own conseat wi
inclusion, and regained adequate cognitive functioning, they confirmed their

consent to participate in retrospect.

Each patient was ventilated usirg Nellcor Puritan Bennett™ ventilator
system(USA). Some ventilator circuits included a humidifier (Fisher & Paykel
MR 730 Respiratory Humidifier, NZ). Ventilator modes and settings were

determined by ICU staff and not altered for the purpose of breath collection.

Breath and contemporaneous arterial blood samples were taken at enrolment
(between 07:00 and 17:00) and daily thereafter. Subsequent samples were
taken between 07:00 and 13:30 unless the patient was spontaneously breathing
or not present on the ICU, for example in the operating theatre or radiology
department. Arterial, rather than venous, blood samples were collediieid as

is routine practice in the ICU and was non-invasive due to thempref an

arterial line for continuous BP monitoring. Arterial blood gas samples were
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processed using a blood gas analyser in the ICU. Other blood sampées we
sent to Canterbury Health Laboratory immediately for processing; thglesam

for acetone testing was sent on ice and the headspace analysed by GC.
several patients, contemporaneous arterial and central venous blood samples
were drawn to look for differences in acetone concentration as a conseque

of its excretion in breath. Sampling was discontinued if the patient norlonge
required controlled ventilation, was extubated, underwent tracheostomy or
died.

The following data was collected for each patient: diagnosis and réarson
admission, number of days on the ICU, age, gender, ethnicity and smoking
status. Note was made of physiological parameters at the din@eath
collection, as well as feeding, current medication and disease geeaies.

The requirement for continuous veno-venous haemodiafiltration (CVVHDF)
and microbiological and radiological results were recorded. All information

was updated on a daily basis at the time of breath sample collection.

5.2.2. Inspiratory air sampling

All methods utilised a T-piece (oxygen enrichment attachment, Regys
Inc, USA) inserted into the breathing circuit at the ventilator gaketoudr
humidifier outlet, for inspiratory gas sampling.

5.2.3. Exhaled breath collection

End-tidal breath collection was performed via a T-piece as deschibed
Chapter 3.2.3. of this thesis. The volume of the tidal breath was noted. The
ventilator delivered several standard breaths before this process was repeated in
triplicate using separate Tedlar bags. All inspiratory and exhaleathbre
samples were incubated at 40°C and analysed within 40 min of collection by
SIFT-MS. The pump was flushed by running through room air for at least 2

min between patients.

5.2.4. Infection control

The suction catheters and sampling filter were disposable and used for only one
set of samples. The T-piece was decontaminated for re-use. Disinfegiast

were used on the surfaces of the hand-held pump and Tedlar bags (Azo wipes
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W. M. Bamford & Co Ltd, NZ). None of the cleaning procedures changed the

VOC composition of samples.

5.2.5. Selected ion flow tube mass spectrometry

Breath acetone concentration was measured by SIFT-MS, VoltegSya
Technologies Ltd, NZ), using SIM mode with the N@agent ion (described
in Chapter 2). Each Tedlar bag was attached to the sampling caeilldigap
of the heated inlet extension of the SIFT-MS and samples were ahdys9
sec.

5.2.6. Calculationsand statistical analysis

No previous studies examine the change in breath volatile concemsratrer

time in patients in the ICU. A previous study by Schubert &teablored the
relationships between inspiratory and venous acetone concentrations,
ventilatory and cardiac parameters on breath acetone concentration in 46
patients in the ICU using an off-line sampling technique with $ampe-
concentration. Breath 48 and HCN concentrations have not been studied in
this patient group. The sample size chosen should allow assessntést of
relationship between breath volatile concentrations and their inspiratory and
blood concentrations, as well as the influence of ventilatory and cardiac

variables.

Inspired and exhaled acetone concentrations quoted have been corrected for
losses due to the sampling apparatus (linear regression equations aree@rese
in Chapter 2).

Means and percentage CVs of each set of three end-tidal breath sarapge
calculated. Comparisons between groups were made using Mann Whitney U
tests for unpaired and Wilcoxon signed rank tests for paired data. Correlations
were determined by Spearman’s rank correlation (rs). In some cases, only data
from days 1 and 2 were compared so that data from patients enrolled for many
more days did not skew the results. As the units of measurement were
different, a modified Bland-Altman plot was used to compare breath acetone
and arterial acetone measurements as percentages of their maximu

concentratioff®. Statistical analyses were performed using GraphPad Prism
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version 5.01 for Windows (GraphPad Software, USA). A value of p<0.05 was

considered to be statistically significant.

The ratio of inspiratory acetone as a percentage of exhaled acetone
concentration ((fspyCexp)*100) was calculated with a mean and standard error
of the mean (SEM). Acetone elimination rate was calculated using the

following equation: G*(V *RR).

Alveolar dead space ratio i%NT) was estimated using the modified Bohr
equation: (W'o/V1) = (PaCQ — PCO,) / PaCQ. Alveolar-arterial oxygen
gradient (A-a gradient) was calculated by using the formula >(FO
(atmospheric pressure water pressure)- (PaCQ/0.8)) — PaQO,, when
atmospheric pressure and water pressure at sea level are 760 mmHg and 47

mmHg, respectively (Christchurch Hospital Heliport is at 17 m elevifion

SIRS criteria were met when two or more of the following were pregént:
temperature >38°C or <36°C, (2) heart rate >90 beats per minute, (3)
respiratory rate >20 breaths per minute or Pa€82 mmHg, (4) white blood

cell count >12000 or <4000/l or >10% immature forms™.
5.3. Results

5.3.1. Patient demographicsand health status

Thirty-four consecutive patients admitted to the ICU, Christchurch Hospital
who fulfilled the inclusion criteria were enrolled, however data from two
patients was subsequently excluded from analysis as consent from theif next
kin was revoked. Results from 32 patients were analysed; 20 male and 12
female, median age 61.5 years (range8%6years). Demographic data can be
seen in Table 5-1. Thirty patients were NZ European (93.75%), one patient was
Asian and one patient was of Maori descent. Ethnicity data reflleat of the
wider Christchurch populatidff. Thirteen patients were current smokers, eight

were ex-smokers an eleven were non-smokers.

Twenty-eight patients had new pulmonary infiltrates on chest radioguagbh

19 patients were hyperglycaemic requiring insulin therapy. It wapaossible

153



to obtain breath and blood samples prior to administration of insulin in eight of

the 19 patients with hyperglycaemia.

At enrolment, 22 patients fulfilled the criteria for SIRS17 of whom had
clinical or microbiological evidence of infection and therefore fulfilleiteca

for sepsi&”. Twelve patients had pneumonia; two of these patients did not have
sepsis. Positive microbiological results were obtained from eight daWiee
patients with pneumonia; five patients had positive legionella BPXIR tests
(Legionella longbeachae was cultured from one of these patientpatienots

had tracheal aspirates with moderate to heavy growth of Haemophilus
influenzae and Streptococcus pneumoniae, and one patient grew Group B
Streptococcus on blood culture. Of the other patients with sepsis, one had
Staphlococcus aureus line sepsis, five had intra-abdominal infectobndfimy

one with alpha haemolytic streptococcus cultured from blood and intra-
abdominal fluid), one had urosepsis and one patient grew Klebsiella

pneumoniae in their blood, urine and tracheal aspirate.

At enrolment, 22 patients fulfiled PO, ratio criteria for ARDS" (nine

mild, eleven moderate, two severe) and six patients had pulmonary oedema.

Samples were collected for a median of three days (rar)edys). Sampling

was most frequently discontinued due to development of spontaneous
breathing (65.6%), which prevented breath sampling by the method described.
The next most common reasons for discontinuation of sampling were death
(18.8%), extubation (12.5%) and tracheostomy (3.1%).

A variety of medications were administered on a daily basisf althich were
chosen by the ICU team depending upon the patient’s medical condition and
could not, therefore, be controlled for. All patients were sedated using a

combination of intravenous propofol and fentanyl according to local protocol.
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Table 5-1. Patient demographics, inflammatory status, physiology and ventilation mode atenirol

Subject Gender Age SIRS Sepsis  Infiltrates Insulin Sampling days Ventilator mode Breath acetone PO,/FiO, P.CO, Alveolar dead space
(years) (ppb) (mmHg)

1 m 61 3 y y* # 3 Bi-Level 11375 54.7 35 0.54
2 m 66 3 y y* # 5 Bi-Level 1130 101.4 - -

3 m 81 3 y y 2 Bi-Level 1785 150.0 22 0.19
4 f 71 3 y y* 2 SIMV 3054 167.5 31 0.30
5 f 60 4 y y 1 SIMV 763 220.0 41 0.11
6 m 51 1 n y 1 SIMV 1793 225.7 40 0.15
7 m 85 3 y y* 3 Bi-Level 701 2225 43 0.22
8 m 74 0 n y # 3 SIMV 2565 226.7 29 0.42
9 m 62 4 y y* 2 Bi-Level 722 165.8 52 0.31
10 f 77 3 n y 2 SIMV 853 363.3 33 0.27
11 f 78 0 y y* # 2 Bi-Level 2265 284.4 27 0.36
12 f 42 3 n y 1 SIMV 839 168.3 53 0.17
13 f 40 2 y y* 6 SIMV 1598 101.3 43 0.26
14 m 67 2 y y y 3 SIMV 515 72.0 40 0.07
15 m 46 1 n y* y 3 Bi-Level 1750 323.3 38 0.19
16 m 54 2 y y* # 8 SIMV 1332 118.3 33 0.38
17 m 60 2 n y y 2 Bi-Level 2379 168.3 34 0.29
18 m 81 2 y y* y 5 SIMV 1191 141.8 43 0.15
19 f 55 3 y y* # 5 Bi-Level 6696 245.7 32 0.24
20 f 53 1 n y 2 SIMV 1201 260.0 27 0.27
21 f 59 3 y y y 3 SIMV 2590 2175 31 0.52
22 m 46 2 y y y 8 Bi-Level 1266 146.0 43 0.17
23 m 38 2 n y 3 SIMV 1569 336.7 26 0.41
24 m 37 1 n y* 6 SIMV 259 116.0 57 0.23
25 m 74 0 n y 4 SIMV 2227 240.0 37 0.14
26 m 64 3 n y # 6 Bi-Level 753 152.0 32 0.16
27 m 83 3 n y # 5 SIMV 260 202.0 42 0.29
28 f 83 2 y y 2 SIMV 4236 385.7 37 0.14
29 f 26 3 y y 2 Bi-Level 333 426.7 46 0.04
30 m 39 1 n y 1 Bi-Level 1147 348.0 40 -0.14
31 m 67 2 n y 2 Bi-Level 4366 108.3 50 0.43
32 f 85 1 n y y 2 SIMV 2354 358.3 43 0.19

SIRS (systemic inflammatory response syndrome): 0-1, no SIRSSIRS. Sepsis: n, criteria for sepsis not fulfilled;riteda for sepsis fulfilled. Infiltrates, new pulmonary infiltratas chest
radiograph; y, yes; n, no; *, pneumonia present; #, requinisulin but no pre-insulin samples obtained. SIM\Actyonised intermittent mandatory ventilation. Breath acetoran breath
acetone concentration. RBIO,, arterial partial pressure of oxygen divided by the fraatfdinspired oxygen; ECO,, partial pressure of end-tidal GQalveolar dead space ratio calculated by
(PLCO,-PeCO,)/PLO,.
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5.3.2. Inspired and exhaled acetone concentrations

A pneumotachometer was used to visually confirm that samples wesetedl|
from the patient and there was no significant back flow from the ventilator

circuit.

Median inspired acetone concentration was 110 ppb (range 73-412 ppb) for all
samples obtained. Median breath acetone concentration of all samples collected
was 853 ppb (range 162-11375 ppb). There was a high degree of inter-subject
variation in breath acetone concentration. There was a relationshipebetwe
inspired and exhaled acetone concentratiogs0.@39, p<0.0001), however
exhaled acetone concentrations were between 1.4 and 100 times tyaater
their corresponding inspired concentrations. Meap{Cexp)*100 was 11.8%

(SEM * 1.4).

Median intra-subject CV for breath acetone concentration of all breathesamp
collected was 8.51% (IQR 5.8-12.4%). There was no relationship between
intra-subject CV for breath acetone concentration and alveolar dead space or
lower PQ/FIO,, indicating thathe degree of ventilation-perfusion mismatch
and impairment in gas transfer did not increase the variability aftbeeetone
concentration in the three consecutive breath samples collected for each pati
daily. There were changes in alveolar dead space fraction ag&i®Lover

time, however there was no relationship between changes in these

measurements and changes in mean breath acetone concentration.

In general, there was a reduction in breath acetone concentration oger tim
(Figure 5-1). Increases in breath acetone concentration were assodgifited
surgery, reduction or discontinuation of feeding, increase in gastric aspirate
volume (indicating a reduction in gut motility and/or malabsorption ofrahte
feed), general deterioration in condition (which may be an indicator of a
reduction in gut motility and/or malabsorption of enteral feed) and imminent
death. Changes in breath acetone concentration over time mirrored changes in
arterial acetone concentration, although the relationship between breath a

arterial concentrations was not constant.

156



12000,

10000
8000+

6000-\

Mean exhaled acetone
concentration (ppb)

Time (days)

Figure 5-1. Variation in breath acetone concentration for each patient over

time (lines join each sampling event for an individual patient).

5.3.3. Pulmonary dead space and shunt

Physiological dead space and pulmonary shunt could not be calcutated a
was not possible to measure the partial pressure of mixed exhaleadrCO

mixed venous C@ (patients did not require pulmonary artery catheters for
routine management). A-a gradient was used as an estimate of costiiuméd

and dead space ventilation.

As expected, there was a reciprocal relationship between alvesadrspace
and PQ/FO; ratio (= -0.32, p=0.015). There was a positive relationship
between exhaled acetone concentration and alveolar dead sp=@&2(r
p=0.017), but not with PLFIO, ratio or A-a gradient. Calculated alveolar
dead space was greater in patients with ARDS than those who didesbt m
criteria for ARDS (patients with pulmonary oedema excluded) (medians:
ARDS 0.25, no ARDS 0.04; p=0.039), as would be expected in this

condition>3.

There was a significant difference in PO, ratio between men and women
(medians: men 159, women 253; p=0.022), men had poorer lung function, but
this did not result in a difference in breath acetone concentratiodiginse

men 1299 ppb, women 1932 ppb; p=0.32).
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5.3.4. Relationship between central venous and arterial acetone and

glucose concentrations

A total of ten matched central venous and arterial blood samplestakene
from two patients, revealing identical acetone concentrations iotbapeof

blood sampling location.

Central venous blood glucose samples were paired with arterial glucose
samples in four patients, a total of 20 matched samples; mean diffé€.dnce
mmol/L (arterial greater than central venous concentration), rangeahrteri
glucose 1.7 mmol/L less than to 2.2 mmol/L greater than central venous

concentration.

5.3.5. Relationship between breath acetone and arterial ketones

There was a strong relationship between breath and arterial acetone
concentrations in the first two sets of samples collected from ed@ntpa
(r=0.64, p<0.0001) (Figures 5-2 and 5-3). The modified Bland-Altman plot
shows that as the normalised average concentration of acetone intheases
difference between the two measurements (breath and arterial) increases. There
was a stronger correlation between breath and arterial acetone concentrations in
patients with pneumonia than in all patients=@t78, p<0.0001). The
relationship between breath acetone and arterial beta-hydroxybutyrate
concentrations &0.52, p<0.0001), was similar to the relationship between
arterial acetone and arterial beta-hydroxybutyrate concentratign.5@,
p<0.0001). Neither relationship was changed by subtracting inspired from

exhaled acetone concentration.
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Figure 5-2. Individual data points of the relationship between breath and
arterial acetone concentrations in the first two sets of samplested from

each patient.
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Figure 5-3. Modified Bland-Altman plot displaying the relationship between
breath and arterial acetone concentrations as percentages of themamaxi
value. Average = average value of the normalised breath and artet@ahec
concentrations; delta = difference between the normalised breath eaceton
concentration and the normalised arterial acetone concentration. Bia3.5&s
(dashed line) with 95% limits of agreement of -24.9 and 17.8 (dotted lines).

Removing the results from the patient with the highest breath and arterial
ketone concentrations did not alter the relationships between bredtmec
and arterial ketone concentrations. The Bland-Altman plot, however, slaowed
reduction in bias and an increase in the 95% limits of agreen8h#{42.2),

i.e. the variability between the two measurements of acetone conioentra

appeared to increase.
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5.3.6. Relationship between breath acetone and arterial glucose

There was no significant difference in breath acetone concentrationebetwe
hyperglycaemic and euglycaemic patients. There was no relapobpstween
breath acetone and arterial glucose concentrations in the first twafsets
samples collected from each patient, either in all patienia the group of
hyperglycaemic patients. Figure 5-4 shows the relationship batwrhaled
acetone and arterial glucose concentrations at enrolment (a) tredrnext set

of samples taken (b). The graphs highlight that some patients remaiogd, ket
signified by high breath acetone concentration, despite normal, onowaal,

arterial glucose concentration.
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Figure 5-4. Individual data points of the relationship between breath acetone
and arterial glucose concentrations at enrolment (a) and the neptesam
collection (b). The red circle indicates patients with high breathoaee

concentration with normal, or near normal, arterial glucose concentration.

5.3.7. The effects of insulin and feeding on breath acetone
concentration

There was a significant reduction in breath acetone concentrationelbepnes-
insulin and post-insulin samples in patients with hyperglycaemialigms:
pre-insulin 1767 ppb, post-insulin 980 ppb; p=0.002) (Figure 5-5). There was
no clear relationship between breath acetone concentration andladodel
insulin sensitivity in the group of patients receiving exogenous ingkilguie

5-6).
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Figure 5-5. Individual data points show the change in mean breath acetone
concentration after insulin administration in patients with hygeegmia, in

whom pre-insulin and post-insulin samples were obtained (n=10).

There was a reciprocal relationship between breath acetone conceraration
the percentage of estimated feed requirement administered hourly in al
patients (&= -0.39, p<0.0001) and when subjects requiring insulin were
analysed separately (n=19=r-0.36, p=0.0018). This may be explained by

fasting causing ketosis and elevated breath acetone concentfdfior’®

161



15—
% BG measurements - simulated
= Model BG - simulated
3
3
£
E
Q
o
(a) ) [ [ [ [ [
0 20 40 60 80 100
10
—©&— Breath acetone / 100
8= —— At acetone
6l —5— Art. p-HB * 100
41— —
1. —
(b)
0
é —
E
3
B
2
-
6 10
— EN Dextrose
_ —— PN Dexrose [|®
% 47 — Insulin s £
= |_| I nsuin bous || 3
£ Cl, x
3 M r_I_TL_J 42
—2
@

S

0 20 40 60 80 100
Time (hours)

Figure 5-6. Graphical comparison of (a) hourly (red) versuslydéblue) plasma glucose concentration, (b) breatktone (blue) and plasma ketone
concentrations (acetone green, beta-hydroxybutyeatg (c) modelled insulin sensitivity and (d) enal dextrose (blue) and insulin (purple) admiaitstm
over time in a patient with stress hyperglycaemia.
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5.3.8. Relationship between breath acetone and clinical parameters

When looking at patients with pulmonary infiltrates only (n=28), there was no
significant difference in breath acetone concentration or acetonanaion

rate between patients with pneumonia, SIRS, sepsis or ARDS and those
without these diagnoses. Therefore, breath acetone concentration could not be

used to distinguish between these conditions.

Initial breath acetone concentration as a marker of metabolic slicds®0t
correlate with mortality in the ICU or during hospital stay, validateares of
illness severity (APACHE |l scoteand SOFA scof8), or the requirement for
renal replacement therapy. Initial breath acetone concentration naas

predictive of number of ventilator days, length of ICU or hospital stay.

There was no relationship between breath acetone concentration and tidal
breath volume, respiratory rate, minute ventilation, heart rate alisylstood
pressure (SBP) on a daily basis. There was no significant difference in SBP
between patients receiving ionotropic or vasopressor drugs and those who were
not; no difference in breath acetone concentration was seen betweets patien
these two groups indicating that these drugs had no effect on exhaledeacet

concentration.

5.3.9. Breath acetone in the ICU, pre-operative and post-operative
settings

Day 1 breath acetone samples in the ICU cohort were significantgrhilgan
breath acetone concentrations in healthy fasted anaesthetisadspptior to
surgery (medians: ICU 1451 ppb, pre-operative patients 812 ppb; p=0.038)
(patient cohort described in Chapter 4; comparison of patient demogragéics
Appendix D). There was also a significant difference in breath acetone
concentration between pre- and post-operative patients (median posivepera
patients 8603 ppb; p<0.0001) (n=13, post-operative patients described in
Chapter 3) and patients in ICU compared to post-operative patients (p<0.0001)
(Figure 5-7).
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Figure 5-7. Box and whiskers plots compare mean breath acetone
concentrations of patients’ first ICU samples, healthy anaesthetised patients
and patients returning to the ICU following surgery. Whiskers show the range

of values, medians are indicated on boxes.

Only one patient in the ICU had breath and blood samples takennpr@ost-
operatively, showing an increase in both breath and arterial acetone
concentrations (Figure 5-8). Post-operative breath and blood samples were
collected 4 hours after the surgical procedure (rotator cuff surgery). Tibatpat
had been admitted due to pneumonia following a road traffic accident and had
been fed via a nasogastric tube since admission to ICU; feedingtomsed

for five hours due to surgery.

40001 - 10
[} o
c o o
oo F8 S »
=
T2 83
o 5 @
® S 52
o 6 I 3
=R =
c © = Q)
[ 4 o o
== " 52
.08 ,§°
cQ S
86 L2 Qo
28 >

0

Time (days)

-e- Breath acetone -= Arterial acetone

Figure 5-8. Individual data points show mean breath acetone and arterial
acetone concentrations collected daily on the ICU for a singlenpa8urgery

was performed on day 5, 4 hours prior to sample collection.
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5.4. Discussion

Using a single breath end-tidal breath collection method, a reliabte
repeatable method of breath collection for analysis of acetone conamtyati
SIFT-MS has been presented. The technique is simple to perform and uses
equipment readily available in the ICU environment, thus makingdréctive

for use in routine clinical practice. Disruption to a patient’s ventilation pattern

was minimised as much as possible and arterial blood samplescolkected

from an arterial cannula in situ for continuous BP monitoring and routine blood

sampling.

5.4.1. Measuring ketone concentrations

The concentration of acetone in arterial samples at room temperatoos i
stable as it rapidly moves into the gas pKaseSpontaneous decarboxylation

of acetoacetate also occtifs*® therefore blood samples must be kept cold
until analysis, which can be a problem. It has been suggested that the
variability of repeated measurements of blood acetone concentration le sing
blood samples is higher than that of breath samples, indicating treth bre
acetone concentration may be a more reliable measurémedte to the
problems with blood acetone measurement and with a reasonable correlation
between breath and arterial acetone concentrations in this study) leca
concluded that breath acetone may be used as a surrogate folicsgsteione

concentrations.

The detection of ketone bodies other than acetone in breath is not possible a
they are not excreted in this Wa$*® but it is possible to detect acetoacetate
and beta-hydroxybutyrate in blood. Dipstick tests (described below) are
occasionally used to detect the presence of acetoacetate, howesracan
measurement of the concentration is not possible with this method, and due to
its volatile nature, laboratory testing involves the same problenasetsne
analysis. Beta-hydroxybutyrate can be measured in the laboratory, bii$ res
are not available as rapidly as breath results via SIFT-MSpmupoint of care
instrument&®, however these are often not available in the ICU and are not

truly non-invasive.
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Urinary ketone measurement

An alternative non-invasive method of ketone detection involves asurge
dipstick. Relying on the reaction of acetoacetate with nitroprusside, a semi
guantitative measurement of ketosis is possible, however the tmst®tc
identify beta-hydroxybutyrate in the sample, and can only deteabrecéit
glycine is added to the test sffip Beta-hydroxybutyrate is the most abundant
ketone body and its formation from acetoacetate is increased in many
conditions present in the ICU, for example severe hypoxia, hepatic isehaem
and multiergan failure, thus reducing the urine dipstick’s ability to detect
severe ketosfé’. Urinary ketone concentrations may not reflect blood levels
due to hydration levels, urinary volume, and renal haemodyn&fhitsinary
testing in patients with critical illness is impossiblghé patient is anuric; in
this study that would have applied to seven patients and 19 daily

measurements.

Arterial versus central venous acetone and glucose concentrations

No difference was seen between central venous and arterial acetone
concentrations in the small number of patients sampled. Blood acetgis |

were reported to whole numbers and all but 8 values were singlermtébes

did not provide enough sensitivity to enable conclusions to be drawn about the
effect on blood concentration of the excretion of acetone in breath. A small
difference was noted between contemporaneous arterial and central venous
glucose concentrations; in some cases arterial acetone concentration was higher
and in other patients central venous concentration was higher. Discieepa

were generally very small and may have been true differences bt hage

been caused by sampling or analysing errors.

5.4.2. Relationship between breath acetone and arterial ketone
concentrations

The relationship between breath and arterial acetone concentragms shis

and other studi&2*>?*may enable breath acetone to be used as a non-invasive

marker of ketosis in intubated and ventilated patients in the T&&.modified

Bland-Altman plot, however, seems to indicate that the relatipridtzinges as
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acetone concentration increases. In the study by Reichard*étra. ratio of
plasma to breath acetone in fasted subjects was smaller Wwheplasma
concentration was above 1 mg/L when compared to lower plasma

concentrations, which applies to almost every sample in this study.

The relationship was not changed by using breath concentration after
subtracting inspired acetone concentration. The correlation between dnspire
and exhaled acetone concentrations seen is unlikely to have affgbtddde
concentrations as, on average, the inspiratory concentration was only 11.8% of
the exhaled concentration. Inspired gas samples were collectéasado the
ventilator outlet as possible to minimise contamination, however, sasiloed

in Chapter 4.4.4., it is possible that rebreathing occurred around the filter in the
breathing circuit, thus inspiratory gas sampling from the same locasion a
exhaled breath sampling may more accurately quantify true inspired VOC
concentrations. In all cases the ventilator, breathing circuit andthbre
collection apparatus were the same, so limiting the differencescetone

released from these components in different individuals.

The relationship between breath acetone and arterial beta-hydroxybutyrate
concentrations was not as strong but still significant. Our results vwery
similar to the relationship seen in subjects fed a ketogei@t®d The
relationship between the different ketone bodies is dependent on the redox state
of the cells, therefore the relationship between breath and artertahace
concentrations can be expected to be stronger than that betweénaoetahe

and other arterial ketone concentratihs

5.4.3. Causes of changesin breath acetone concentration

This is the first study to collect daily breath and blood samples foo emht

days from patients in the ICU. Changes in breath acetone concentration were
seen over time, with a general trend towards reduction in acetone coteentra
with treatment and feeding. The reduction in breath acetone coateamover

time was not constant, with a more rapid decrease in the first 48 hduch

may have reflected the fact that patients who had rapid climgaiovement
started to breathe spontaneously earlier and therefore did not provide many

167



breath samples. Patients who were enrolled for a greater length of &me w
likely to be more unwell and may have shown less rapid improvement in breath

acetone concentration over time.

Unfortunately, because many factors appear to affect breath acetone
concentration, including degree of lipolysis, breathing pafterdead space
ventilation and pulmonary shuft cardiac outpdf and airway perfusion,
some of which cannot be controlled for, interpretation of results remains
difficult.

Each patient was ventilated using a mode, tidal volume and respirate set

by the ICU staff, so it was possible that different patients’ breathing patterns
may have led to differences in breath acetone concentf&tigtelationships
between respiratory rate, tidal breath volume, or minute ventilation aathbr
acetone concentration was not observed, however, so these variablemtvere

felt to have a strong influence on breath acetone concentration in this study.

It was not possible to measure cardiac output or pulmonary shunt inuihys st
as patients did not have a pulmonary artery catheter in situ. Alvdetat
space ventilation was calculated instead of total dead sp=wédation as
mixed expiratory C@ could not be measured. There was no relationship
between the change in alveolar dead space and breath acetonerationent
over time, which indicates that factors other than alveolar deaée $@ation

were more important in determining breath acetone concentration.

In a study by Schubert et %lthe degree of pulmonary shunt was greater in
patients with sepsis but dead space ventilation was not differéwedre
groups. A difference in the degree of alveolar dead space but not A-a gradient
was observed in patients with ARDS versus no ARDS in this thesigveow

the study population was different to that of Schubert &t ldere, patients

with pulmonary infiltrates and/or insulin requirement were enrolled, and
samples could only be collected from patients requiring mandatory viemtjilat

SO spontaneously breathing ventilated patients who had less sevagwhkre
excluded. The benefit was that samples were taken very early in a patient’s

ICU stay, before aggressive treatment had been instigated, thepafaets
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should have had the severest metabolic derangement making any cimanges
breath concentration more obvious. It is possible that if a less ugreelb of
patients were included as a control, then differences between patigdnendi
without sepsis, SIRS and ARDS would have been greater. ARDS guidelines
have recently been updaf® so, in comparison to previous studies, the group
of ARDS patients described in this study included those with lesseskney
injury, previously termed acute lung injdf§, Moving this sub-group of
patients to the non-ARDS group did not, however, change the results of the

analysis.

5.4.4. Breath acetone and pneumonia

It was not possible, in this study, to use breath acetone concentration or acetone
elimination rate to distinguish between pneumonia and other causes of
pulmonary infiltrates, or ARDS and those with less severe lung injury.ihis

in agreement with a study by Schubert ef, akho found no difference in
breath acetone concentration between septic and non-septic patieytslid,
however, find a significant difference in mixed venous and arterial blood
acetone concentrations between septic and non-septic patierdh, wds not
observed here.

In the sub-group of patients with pneumonia, there appeared to be a stronger
relationship between breath and arterial acetone concentrations. The
explanation for this is unclear. Eight of the 12 patients had positive
microbiological findings for Legionella species, H. influenzae and S.
pneumoniae. Unlike P. aeruginosa ,which produces characteristic compounds,

&3163519nd 2amimacetophenorté’, there is no

including hydrogen cyanid
data on VOCs produced by Legionella species and little data for H. irdieienz
and S. pneumoniae. Studies of VOCs produced by bacteria in various culture
medid?®****3show individual patterns related to different species, and that
most produce small quantities of acetone, although only one these studies
included samples containing the bacteria detected in our’3tudgetone was
frequently detected in the headspace above various bacterial coltueggr
plates, although seldom at significantly higher concentrations than background

levels produced by heated culture métialt is possible that acetone was
169



produced in the lungs by pathogenic bacteria in this study, howevsr it i
unlikely to have reached high enough concentrations to be detected in single

breath samples without pre-concentratian

5.4.5. Breath acetone and surgery

Metabolic stress during surgéfy'®and in patients with heart failffé has
previously been described. Comparison between patients in the ICU and
anaesthetised patients before the start of a surgical procedure with post
operative patients in the ICU shows that something other than aturati
fasting causes elevation of breath acetone concentrations. Thepstigld in

the ICU who underwent a surgical procedure had significantly higher breath
and arterial acetone concentrations post-operatively compared to elglativ
stable concentrations pogeratively. This patient’s post-operative breath
acetone concentration was not as high as that of sostegrdiac surgical
patients, however the surgical procedure was shorter in duration and less
complicated, therefore likely to generate less of a metabolic respdpse.
different medications were used during the operation and there was no
appreciable change in ventilator or cardiovascular parameters to et@ain
difference. In order to further investigate the rise in acetone concentiaon

to surgery, it would be necessary to monitor a group of patients undergoing a

range of surgical procedures pre-, peri- and post-operatively.

5.4.6. Breath acetone and arterial glucose concentrations, feeding

and insulin

There was no relationship between breath acetone and blood glucose
concentrations in these non-diabetic subjects. Starvation and ketogealE m
increase breath acetone concentrdfibh with a rise in breath acetone
concentration seen in our patients when feed volume was reducedgfeedi
stopped, or the patient was not absorbing their feed adequately. There is no
data to suggest that enteral feed itself contains or produdesi@ger another
compound with an identical m/z ratio that would interfere with miglysis by
SIFT-MS), or that feed sitting in the stomach of patients with higstrig

aspirates alters measured breath acetone concentration. In factstheceref
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a cuffed endotracheal tube is likely to reduce contamination of bsaatples

by gastric contents, for example ethanol, which may be released bydetid it

or by the activity of gut bacteAd. Increased feed volume appeared to reduce
breath acetone concentration, which is in agreement with studies lthyhea
subjects who were fasted and then f&&> Feeding in the ICU is
administered continuously, therefore any changes in breath acetone
concentration are likely to occur gradually, without diurnal variagean in

normal subjects eating meHis'®

There was a significant reduction in breath acetone concentrationelnepnes-

and post-insulin samples in hyperglycaemic patients, which iy likebe due

to a combination of treatment with insulin and feeding. There is no formal
agreement around several areas of feeding in the ICU, mainly whendeedi
should be started and the carbohydrate content and composition of the feed.
Overfeeding can be detrimental, not only due to the increased risk of iagpirat

if gastric emptying is delayed, but it may also contribute to hyperglycaemia if it
is present. Despite high glucose requirements due to accelerated protein
catabolisri*, lower calorie feeding may improve ICU and hospital

outcome®8°

The results of this study highlight that some patients remainetikeespite
normal, or near normal, glucose concentrations, which may be because
insufficient time had elapsed following insulin treatment to sesdaction in
breath acetone concentration, or may reflect a group of patients witgh a h
degree of inflammation and catecholamine release driving the ketogeni
pathway and promoting insulin resistatf@d> These patients may also be
ketotic due to relative starvation and require more carbohydrate feeding. In
patients receiving insulin treatment in this study, reductiortseath acetone
concentration were not associated with improvements in insulin séwsiti
implying not only that the relationship between glucose, ketones anthimsul
critical illness is complex, but also that many factors may affedth acetone

concentration.
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To explore further whether breath acetone concentration could track the degree
of ketosis and aid the modulation of feeding and insulin regimes in this group
of patients, the frequency of breath acetone sampling must be increased or a

continuous sampling method should be employed.

5.4.7. Limitations of the breath sampling technique

In this study, representative breath samples were collected using a simagie bre
collection technique as each patient was ventilated on a codtnuitele
without spontaneous breathing, so an almost identical tidal volume was
delivered with each breath. A problem with this method compared to other
breath collection methods was that breath sampling had to be discontinued
when the patient’s condition improved enough for spontaneous assisted
ventilation. If the pump ran faster, it may have been possible tectall
sufficiently large end-tidal breath sample for analysis, thougheitéispiratory

rate was too fast there would not have been adequate time to eolteaih
breath from a single exhalation before the initiation of inspiration and either

mixed breath or multiple breath samples would have been necessary.

5.4.8. Summary

In this study, it was possible to accurately and reliably oredsreath acetone
concentrations in intubated and ventilated patients in the ICU &$iig-MS.

A relationship was observed between breath acetone and arterialeaaatbn
beta-hydroxybutyrate concentrations that may enable breath acetoneised

as a surrogate for blood concentrations. The administration of insulin and
feeding caused a significant reduction in breath acetone concentnation
patients with stress hyperglycaemia, and the reduction in feashgohnd
difficulty absorbing feed resulted in increased breath acetone caaic@mtr

The relationship between breath acetone, feed volume and insulin
administration needs further investigation before breath acetone can be used t

aid the modulation of feeding regimes and insulin therapy.

172



6. Exhaled hydrogen sulphide and hydrogen

cyanidein the Intensive Care Unit

6.1. Introduction and aims

Hydrogen sulphide (}8) and hydrogen cyanide (HCN) may be breath markers
of inflammation and/or infection, but their biological roles are still ulader It

is not yet known whether these VOCs may be useful in the ICU settirege

early accurate detection of pulmonary infection and subsequent administration

of appropriate treatment may alter outcoffiés

H.S has been proposed as the third gaseous inflammatory mediator after
carbon monoxide and N&. The role of HS in the inflammatory cascade is

not completely clear; it appears to influence leucocyte functiorirencklease

of cytokines and chemokin@&2°42%%33% |t may also modulate the activity of

NO (reviewed®®. HCN is produced by neutrophi?&3®® and appears to be
associated with the respiratory burst of phagocyttsidt is also produced by
some bacteria in vitro, notably Pseudomonas spetie& and appeared to be

seen in the breath of P. aeruginosa infected children witH.CF

If these VOCs are produced by metabolic pathways, an understanding of the
relationship between their concentrations in exhaled breath and the systemi
circulation is importarit however, if like NO they are produced in the airways,

breath concentrations will not reflect plasma concentrations (reviéfed

The aims were to investigate the measurement £ Bhd HCN in ICU
patients with new pulmonary infiltrates on CXR and to correlate any change
in concentration over time with clinical parameters. The effe€tfactors
known to cause variation in breath volatile concentrations, for example
breathing pattern, were examined, as well as any relationshipdretweath
and arterial concentrations. The possibility of distinguishing between
pneumonia and other causes of pulmonary infiltrates on CXR using brgath H

and HCN concentrations was explored.
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6.2. Methods

6.2.1. Subjects

Patient selection, ventilator set-up, sampling and data collectodescribed

in Chapter 5.2.1. Only patients with new pulmonary infiltrates were included.

6.2.2. Blood samples

Arterial blood gas samples were processed using a blood gaseanalyke

ICU. Routine blood samples were sent to Canterbury Health Laboratory for
processing straight away; samples for HCN testing were immbdfaie on

ice and the headspace analysed by gas chromatography. The asfalsss
concentration in blood samples was carried out as described in Chapter 4.2.1.
In several patients, arterial and central venous blood samplesdveave to

look for differences in volatile concentrations.

6.2.3. Inspiratory air sampling

The process is described in Chapter 5.2.2.

6.2.4. Exhaled breath collection

End-tidal breath collection was performed via a T-piece as desciibed
Chapter 3.2.3. of this thesis. The volume of the tidal breath prior tohbreat
sample collection was noted. Several standard breaths were delyetbd
ventilator before this process was repeated in triplicate using sefadiar

bags. All inspiratory and exhaled breath samples were incubated at 40°C and
analysed within 40 min of collection by SIFT-MS.

6.2.5. Infection control

The suction catheters and sampling filter were disposable and used for only one
set of samples. The T-piece was decontaminated for re-use. Disinfegiast

were used on the surfaces of the hand-held pump and Tedlar bags (Azo wipes
W. M. Bamford & Co Ltd, NZ). None of the cleaning procedures changed the

VOC composition of samples.
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6.2.6. Selected ion flow tube mass spectrometry

Breath HS and HCN concentrations were measured by SIFT-MS, Voie200
(Syft Technologies Ltd, NZ), using SIM mode with theCH reagent ion
(described in Chapter 2). Each Tedlar bag was attached to the repmpli
capillary end cap of the heated inlet extension of the SIFT-MS angles

were analysed for 30 sec.

6.2.7. Calculationsand dtatistical analysis

Measured KIS and HCN concentrations are quoted in this chapter, as volatile
concentrations were too low to accurately correct for losses due to the sampling

apparatus (linear regression equations developed in Chapte).2.3.2.

Statistical analyses were performed using GraphPad Prism version 5.01 for
Windows (GraphPad Software, USA) as discussed in Chapter 5.2.6. A value of
p<0.05 was considered to be statistically significant. Calculations alsoe
performed as described in Chapter 5.2.6., including A-a gradient, SIRS scores
and ratios of inspiratory ¥ and HCN as percentages of exhaled

concentrations.
6.3. Results

6.3.1. Patient demographicsand health status

The patients enrolled in the study are described in detail in Cha@tédr In

this part of the study, results from 28 patients with pulmonary infiftrate
CXR were included; 17 male (60.7%), 11 female (39.3%), median age 61.5
years (range 26-85 years). Twelve patients were current smokers aretel6 w

non-smokers (six ex-smokers).

The pneumotachometer was used to visually confirm that samples were
collected from the patient and there was no significant back flow from the

ventilator circuit.

175



6.3.2. Breath hydrogen sulphide

I nspiratory and exhaled H,S concentrations

Median exhaled k6 concentration was 0.96 ppb (range 0.22-5.12 ppb) for all
samples obtained. The degree of respiratory failure did not appear ¢b affe
breath HS concentration; there was a weak relationship between exhgfed H
concentration and alveolar dead space rat0(@4, p=0.04), but not with
PQ,/FIO; (rs=-0.01, p=0.98) or A-a gradient#r-0.11, p=0.57). Median intra-
subject CV for exhaled breath,&l concentration for all samples collected was
9.97% (IQR 6.8-14.6%), which was not affected by the alveolar dead space
ratio (=0.05, p=0.65) or lower PLFIO, (r<=-0.15, p=0.15).

Median inspiratory kS concentration for all samples collected was 0.91 ppb
(range 0.18-4.70 ppb). There was a relationship between inspiratory and
exhaled HS concentrations £0.83, p<0.0001) (Figure 6-1) with no
significant difference between inspiratory and exhaled concentrations (p=0.47).
Mean (Gnsy/Cexp)*100 was 99.7% (SEM + 4.9).

6 r=0.83
p<0.0001
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Figure 6-1. Individual data points of the relationship between inspired and

mean exhaled §$ concentrations (all samples).

Changesin breath H,S concentration over time

There was generally very little change in breatl$ ldoncentration over time
(Figure 6-2). One of the two patients who had breatB KEoncentrations
greater than 5 ppb underwent a surgical procedure and will be discussed in

Section 6.3.4. The other was a patient admitted to the ICU follomrautof
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hospital cardiac arrest with evidence of pulmonary oedema. There was no
evidence of infection and no change in clinical condition over the threetlays
sampling to account for changes in breatls ldoncentration. At the time of
elevation of breath }$ concentration, corresponding breath acetone
concentration was not significantly elevated (less than 2000 ppb except for one

patient following surgery when breath acetone concentration was 3767 ppb).

Mean exhaled H,S concentration (ppb)

Time (days)

Figure 6-2. Variation in breath acetone concentration for each patient over

time (lines join each sampling event for an individual patient).

Relationship between breath and blood H »S concentrations

Median arterial IS concentration of all samples was 11.5 umol/L (range 1.1-

37.7 umol/L). There was no relationship between breath and arterial H,S
concentrations in the first two samples taken from each patierd. 2P,
p=0.12) (one missing blood sample due to processing errors, total 52 samples).
This was not altered by analysing patients with two or more SIR&riarit
sepsis and pneumonia separately. The modified Bland-Altman plot (Figure 6-3)
shows a high degree of variability between normalised breath amidlartes
concentrations irrespective of the absolute concentration, confirmingithere

no relationship between the two types of sample concentration.
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Figure 6-3. Modified Bland-Altman plot displaying the relationship between
breath and arterial 4 concentrations as percentages of their maximal value.
Average = average value of the normalised breath and artegdl H
concentrations; delta = difference between the normalised breaggh H
concentration and the normalised arterialSHoncentration. Bias was 5.51
(dashed line) with 95% limits of agreement of -39.4 and 50.4 (dotted lines).

Relationship between arterial and central venous H ,S concentrations

A total of ten matched arterial and central venous blood samplestakene
from two patients. Man difference between matched samples was 1.0 pmol/L
(arterial concentration higher than central venous concentration), range 2.3
umol/L when central venous concentration is higher and 8.2 umol/L when
arterial concentration is higher. The relationship between arteriatemtdal

venous concentrations can be seen in Figure 6-4.
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Figure 6-4. Graph showing the relationship between arterial and central
venous HS concentrations. Individual data points are plotted. Solid line
represents the linear regression line (equation shown), dotted lines9Skow
confidence interval. &0.62.

Relationship between H,S concentration and clinical factors

There was no correlation between breath or arter8l ¢dncentration and age
(breath & -0.12, p=0.56; arteriak¥0.25, p=0.20). There was no difference in
initial breath or plasma #$ concentration between men and women (breath
p=0.56, arterial p=0.78) and there were no relationships seen between breath
H,S concentration and tidal volume=r0.02, p=0.88), respiratory rate<r-

0.13, p=0.21), minute ventilationr-0.07, p=0.47), mean arterial pressure
(r=0.07, p=0.51) or heart rate£0.06, p=0.57) on a daily basis.

There was no significant difference in breath or arteri Ebncentrations in
patients with SIRS compared to those without SIRS (breath p=0.43, arterial
p=0.79), sepsis compared to those without sepsis (breath p=0.73, arterial
p=0.63), and patients with pneumonia compared to those with another cause
for pulmonary infiltrates on CXR (breath p=0.32, arterial p=0.66). Neither
breath nor arterial % concentrations displayed relationships with commonly
used blood markers of infection and inflammation: WCC (breath-Q.08,
p=0.58; arterial &0.00, p=0.99), CRP (breath=r-0.18, p=0.19; arterial
r<=0.00, p=1.00).
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6.3.3. Breath hydrogen cyanide

I nspiratory and exhaled HCN concentrations

Median breath HCN concentration was 0.76 ppb (range 0.31-11.53 ppb) for all
samples obtained. The degree of respiratory failure did not appear ¢b affe
breath HCN concentration; a weakly positive relationship was observed
between exhaled HCN concentration and alveolar dead space @0@3%
p=0.047), but not with PZFIO, (re=-0.13, p=0.51) or A-a gradients£0.00,
p=1.00). Median intra-subject CV for exhaled HCN concentration was 8.53%
(IQR 4.9-11.2%) for all samples collected; variability was not increaged b
increased alveolar dead space ratig=Qrl1l, p=0.33) or lower PALFIO,
(rs=0.03, p=0.78).

Median inspiratory HCN concentration for all samples collected 0a&5 ppb
(range 0.28-2.45 ppb). There was a relationship between inspiratory and
exhaled HCN concentrations :0.66, p<0.0001) (Figure 6-5), with no
significant difference between inspiratory and exhaled concentrations (p=0.07).
Mean (Gnsy/Cexp)*100 was 88.0% (SEM + 2.7).
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Figure 6-5. Individual data points of the relationship between inspired and

mean exhaled HCN concentrations (all samples).

Changesin breath HCN concentration over time

There was little change in breath HCN concentration over time for each
individual patient (Figure 6-6). The highest breath HCN concentration at

enrolment (10.1 ppb) was taken from a smoker. The concentration remained
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high the next day before falling. The patient with the next highesalitiCN
concentration (3.9 ppb) was admitted following an out of hospital cardiac arrest
associated with pulmonary oedema. There was no evidence of infection and
despite a reduction in breath HCN concentration there was a general
deterioration in clinical condition resulting in death. The other two migtie

who displayed increases in breath HCN concentration that can be seen on the
graph, were admitted following motor vehicle accidents and the development
of pneumonia (Haemophilus influenzae and Streptococcus pneumoniae isolated
from tracheal aspirates of both patients). Both patients showed gradicaicl
improvement over time and breath HCN concentration did not reflect changes

in other markers of inflammation and infection (WCC and CRP).

No patients had positive microbiological samples for Pseudomonas species

other bacteria known to produce HEA®®
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Figure 6-6. Variation in breath HCN concentration for each patient over time

(lines join each sampling event for an individual patient).

Relationship between breath and blood HCN concentrations

Median arterial HCN concentration across all blood samples was 2.6 pmol/L

(range 015 pmol/L). Blood samples from the first 15 patients were not

analysed for HCN concentration, therefore results were available for 17
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patients. Only eight of the 58 blood samples (13.8%) contained an HCN
concentration greater than the normal range (<8 pmol/L). There was a change

in the laboratory reporting of blood HCN concentrations during the study,
therefore 37 samples were reported to whole numbers and 21 samples were

reported to two significant figures.

There was a weakly positive relationship between breath and ar€MI
concentrations in the first two samples taken from each patierd.38,
p=0.041), which appeared to be stronger in patients with sepsis compaied to al
patients (n=7,40.93, p=0.0067). The modified Bland-Altman plot (Figure 6-

7) shows that as the average of the normalised concentrations incteases,

difference between breath and arterial concentrations increases.
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Figure 6-7. Modified Bland-Altman plot displaying the relationship between
breath and arterial HCN concentrations as percentages of their maaiol
Average = average value of the normalised breath and arterial HCN
concentrations; delta = difference between the normalised breath HCN
concentration and the normalised arterial HCN concentration. Bias was 22.45
(dashed line) with 95% limits of agreement of -25.7 and 70.6 (dotted lines).

Relationship between arterial and central venous HCN concentrations

A total of ten matched arterial and central venous blood samplestakee
from two patients. Mean difference between matched samples was 0.1 pmol/L

(arterial concentration higher than central venous concentration), range 1
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umol/L with either concentration higher than the other. Figure 6-8 shows the

relationship between arterial and central venous concentrations.

61 y=0.87x +0.14 .’

Central venous HCN
concentration (umol/L)

0 1 2 3 4 5 6
Arterial HCN concentration (umol/L)

Figure 6-8. Graph showing the relationship between arterial and central
venous HCN concentrations. Individual data points are plotted. Solid line
represents the linear regression line (equation shown), dotted line<OSkow
confidence interval. &0.88.

Relationship between HCN concentration and clinical factors

There was no difference in initial breath or plasma HCN concentration between
men and women (breath p=0.67, arterial p=0.35) and no relationship between
initial breath or plasma HCN concentration and age (breatt0r24, p=0.21;
arterial i=-0.51, p=0.60), tidal volumed-0.16, p=0.88), respiratory rateXr

-0.15, p=0.14), mean arterial pressurg@r039, p=0.71) or heart rateXr-

0.010, p=0.92) on a daily basis. There was a weak relationship between breath

HCN concentration and minute volume=(¥0.22, p=0.028).

There was a difference between breath HCN concentration in patiéhts
SIRS compared to those without SIRS (p=0.0068), however the difference in
group median concentrations was small (SIRS group 0.82 ppb and no SIRS
group 1.57 ppb, respectively). There was no difference in breath HCN
concentration between patients with sepsis and those without §ep3iS3),

and patients with pneumonia and those with another cause for pulmonary
infiltrates on CXR (p=0.59). No significant difference in arterial HCN
concentrations was seen between patients with SIRS and thbeitwBiRS

(p=1.00), patients with sepsis compared to those without sepsis (p=0.48), and
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patients with pneumonia compared to those with another cause for pulmonary
infiltrates on CXR (p=0.89). Neither breath nor arterial HCN concentrations
displayed strong relationships with widely used and validated blood rearke
infection and inflammation: WCC (breatk=r-0.20, p=0.15; arterials+0.35,
p=0.011), CRP (breatlgr-0.20, p=0.16; arterialk* -0.092, p=0.51).

6.3.4. The effect of smoking on H,Sand HCN concentrations

There were 13 smokers (40.6%) and 19 non-smokers (59.4%) in the ICU
cohort; 12 smokers (42.9%) and 16 non-smokers (57.1%) with pulmonary
infiltrates on CXR. There were no significant differences in reason for
admission to ICU between smokers and non-smokers; five of 12 smokers
(41.7%) and seven of 16 n@mokers (43.8%) had pneumonia, two of 12
smokers (16.7%) and three of 16 non-smokers (18.8%) were treated for

infection from another source.

There was no significant difference in initial breath or arterigiS H
concentrations between smokers and non-smokers (breath: smokers 1.18 ppb,
nonsmokers 1.09 ppb, p=0.85; arterial: smokers 10.16 umol/L, non-smokers

10.44 pmol/L, p=0.24).

There was no difference in exhaled HCN concentration of initial sample
between smokers and non-smokers (smokers 1.11 ppb, non-smokers 0.93 ppb,
p=0.63), but initial arterial HCN concentration was significantly highmer i
smokers than nosmokers (smokers 9.0 pumol/L, non-smokers 3.7 pmol/L,
p=0.047) (Figure 6-9).
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Figure 6-9. Individual data points and medians to compare initial breath (a)
and arterial (b) HCN concentrations between smokers and non-smokers ((a)
n=28, (b) n=14).

6.3.5. Breath H,S and HCN in the ICU, pre-operative and post-
oper ative settings

There was an overlap in the range of exhalgsl ¢bncentrations in each cohort

of patients, with concentrations in the pre-operative (from Chapter 4) and ICU
groups being lower than that of the post-operative group (from Chapter 3)
(medians: ICU 1.12 ppb, pre-op 1.00 ppb, post-op 2.6 ppb). Median post-
operative exhaled HCN concentration was greater than in the other two cohorts
(medians: ICU 0.99 ppb, pre-op 0.82 ppb, post-op 2.28 ppb), and the variation
in breath HCN concentrations was greater in both ICU groups compared to the
pre-operative group. A significant difference between exhalg®l ahd HCN
concentrations in post-operative patients compared to both pre-operative
patients (HS p<0.0001, HCN p<0.0001) and those with critical iliness in the
ICU (H.S p=0.0004, HCN p=0.0011) was observed. There was no difference

between exhaled 43 and HCN concentrations in pre-operative controls and
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ICU patients (HS p=0.57, HCN p=0.39) (Figure 6-10). A comparison of
patient demographics between ICU patients and healthy anaesttuetigeols

can be seen in Appendix D.
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Figure 6-10. Box and whiskers plots comparing exhaled volatile
concentrations of initial breath samples from ICU patients, healthy
anaesthetised patients (pre-op) and patients returning to the ICU following
surgery (post-op); (a) exhaled,$ concentration and (b) exhaled HCN
concentration. Whiskers show the range of values and boxes display the
median and interquartile range.

One patient in the ICU cohort had breath and blood samples taken before and 4
hours after rotator cuff surgery. The patient was admitted to the IClU wit
pneumonia requiring invasive ventilation following a road traffic accidest,
clinical condition improving throughout his ICU stay. An increase in breath,
but not arterial, b5 and HCN concentrations was observed following surgery
(Figure 6-11); the rise in 4$ concentration was more marked than that for
HCN. Of note, a concurrent increase in arterial and exhaled acetone
concentrations was also seen. Acetone results are presented in Gl&pter
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and discussed in Chapter 5.4.5. The potential effects of high breath acetone
concentration on the calculation of breatbSHconcentration is discussed in
Chapter 3.4.5.
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Figure 6-11. Individual data points show mean breath and arterial §8)dtd
(b) HCN concentrations collected daily on the ICU for a single patient. Surgery

was performed on day 5, 4 hours prior to sample collection.

6.3.6. Plasma H,Sin thelCU and pre-operative settings

There was no significant difference between bloogb Honcentrations in
healthy pre-operative patients and the first sample collected fpatints in
the ICU (p=0.11). In fact, median bloogd$iconcentration was higher in pre-
operative patients than ICWatients (12.8 umol/L versus 10.5 pmol/L,

respectively).
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6.4. Discussion

This study appears to be the first to collect breath and blood samples from
intubated and ventilated patients in the ICU for analysis £8 Bnd HCN
concentrations. There was no significant difference in breath volatile
concentrations between patients with pulmonary infection and other causes of
pulmonary infiltrates on CXR. Using the breath collection and analysis method
described, it is, therefore, not possible to use breath &t HCN for the

diagnosis or monitoring of pneumonia in critical iliness.

6.4.1. The relationship between inspiratory and exhaled breath

concentrations

Inspiratory and exhaled /8 and HCN concentrations were similar, with
relationships observed between the two sets of values. This makes further
interpretation of any results difficult. As illustrated by other authors, care
should be exercised when interpreting breath volatile concentrationseis cas
where the inspired volatile concentration is greater thafl ®®5% of the
exhaled concentratién There are several factors that may have led to a
relationship between inspired and exhaled volatile concentrations, however, i
is important to remember that due to the lack of previous reseamlthese
volatiles in breath it was not known whether they would be produced in the
lungs due to local inflammation, emitted by bacteria in the lungseted via

the lungs due to their presence in the systemic or bronchial circulation, or not

detected at all.

Firstly, inspired concentrations of some VOC have previously been shown to
influence expired concentratiofi§'®°**’ thus it is possible that exhaled breath
concentrations here merely reflect inspired volatile concentrationgirdds
concentrations in this study are very low, far lower than those commented on in
the articles mentioned above, and a recent study has shown thattity,hea
spontaneously breathing adults, low atmospheric inspired HCN concentrations
did not affect exhaled concentratiotfs arguing against this level of inspired
HCN affecting exhaled concentrations. It has already been shownhthat t

apparatus used for breath sampling did not emit compounds at m/z peaks
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relating to HS or HCN (Chapter 2.3.2.but it is possible that re-breathing of
volatiles occurred around the breathing circuit filter. This phenomenen wa
described in a study in the operating theatre, where fresh gas passing through
the filter on inspiration released volatiles from the breathing cifdit that

had accumulated during expiratidh It could not have occurred in all patients

in this study, however, because a breathing circuit filter was neayal

present.

Secondly, inspired and exhaled volatile concentrations may have been in
equilibrium because very little or ng;8 or HCN is present in human breath in

the setting of critical illness. This is backed up by the lack of differe
between healthy subjects in the operating theatre setting (Chajied #) the

ICU. Furne et B?®? demonstrated an atmospherigSttoncentration of 1.6 ppb

and exhaled breath concentrations around 0.33 ppb above atmospheric
concentrations. Despite analysing oral breath samples, after a botdthith

the mouth open to prevent contaminationStdoncentrations are comparable
with this study. Inspired and nasally exhalegSHoncentrations were also
similar to those of a study of healthy subjects by Dumfi¢émedian inspired
concentration 0.5 ppb, exhaled 1.1 ppb) and inspired HCN concentrations were
comparable to those seen in previous W8rk> Group median exhaled HCN
concentrations in this study seem to be lower than in studies olynaxdadled
breath in spontaneously breathing healthy volunteers (0.76 ppb versus around 2
ppb)*°**1but similar to nasally exhaled breath of subjects with CF who were
not colonised by P. aerugindsa The higher concentrations in spontaneously
breathing subjects may be a result of oral contamination of nasal breath
samples, for example if an oral inspired breath was taken before a nasal

exhalatior’® or if swallowing occurred before sample collection.

Lower concentrations of exhaleg$and HCN were seen in this study than in
orally exhaled breath in other studi®s*?**3*hecause the ETT bypassed the
upper airways, therefore preventing contamination of breath samples agth H
and HCN produced in this area. Both compounds are highly soluble and it is

likely that at least some gas exchange occurs in the airwégs than just the
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alveoli™’, therefore the presence of the ETT may also have resulted in a

reduction in gas exchange in the upper airways.

6.4.2. Bacterial production of H,Sand HCN in breath

As briefly mentioned above,,8 and HCN may not be produced in the lungs at
all, or not in high enough quantities to be detected by this breath collectd
analysis method. No patients had evidence of colonisation or infection with
Pseudomonas species, either in the chest, urine or skin, so it is nbteptss
draw any conclusions about whether HCN may be elevated in breath or blood
due to the presence of bacteria known to produce HCN ittt The lack

of P. aeruginosa detected may be due to several factors; none ofiémspat
enrolled had hospital acquired or ventilator associated pneumonia, where
infection with P. aeruginosa is more common than in community acquired
pneumonid’® or COPD or bronchiectasis, specifically no patients with CF,
with known P. aeruginosa colonisation, as none were present on the ICU

during the data collection period.

H.S is produced by several bacterial species in vitro, including Eehlze

coli, Streptococcus pneumoniae, Staphlococcus aureus, Neisseria nwgingit
and Proteus speci®§®** The production of b8 by Legionella species and
Haemophilus influenzae has not been investigated. These species were
predominant in the pneumonia patients investigated, thus it is umdhegner
breath HS concentration would be expected to be elevated. It is possible that
H,S was produced in the lungs by pathogenic bacteria, but did not reach high
enough quantities to be detected in single breath samples without pre-

concentratiorr”.
6.4.3. Systemic and airways production of H,Sand HCN

Hydrogen sulphide

Endogenous k5 is produced from cysteine, cystathionine and/or homocysteine
by the action of the enyzymes CSE and &BSoth expressed in human
airway smooth musct® where HS appears to inhibit airway smooth muscle
proliferation and production of the pro-inflammatory cytokine ff28Despite
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studies showing lower serump$llevels in patients with acute exacerbations of
COPD compared to stable COBD?® and in pneumonia compared to healthy
control€®, no studies have been performed to examine bregBhlévels in
humans during episodes of pulmonary infection. In a small study of patients
with septic shock, plasma,H concentration was significantly higher than in
healthy contro®*, but breath concentrations were not measured, and
unfortunately the authors give little clinical information about thesemat It

is therefore not possible to determine whether breath concentrationg reflec
airway or lung tissue ¥$ production or systemic production due to systemic

inflammation or cardiovascular instability.

In contrast to the studies above, there was no significant difference th brea
plasma HS concentration between patients with pneumonia and those with
pulmonary infiltrates caused by other conditions. There was also no sighifica
difference in breath or serumy®l concentration when patients with SIRS and
sepsis were compared to those without SIRS or sepsis, respectivelynashis

be due to the low numbers in the study, or because breath levels were too

to be quantified in single breath samples without pre-concentratiore 8bm
the less unwell patients in the cohort still had higher lesElmflammation

than healthy subjects so there may not have been enough difference se disea
states to see a difference inSHconcentration. Many patients with pulmonary
infection, where plasma43 may have been expected to be 16%&f"?% also

had septic shock, which has been seen to increase plagneohRcentrations

in human&™ and animal modef§'2%* thereby cancelling out the effects. It is
also unclear whether the use of inotropic and vasopressor support administered
to some patients may have affected the concentration of plagBa¢ to

modulation of the cardiovascular system.

Due to the high levels of inflammation in the patients from whompses

were collected in the ICU, it would be expected that there would be a
difference between these patients and healthy pre-operative controls. There was
no difference in breath 43 concentrations between these two groups; serum
H.S concentrations were lower in ICU patients than healthy patientshibut t
difference did not reach statistical significance. Again, thiscchiave been
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due to small numbers in the study, or as a result of issues surroungng H
analysis in blood, which will be discussed later. Despite low serum
concentrations in anaesthetised controls, blood samples were taéeropr

anaesthetic delivery so any drugs given or changes in cardiowvascula

parameters would not have affected blood results.

In contrast to the study by Chena#f®, where a weak inverse correlation was
seen between plasma$iand CRP in patients with pneumonia and COPD,

there was no relationship between CRP and plasg8artHhis study.

There was no correlation between breath and artestalcncentrations in this
study. This may be because plasma concentrations were low and &myicys
H,S produced was rapidly scavenged and bound to methaemoglobin
(metHbf®? therefore it could not be excreted in breath. Another possible
explanation is that, like NO, any,8 in breath is produced in the airways
themselves, in which case a relationship between breath and aplasm
concentrations would not be expected. There were a few exhaled breath
samples containing an,8 concentration above the inspiratory concentration
and without a corresponding high plasmgtoncentration. These were likely

to have been true high readings, rather than being influenced by high
corresponding breath acetone concentrations; all but one breath sample
contained an acetone concentration of less than 2000 ppb, which is unlikely to
have been high enough to significantly reduce the number of precursor ions
available and affect the concentration calculations of the SIFTAgi®ument
(precursor ion stripping is discussed in Chapter 3.4.5.).

Hydrogen cyanide

A significant difference in breath HCN concentration was observed when
patients who fulfilled the criteria for a diagnosis of SIRS were coetpéo

those who did not; the absolute difference in median breath concentrations was,
however, very small and there was overlap between the two groups. The
difference may not have been clinically significant and it was ased that
fluctuations in breath HCN concentration over time did not appear todiedel

to changes in an individual patient’s clinical condition.
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There was no difference between breath concentrations in ICU patients and
healthy anaesthetised subjects; however the range of concentratidmgveas

in the ICU cohort. This may be a consequence of a greater number of smokers
in the group of ICU patients compared to healthy volunteers, although smokers
were not excluded. Patients with high breath HCN concentrations, or serum

HCN concentrations exceeding physiological levels, were all smokers, which is

almost certainly the cause and will be discussed in Chapter 6.4.4.

The production of HCN by neutrophils has been demonstrated irf*%itfd

but not in vivo. In studies of sodium nitroprusside administration during
general anaesthesia, HCN could be detected in breath when the plasma
concentration was high and there was a relationship between the twoa Onl
small proportion of HCN remains unbound in plasma, allowing it to cause
toxic effects, with 98% being strongly bound to metff® That remaining in

the plasma is detoxified when it travels into the tissues andngeded to
thiocyanat&®*** This means that, if much lower levels of HCN are produced
than seen in poisoning, for example in this study, it is possible/é¢ngtlittle

HCN will be present in plasma due to a combination of binding to metHb and
conversion to thyocyanate, thus no HCN will be excreted in breath. Rlyvea
positive correlation was seen between breath and arterial HCN coticeistra

in this study, however this may be due to the low concentrations in each type of

sample.

The quantification of HCN in blood was only available during the lattdérdfial

the study so a limited number of patients had samples analysedandhisave
affected the ability of this study to draw any conclusions regarding tisena

of blood HCN concentrations. Unfortunately, HCN concentrations were not
analysed in the blood of the healthy anaesthetised volunteers, so cmmpari
with patients in the ICU was not possible.

6.4.4. Effect of smoking on H,Sand HCN concentrations

Hydrogen sulphide
No significant difference was seen between breath or arterig@ H

concentrations in smokers versus non-smokers. This is in contrast to two
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studies of subjects with COPB and asthma (reviewét), in which smokers

in the disease group or healthy controls displayed lower serySh H
concentrations. In both of these studies, there was a negative correlation
between serum % concentration and the percentage of sputum neutrophils,
although no breath samples were taken. There is evidence of neutrophilic
inflammation in exhaled breath condensate of smdKemshich may explain

why they have lower plasma$§l concentrations than non-smokers.

Another study by Chen et &' showed conflicting results, with higher serum
H.S concentration and CSE expression in lung tissue of rats exposed to
cigarette smoke compared to controls. In this and another study in rats, the
administration of HS appeared to improve inflammation caused by cigarette
smokeé®?4 |t is possible that the response to cigarette smoke in rats is not
identical to that in humans, or that the type of exposure caused an acute

response that is different to that of chronic cigarette smoking.

H,S might be expected to be detected in the breath of smokers as it is present in
small quantities in cigarette smdRé though the concentration may be too low
to enable quantification in breath by SIFT-MS if the last cigants smoked

several hours or more ago.

Hydrogen cyanide

There was no significant difference in day 1 breath HCN concentration
between smokers and non-smokers, however one smoker had a breath HCN
concentration over ten times higher than the group median concentration for
two days. Unfortunately, no information was available about the time ahterv
between the last cigarette smoked and the time of breath sgmplay 1
samples should give highest chance of detecting differences assauittted
cigarettes and would be expected to reduce as time from lagsettega
increases. Four smokers were responsible for the eight arterial HCN
concentrations above physiological levels, gradually decreasing tiover
There were no other important differences between these patients aedtthe

of the cohort, therefore it is likely that smoking was the cause ofi¢hated

concentrations.
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Not only is there evidence for the presence of HCN in cigarette smoke
itself?3185188 byt higher exhaled HCN concentrations have also been see in
oral breath sampl&S$9**and blood samples of smokers compared to non-
smokeré”, supporting the results of this study. Higher plasma thiocyanate
concentrations have been seen in smokers than non-sioR&rgresumably

due to detoxification of HCN inhaled from cigarette smdkePlasma
thiocyanate concentrations have been seen to decrease slowly, takingdup t
days to return to normal after smoking cessation, though the duration of
reduction in breath HCN concentrations is unkn$tvn

6.4.5. Possibleerrorsin breath sampling and analysis

Minor variation in HS and HCN concentrations seen in this study may be due
to errors in the sampling and analysis process, thus not clinicatiificat.

The concentrations of 43 and HCN were very low, nearing the lower limit of
detection of the SIFT-MS instrument, so any small errors in absolute
concentration would have resulted in large percentage changes. Significant
differences and relationships produced by the analysis of both volatiles
sometimes reflected very small differences in median concentrafidres
results may, therefore, not be clinically significant and may refitectact tha

numerous analyses were conducted.

Another possible explanation for the low concentrations of exhaled eolatil
detected is loss due to the sampling apparatus or breathing circuit. Owing to the
high solubility of HS and HCN, if water droplets form due to condensation of
humid breath the volatiles will be dissolved in the droplets and cdmnot
measured in the gas phase, falsely lowering the concentration observed.
Condensation could have occurred in the breathing circuit itself (not all circuits
contained a humidifier) or in the collection apparatus, which was notcheate
prior to sample collection. Tedlar bags containing breath samples were
immediately incubated to try and prevent condensation of samples and
analysed as soon as possible to reduce the chance of volatileelg$shépter

2 for further details). Some sample was probably lost due to sticking to the
inside of the ETT and ventilator circuit tubing, breath collection tulpog)p,

and Tedlar bags, as well as being removed by adhering to the biolfi¢gcal
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in the collection process. Unfortunately it is not easy to quantifgfdhis loss

and it is not routinely reported on in studies of breath volatiles. Any reducti

in volatile concentration would have occurred in inspiratory as welkhaled
samples, therefore the relationship between the two sets of samples is not likely

to have been significantly affected.

6.4.6. Exhaled H,Sand HCN concentrationsfollowing surgery

A significant difference was identified between breathSHand HCN
concentrations in ICU patients with pulmonary infiltrates compared tenpsit
admitted to the ICU following cardiac surgery. Post-operative breathilgola
concentrations were higher, but overlap in concentration range between the two
groups prevented their separation on the basis of breath volatile [Ekele

was also a patient with pneumonia who had an orthopaedic procedure whilst in
the study, where the exhaled3Hand HCN concentrations were elevated post-

operatively.

There seems to be an increase in inflammation caused by undergoirggcal
procedure, which may be reflected in an elevation in breag ahd HCN
concentrations. Any changes seen in this study were, however, confounded by
changes in breath acetone concentration, thus interpretation of the difference
between ICU patients and post-operative patients is difficult. As begen
discussed in Chapter 3, corresponding breath acetone concentrations were very
high in the post-operative group and were likely to have caused problems in the
calculation of volatiles at much lower concentrations by the SMIST-
instrument. Precursor ion stripping is unlikely to have occurred in patietfits wi
pulmonary infiltrates as breath acetone concentrations were sometimes 100

times lower than in the post-operative group.

6.4.7. Analysisof H,Sin blood samples

Samples for BB sampling were partially processed in Christchurch Hospital,

then frozen and sent in batches to Canterbury University on the othesf side

the city for further processing using the protocol most widely useddan th

literaturé®®. This method may measure ‘free’ Hp,S and also k5-derived

species at physiological pH (H8nd $). It is comparable to other techniques
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used to measure )8 concentration; the main one used in human studies

involves a sulphide-selective electréde>{reviewed.

Plasma HS concentrations were low in all parts of this thesis, lower than in
other studie®>?8"289357 Healthy control subjects in these studies had plasma
H,S concentrations greater than 40 pmol/L, compared to 12.8 pmol/L in
healthy anaesthetised patients (Chapter 4) and 10.5 pmol/L in ICU patients

with pulmonary infiltrates in this study. Due to a lack of data, the nalange

for plasma HS concentrations in humans is unknown. Five patients with sepsis
in a study by Li et af®* had a mean plasma$concentration of 150 pmol/L,
children with postural orthostatic tachycardia syndrome 100.9 umol/L357, but
patients in two studies by Whiteman et al. involving patientdh Wnee
effusion§® and lean healthy mé&¥# had plasma concentrations 3%umol/L.

The cause for the discrepancy in plasm& ldoncentrations is unclear. Low
plasma HS concentrations in patients with all causes of pulmonary infiltrates
may be due to high levels of pulmonary inflammation, however concentrations
did not seem to change over time with clinical condition or treatraedtthis

does not explain the low concentrations seen in anaesthetised coftls.
measurement of plasma$iconcentration in ICU patients does not seem to be
useful in the diagnosis of pneumonia, sepsis or degree of pulmonary or
systemic inflammation, and cannot be used to track changes igaklin

condition.

There may have been errors in blood sample processing. Firstly, sareptes w
centrifuged as soon after collection as possible, within a few miraitesugh

due to the volatile nature of ;8 this delay may have allowed time for
reduction in HS concentration due to volatilisation or aerial oxidafion
Secondly, samples were spun down for 15 min, during which time the
centrifuge was not cooled, thereforeHcontained in the sample may have
degraded, with a possible further delay of around 10 min between centrifuging
and plasma pipetting. Plasma samples were initially frozeP6aC-for several

days, before being transferred and frozen at -80°C. Samples were then
transported across the city in an insulated box with ice, which may have

permitted a degree of thawing in transit; again, this may haveolsdmple
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degradation. Interestingly, when a group of samples were processed as above
and identical samples had the first processing step (the additiomccdcgtate

to enable the formation of stable zinc sulphide) performed at Christchurch
Hospital prior to freezing, there was no significant difference i85 H
concentration between the matched samples (data not presentedinlias

that sample concentration was not significantly affected by being transported to

Canterbury University on ice.

6.4.8. Central venousand arterial blood samples

Arterial blood sampling was used in this study because it wasstr®d method
for blood sampling in Christchurch Hospital ICU. It was non-invasive as/ev
patient had an arterial line inserted on admission to the ICUdiatintious
blood pressure monitoring. By taking all of the patient’s daily blood samples at
the time of breath sampling as well as study specific santplesjolume of

blood aspirated was minimised.

Most patients also had a central line inserted for the administration of
medication. It is possible to take blood samples from this lineehemit is
necessary to stop infusions first so that blood results are not diluted, which
affects a patient’s treatment. When taking samples from either line, the first 5-

10 ml blood aspirated must be discarded due to possible contamination,
therefore the collection of blood from both the central venous and arteesl i

involved the removal of up to 40 ml blood per day.

For the reasons above, central venous blood samples were not routingly draw
and comparisons between matched central venous and arterial Savepde
made in only a small number of patients. Despite this, there didppa&ar to

be a significant difference between the concentrations,8fathd HCN from

each site. There was no particular pattern of one site having muesured
volatile concentrations than the other, thus arterial blood samplingsedsiu
preference as it was more convenient than central venous sampling. The lack of
difference between central venous and arterial concentrations meanssthere i

unlikely to have been a significant difference between peripheral vemals
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arterial concentrations, thus blood samples taken from healthy anesesthet

controls and ICU patients should be comparable.

6.4.9. Summary

Exhaled HS and HCN were detected at very low concentrations in the group
of intubated and ventilated patients in the ICU with new pulmonary iné#ra

on CXR. The relationship between inspired and exhaled concentrations makes
any further analyses difficult to interpret. There was no relationséiween
breath and arterial 2% concentrations, and only a weak relationship between
breath and arterial HCN concentrations, therefore the concentrations of these
volatiles in exhaled breath do not reflect concentrations in thesnsigst

circulation.

Higher blood HCN, but not breath, concentrations were seen in smokers than
non-smokers, however concentrations could not be used to distinguish between
the two groups. k6 and HCN concentrations in breath could not be used to
distinguish between patients with pneumonia and other causes for pulmonary
infiltrates on CXR, between patients with differing levels of system
inflammation or organ failure, or between patients in the ICU or healthy

anaesthetised controls.
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7. Discussion

7.1. Summary of findings

The analysis of breath biomarkers to detect or monitor pulmonary
inflammation or infection and metabolic dysfunction is attractive dugsto
non-invasive nature and the ability to provide results rapidly, repeatably
accurately and in some cases in real finfde challenge rests in identifying

useful compounds to act as biomarkers.

Many factors confound the results of breath testing, including those involved in
the collection and analysis of samples, patient and environmental factors
particularly the effects of inspired VOCs. Apart from the analysisxbaled

NO in asthm&, no agreed method of breath sampling or standardisation of
results exists**"*%°2% Unfortunately, it is not possible to control all of the
elements above, which affect different VOCs in different ways, therefore i
may be necessary to develop several standard techniques for indiadual,
groups of, trace gases. A “Task Force” has recently been set up to explore these

areas and hopefully, with the support of the breath research community, will

find some solutiorf§®.

In this thesis, a technique was developed to allow the collection eéxdraded
breath samples repeatedly, reliably and safely from mechanicallyatedti
patients in the ICU and from anaesthetised patients in the opeteatatge. As

with other breath studies involving patients in the ICU, due toiteeds the
SIFT-MS instrument it was necessary to perform analysis offire the first

part of the study, two different breathing manoeuvres at two breath sampling
locations were investigated, and the most appropriate technique chosese for

throughout the rest of the thesis.

Breath sampling directly from the airways is appealing, as it sheualdce
contamination and dilution due to dead space in the endotracheal tube (ETT)
and ventilator tubing. However in practice, with the equipment availatthe

Christchurch Hospital setting, there were significant difficulties wiils t
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method due to air leakage and loss of tidal volume, preventing its geen

patients. Sampling from a T-piece was, therefore, preferred.

Delivering a recruitment-style breath to a patient, mimiclangtal capacity
breath, was possible in most cases, but required knowledge and skill when
adjusting ventilator settings. Pressure-controlled rather than vatonteslled
breaths were delivered to reduce the risk of barotrdimhowever that
resulted in higher inter-individual variability in breath volume when gared

to tidal breath volume. The increased variability makes the method less suitable
for use in further studies. Due to its high solubtfity end-tidal acetone
concentration was slightly higher than end-exhaled concentration afte
recruitment-style breath. No significant benefit was observed in the
repeatability of breath acetone measurement with the delivery oftraentt

style breaths, so end-tidal T-piece sampling was chosen.

As in other studies of breath acetone, including in healthy

individua|55,105,115,167,168,196

there was high inter-subject variation in breath
acetone concentration, greater than intra-subject variation dtfaibging the
location of breath sampling or breathing manoeuvre. This was ndbfek

important in this part of the study as patients acted as their own controls.

Very high breath acetone concentrations appeared to affect concentration
calculations of HS and HCN by reacting with most of the precursor ions. This
problem may not apply to analytical methods other than SIFT-MS and PTR-
MS and may have affected analytes present at higher concentrateihssser
extent; if the absolute error was the same it would have represesieallar
relative error. Salbutamol administration during breath collection caused
similar effects. It is therefore advisable not to collect breamples for 10 min

following inhaled medicatioti®3**

Due to the potential effects of recent surgery, other causes of inflaannoat
drugs on breath VOC concentrations, there was no suitable control group of
patients in the ICU. A group of healthy volunteers awaiting surgery wa
selected so that breath samples could still be collected fraobated

individuals. It was therefore necessary to validate an off-line bredléciion
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method in the operating theatre, comparable to that used in théiClsing

total intravenous anaesthesia (TIVA) and a relatively high inspyrajas flow

rate, fixing the anaesthesia machine settings and not altéremg between
patients, and breath sampling as close to the patient as pospbbeluble

and reliable results were obtained. The same drugs, or classes of drtays, w
used for intubation and TIVA as for sedation and paralysis in the ICU cohort,
therefore reducing the number of confounding factors. The control group
contained a larger proportion of women than the ICU group, due to the types of
surgery for which TIVA is appropriate, and a slightly lower proportion of
smokers. A few control patients had obstructive spirometry, which is likely
have been similar in the ICU group, although it was not possible torrmonfi

this by performing spirometry in patients with critical illness.

This is believed to be the first study to investigate the chanda®ath VOCs

over time in patients with critical illness. Breath acetoorcentration tended

to decrease over time, being significantly higher in ICU patients offirdte

day of sampling than in fasted controls, however there was significanapverl

in acetone concentrations between the groups. The concentration appeared to
rise in association with surgéfy'® deteriorating clinical condition and low
feed intake, as a consequence of reduced input or poor absorption as
determined by high volume gastric aspirates. This would be expected due t
the  known relationship  between  acetone concentration and
fasting®*%2"#28.230.232 |nitia| breath acetone concentration was not related to
outcome measures, such as mortality and length of stay, or other markers of
inflammation and organ dysfunction. As in previous studies, there was no
difference in breath acetone concentration between patients with, campare
without, pneumoniaand in those with sepsis compared to those withduit

the study by Schubert et % lower blood acetone concentration was reported

in patients with sepsis, which was not seen in this study. A Isligigher
acetone elimination rate was previously observed in patients ARDS
compared to those without the diagndsigthough the difference did not reach

statistical significance and was not replicated here.
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Irrespective of the type of blood sample, there was a relationship Ibetwee
breath acetone and blood acetone and beta-hydroxybutyrate concentrations in
both ICU patients and anaesthetised corftrofs 2>23%2%2The relationship was

not lost in patients in the ICU who would have had higher degrees of
pulmonary dead space and sHdAt Unlike the study of O’Hara et al.'*,

there was no difference in the correlations of breath acetone with pgaftiphe
venous versus arterial blood concentrations. Identical acetone conoestrati
were observed when a small number of matched peripheral venous and arterial
blood samples were compared. These results confirm those of other studies
suggesting breath acetone could be useful as a non-invasive marker of

ketosig 11519

Breath HS and HCN were detected at very low ppb concentrations in ICU
patients and controls, comparable to previous studies reporting nasallgcexhal
breath concentrations in patients with bronchiectasis and healthy
controlg®?1°1223262 Breath concentrations of these two volatiles were related
to inspired concentrations; in fact exhaled and inspiratory concentratioas we
similar, which makes interpretation of breath results difffLiltBreath
concentrations could have been truly low, or reduced due to adsorption onto
the inner surface of the pump and tubing during sampling. No patients had
confirmed infection with P. aeruginosa, so HCN concentrations would not be
predicted to be elevated for that reaSoi® Systemic HS and HCN may

have been at low enough concentrations to be completely scavenged by
metHE*??%® thus not easily detectable in breath. As the first study to look at
breath HS and HCN concentrations in mechanically ventilated patients, the
hypothesis was that breath concentrations would be higher in patiehts wit
pulmonary infection if they behaved in the same way as''N¢&
Unfortunately, this was not observed and neither of the trace gases could be
used to distinguish patients with pneumonia, or sepsis, from those witlkeout th

conditions.

There was no strong correlation between breath and ble&daAd HCN
concentrations or relationships with conventional markers of infection and

inflammation. Unlike studies of plasma$i concentration in individuals with
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COPD and pulmonary infection, in which infection was associated with lower
plasma concentratié%?®® there was no difference in plasma,SH
concentration in patients with pneumonia compared to those with an alternative
pathology. There was also no difference in plasm& ldoncentration in
patients with sepsis compared to other diagnoses, in contrast to a small study of
patients with septic shock in which plasma concentrations wghé®hilittle
information is reported on the nature of the infections or the respiratory and
cardiovascular status of the patients in that study, therefore rdoatcens may

have been high due to vascular dysfunction, which was not the casesmati

in this thesis. Of note, plasma%$iconcentrations in ICU patients and controls

in this thesis were low compared to previously reported concentrations in other
human studig§®28>287289.357.38rha cayse of this discrepancy is unknown and
may relate to patient factors, or the way in which samples were peaces

(discussed in more detail in Chapter 6.4.7).

As in other studies, smokers appeared to have higher plasma HCN
concentrations than non-smokers. Higher initial breath HCN concentrations
were also seen in smokers, although this difference did not reach csthtisti
significancé®923%! Unfortunately, HCN concentration was not measured in
blood samples from healthy controls, so the relationship may have been due to
other illness factors. Previous human studies have shown lower plgsna
concentrations in smokers than non-smakéfé’ however the relationship
was not seen in this study. The differences may relate tontivegtiof sample

collection after the last cigarette.
7.2. Limitations of the study

7.2.1. Study population size

One of the limitations of this study was low patient numbers, pantigutathe

first ICU investigation and in the subsections of the control group stuay- Int
subject variation in acetone concentration was greater than expectéigher

than intrasubject variation due to changing the location of breath sampling or
breathing manoeuvre. Patients acted as their own controls, enabling

conclusions to be drawn about the effects of altering the samplingolocat
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breathing manoeuvre, however a larger study population may have permitted
more specific results of the absolute or percentage change in acetone

concentration with different sampling techniques.

Only small numbers of patients were recruited to each of the sulrseathen
validating the breath collection method in the operating theatres Whs
because each of the tests was time consuming and needed to betezbmple
before the start of the surgical procedure, thus it was not possible to perform all
of them in every patient. It was necessary for the anaesthetistiegebn to be
happy for these tests to be carried out without delaying the flow @Enpat
through the operating theatre. It was not possible to quantify the effects of
altering the APL valve, changing the inspiratory gas flow rate samdpling

from each side of the biological filter, nevertheless it was pestbtonclude

that making alterations did affect inspired or exhaled acetone conmerdyat

highlighting the need to keep settings the same in order to compare results.

7.2.2. Inability to collect breath samples from spontaneously

breathing patients

A problem with the method of breath collection developed was tinaplea

could not be obtained from spontaneously breathing patients. It did allow the
delivery of recruitment-style breaths, which would not have beenbb®st

the patients’ breathing had not been controlled, however it resulted in the
curtailment of breath sampling in the ICU cohort during the final study. This
was partly a consequence of the flow rate of the hand-held pump, which wa
measured at 1.8 L/min. In order to collect a large enough breath sample for
analysis using this pump flow rate, it had to run for 4 sec, longer tihe
duration of an exhalation. It should be possible to use a pump with a faster flow
rate, as long as it did not induce coughing, to obtain samples from patients with

faster respiratory rates (discussed in more detail below).

7.2.3. Timing of breath sample collection

End-expiratory breath samples were collected by turning off the anaasthes
machine or pressing the respiratory pause button on the ICU ventilator and then

collecting samples. A patient’s residual volume could not be calculated, and
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may have differed between patients, possibly affecting breath VOC
concentrations. It should be noted, however, that in mechanically tedtila
patients breath acetone concentration was not significantly different when
mixed breath and C@&controlled alveolar breath samples were comparEte
timing of breath sample collection using the capnography trace would vet ha
been possible as it did not change quickly enough to allow samplié®a
plateau and there would not have been sufficient time betweerhdbrizat
adequate breath volumes to be collected via the pump. Ac@@@rolled
sampling device was not available, so the technique was develmpetett

end-expiratory breath using readily available equipment.

7.2.4. Off-linebreath collection

Due to the physical limitations of the SIFT-MS instrument, it walspossible

to perform on-line analysis of breath samples, therefore there werennhere
problems with collecting and analysing samples offllinéhe method
developed allowed rapid but not real time breath analysis and did not permit
the selection of different parts of the respiratory cycle, which isiljess
breath is sampled continuously on-fiffe®”2%8210337) gsses of around 25%
were seen with all analytes due to breath collection and starages istudy.
These losses are comparable to other studies using Tedld*H&gs° All
breath collection methods, on-line and off-line, involve some loss or
contamination of samplé¥’, but this is not always investigated or mentioned

in research articles. Long sampling lines for on-line analysisalgth show a
degree of loss of sample due to adsorption onto the inner surface of the tubing
and due to reduction in humidity of the sanpié”” condensation preventing
volatile in water droplets being measured. By quantifying the logssrstudy

it was possible to correct inspiratory and exhaled acetone concamgrati

allowing better comparison with other studies.

7.2.5. Arterial versusvenousblood analysis

Peripheral venous blood was drawn in control patients and arterial blood in
ICU patients, which may have had an impact on the relationship between
volatiles in breath and blood and the ability to compare the two groups. The
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difference was due to the presence of an arterial line for continuous blood
pressure monitoring in ICU patients, which made arterial sampling non-
invasive, and was the source of blood for routine tests, thereforeehtiia

blood needed to be drawn for the study itself. Peripheral blood sampling was
preferred in control patients due to increased levels of safety and cemueni

In the small number of patients where contemporaneous central venous and
arterial blood samples were drawn, there was little or no differen&OIC
concentrations. This is in contrast to a previous stddyhere a stronger
correlation was seen between breath acetone and arterial versus peripher
venous concentrations. It is not clear whether differences in spontaneously
breathing compared to mechanically ventilated patients would affest t

relationship.

7.3. Futurework

There are several ways in which this work could be developed and tleese ar
discussed below. Firstly, further study is required to confirm the resuttgsof
pilot and secondly, to investigate these trace gases in ssuailargs to explore

their usefulness as biomarkers in clinical practice.

7.3.1. Increased numbers of study participants

It would be important to repeat the breath collection and anagammigue in
another ICU to explore its reproducibility by other researchers or clinicians in a
similar group of patients. Due to high inter-individual variability, matarly

in breath acetone concentrafidfp:**>167:168.196.23§¢ \yould also be interesting

to study the effects of respiratory pattern and cardiovascular

parameters’”***!"lon breath VOCs in a larger group of patients.

7.3.2. Rebreathing around the biological filter

The study by Hornuss et.¥’ was published after the collection of breath
samples in this study and reported high isoprene concentrations in inspiratory
breath on the patient side of the biological filter in the breathingitm€wan
anaesthesia machine. The authors felt that inspiratory gas sariiphmghat

site, rather than from next to the ventilator outlet, more closely teflethe
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actual inspired concentration due to rebreathing of VOCs around the filter.
Rebreathing of isoprene was not seen in a similar study of ventilated patients in
the ICU, however a filter was not used in the cifcliitThe inspiratory gas

flow rate of the anaesthesia machine was not reported, thus this phenomeno
may not have occurred in the studies of this thesis due to the use igEhelat
high gas flow rates in the operating theatre and the use of ICUatergithat

do not use a rebreathing technique.

It would be useful to explore the possibility of rebreathing of acetoste ardd
HCN around the biological filter, by comparing inspiratory breath from the
ventilator outlet and from the same location as the collection ofezkhaeath
samples in both ICU ventilators and operating theatre anaesthesinesa

using the high flow rates used in this thesis.

7.3.3. Breath acetonein stress hyperglycaemia

Stress hyperglycaemia is common in patients in the ICU, partigulaoke
with sepsi€® and is treated with exogenous insulin. The optimum feed rate for
patients in the ICU setting is unclear, although both overfe&tiihgnd

significant underfeedirfg*°*

appear to be detrimental. The SPRINT method

of treating stress hyperglycaemia is unique to the ICU in Christchurch
Hospital, New Zealand, and involves the modulation of feeding alsasel
insulin administratioff"*> The system was developed by using computer-based
modelling of previous insulin handling, including calculations of insulin
sensitivity. It has been shown in this and other studies that breath acetone can
be used as a surrogate for blood concentrations, which could be an easily

repeatable and more reliable measure of kétGsis

If breath acetone could be monitored much more frequently than once daily in
patients with stress hyperglycaemia, then further investigaittorthe possible
usefulness of acetone in the modulation of feed and insulin would be possible.
This may be particularly important in the group of patients reported $n thi
study who remained ketotic despite normal, or near normal, blood glucose
concentration. These patients may require increased carbohydrate feeding and

insulin to reduce fatty acid metabolism.
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7.3.4. Themetabolic stress of surgery

Further studies of acetone in post-operative patients, especially cogpari
blood and breath concentrations to explore the relationship at higher breath
concentrations, would be beneficial. It would be useful to enrol largebensm

of patients to compare breath acetone concentrations with diseaesetys
scores and outcome measures to investigate the relationship betwabalime
stress and organ dysfunction or length of hospital stay. Further investighation
acetone concentrations may help to explain the metabolic strasgefysand
identify patients who require more intensive monitoring or changes to
treatment, including particular types of surgery where patients beagfit

from pre-operative carbohydrate rich drifiks**

7.3.5. Breath sampling in spontaneousdly breathing subjects

Using the method of breath collection described in this study, it veas
possible to obtain breath samples from spontaneously breathing subjects, as
discussed above. In order to increase the number of days a patient could
provide breath samples for, and to allow the inclusion of patients who do not
require controlled ventilation at all, a method for sampling in thesenpsti
could be developed.

As previously mentioned, it may be possible to use a hand-held puim@ wi
faster flow rate so that the same volume of breath could be cdlleger a
shorter time. Suction units used in the ICU to remove airway secretyons b
passing a catheter into the ETT had a flow rate of 4.8 L/min when measured by
a pneumotachometer (pressure 60 kPa), therefore suction pumps up to this flow
rate should be safe to use. It may permit breath sampling in patiémtaster
respiratory rates than observed in controlled ventilation, as long eas th
investigator’s reaction time for operating the pump was quick enough and the

delay before suction was initiated was short. It still may not aBawple
collection over a single breath in patients with very rapid respyattes,
therefore it may be necessary to collect several breath samiete same

bag so that enough gas is available for analysis. This brings up fisshes

that would have to be investigated, for example how many breaths should be
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collected or over what time peribd. Multiple breaths into the same bag may
increase dilution by any dead space in the cit&uihowever this should be
less of a problem due to the collection of end-expiratory rather than mixed
breath samples, needing comparison with single breath concentrations if

possible.

If a discontinuous sampling technique was not used, an on-line monitoring
system may reduce VOC losses and enable the selection of theopbesath

of interest for analyst§®2%7 298210337 Another benefit of an on-line method
would be the ability to apply it to the analysis of both spontaneous and
controlled breathing patterns, though this would require further specialist
equipment and validation, and at present would not be feasible duediaghe

of instruments. If the size of on-line MS instruments was reduced yf@sof
analysis would be attractive for monitoring changes in breath VOCs lin rea

time, like the current practice of continuous BP ang @®@asurement.

7.3.6. Other markersof inflammation and infection

It would be interesting to look at other trace gases or groups of VOCs in
patients with pulmonary infiltrates to try to find better markers of pulmonary

infection.

Two interesting studies ofefko in ventilated patients showed promise in the
detection of pulmonary infectidi**® Unfortunately, NO is not routinely
measured by SIFT-MS as it only reacts with thé @ecursor iofiand is more
commonly measured using a chemiluminescent analjs&here is currently

no standardised method for the analysis efoFn mechanically ventilated
patient$*, as even using an off-line method the breath flow rate cannot be
controlled. Further studies that investigate breath NO concentration in this

patient group would be useful.

Differences of opinion exist within the breath research community regarding
the importance of compound identification in exhaled breath and knowledge of
the pathophysiology behind changes in concentration with disease states,
versus the appropriateness of simply looking for changes in single or grfoups

compounds as a fingerprint of disease without actually identifying fiem
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Data trawling by comparing whole mass spectra is quicker thal VO
identification but may miss important changes in very low concentrati
compounds. Identifying individual volatiles for analysis by first looking at their
biological plausibility is more time consuming, but understanding thegimori

in breath may make them more useful.

Due to multiple confounding variables in the analysis of single VOCs,
particularly those produced by metabolic processes, it is likely toetier to
concentrate on patterns of multiple VOCs and/or explore VOCs produced by
microorganisms to identify infection, possibly using qualitativéhematthan

guantitative tests.

7.4. Final remarks

In this study, breath acetone concentration was seen to correlateladth b
concentration and, using the technique described, it was possible to sathple a
analyse breath accurately, allowing the assessment of systamiona
concentration using breath. The utility of breath acetone to help modifynins
and feed administration in patients with stress hyperglycaemiaeinCQU is
worthy of further investigation if more frequent sampling is possible. Breat
H,S and HCN in the setting of new pulmonary infiltrates on CXR in
mechanically ventilated patients were not useful in the diagdsigection

and did not allow monitoring of disease progression.

Given the marked number of sources of variability when analysing exhale
volatile gases, particularly in mechanically ventilated p&giehappears to be
more important to monitor changes in concentration over time in avidoel
rather than comparing a “normal” level. Rapid sequential analysis is also
important, where repeated off-line or on-line real time analyticdinigues
like SIFT-MS will be more useful.
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