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Abstract

Hypoxia in cystic fibrosis (CF) may occur duringep, and also during exercise, chest
exacerbations and air travel. No standardised itiefinof nocturnal hypoxia in CF exists.
Theoretical evidence suggests hypoxia may havdetedieus impact on clinical status in
CF, due to effects on upregulation of pro-inflamomatcytokines, changes Pseudomonas
aeruginosagrowth patterns, and causation of pulmonary hygpeion. It was hypothesised

that hypoxia, and resultant inflammation would adeéy affect clinical phenotype in CF.

Forty-one children with CF were studied, each ugderg home oximetry before attending
for a day of clinical testing (exercise testingidufunction, respiratory and skeletal muscle
testing, echocardiography, and quality of life asssent).In vitro work was undertaken to
assess the effects of hypoxia on cell growth atetlgukin-8 (IL-8) secretion in wild-type
and CF airway epithelial cells. The effects of hyjpowere compared to a known pro-

inflammatory stimulus - lipopolysaccharide (LPS)rfrPseudomonas aeruginasa

ROC statistics were used to derive the most seasand specific definition of sleep
hypoxia in the detection of elevated levels ofaniimation (WBC, CRP, neutrophil counts
and IL-8 levels). This definition (Sp&93% for>10% sleep) was used to dichotomise the
study population. Hypoxic CF subjects (n=9) hadewltompared to normoxic controls
(n=32): lower exercise capacity, lower BMI, lowdtV, and FVC, elevated RV/TLC ratio,
and higher Chrispin-Norman scores. Hypoxic subjatsds had reduced quality of life, bone
density, and increased RV thickness on echocaragrHypoxic cell culture was
suggested to be pro-inflammatory, with increaseeB Iproduction, and synergistically

increased IL-8 secretion when cells were co-incedbatith LPS under hypoxic conditions.

Hypoxia is associated with reduced clinical weliFge and increased inflammation in
childhood CF. The paradigm exists of whether hypagimerely an endpoint of severe CF
lung disease; or whether hypoxia may be a causédster (as suggested by threvitro
work), as well as an effect of CF lung inflammati@ntrial of restoration of normoxia in
children with CF, with careful re-evaluation of atally-relevant outcomes is suggested

from this preliminary work.
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CHAPTER 1: Introduction

1.1 Research Question

The aim of this thesis was to define a hypoxic piygme amongst children with cystic
fibrosis. The principal hypothesis of the study tieat, hypoxia via up-regulation of
inflammation, may exert a deleterious effect omichl status in children with CF. The
potential mechanisms by which hypoxia may stimulatBammation are presented
throughout Chapter 1, along with discussion ofgbtential impact of inflammation driven

by hypoxia on the CF lung.

Using direct measures of inflammation, the worls smit to establish an optimal definition
of hypoxia to apply to the group (Chapter 3); ahdnt to dichotomise the group on the

basis of hypoxia to examine the association withicdl (Chapters 4 and 5) variables.

Chapter 6 tests the hypothesis that hypoxia magctyr upregulate inflammation in CF.
The effects of hypoxia on inflammation in both Gilanon-CF cell lines are explored, and
compared and contrasted to a known stimulus o&mmfhation, namely lipopolysaccharide

(LPS) fromPseudomonas aeruginasa

The study hypothesises that hypoxia may directld aiso indirectly propagate lung
inflammation, which, in turn may potentiate a dovemd/ pathophysiological spiral of
worsening disease in CF. The hypothesis is thattlobildren defined as having significant

hypoxia will be associated with adverse measuredimital status.

29



1.2 Cystic Fibrosis
Cystic Fibrosis (CF) is the UK’'s commonest lifeglatening inherited disease, affecting
over 7500 children and young adults. Average likpeetancy is quoted as 35 years

(www.cftrust.org.uk but predicted median age of survival for a baloynbin the 21

century exceeds 50 years (Dodgeal. 2007). CF is a multisystem disorder that affeces th
upper and lower airways, pancreas, bowel and reptoe tracts (Daviest al. 2007), as
well as having later endocrine (Lanng 2001) andebefiects (Ariset al. 2005, UK CF
Trust 2007).

1.2.1 CF genetics

CF is an autosomal recessive condition, caused htatians in the cystic fibrosis
transmembrane conductance regulator (CFTR) gemdmmosome 7. This gene codes for
CFTR protein, a chloride channel at the epithal&l surface which allows co-transport of

sodium and chloride along with water across theraembrane (Figure 1.1).

Figure 1.1
Normal CFTR function

ASL = Airway surface liquid
CFTR protein = Cystic Fibrosis transmembrane condutance regulator protein
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1.3 Hypoxia

1.3.1 Hypoxia and cellular respiration

Aerobic cellular respiration is dependent upon éffecient supply of oxygen substrate to
the mitochondria. The efficiency of oxygen delivasy dependent upon the interaction
between cardiac output, ventilatory responses aaethlolic factors. Cellular respiration
leads to energy production (in the form of ATP)isTis at its most efficient under aerobic
conditions, whereby 38 molecules of ATP are geeerdbor every molecule of glucose.
Adequate cardiorespiratory response is relied ugolsupply oxygen for aerobic ATP
regeneration (Wasserma al. 2004). Under anaerobic conditions, only 2 ATP moles

per molecule of glucose are produced.

Air, with 21% inspired oxygen concentration is mdugy convection through the airways
to reach the alveoli, whence oxygen diffuses outhef alveoli and into the pulmonary
capillaries. It binds to haemoglobin to form oxyheglobin and is then transported to the
tissues, where it diffuses out of the microcircolat across the interstitium and cell
membranes and into the cell, where it finally entidre mitochondria (Nathan and Singer
1999). The impact of hypoxaemia therefore is thas loxygen is available at cellular level
for aerobic metabolism leading to a shift to anb&reenergy production, which utilises

glycolysis — the catabolism of glucose.

1.3.2 Defining hypoxia

The state of hypoxia can be described on the lodsisterial oxygen tensions below 8kPa
(Mallory et al. 2005), or on the basis of oxyhaemoglobin desatumasuch that arterial
oxygen saturation (Sapare below 90% (Malloryet al. 2005). Others have suggested
higher cut off values for Satand hypoxia, for example Sa®f 93% is the point on the
oxygen dissociation curve at which small changgsGsnresult in exponential decreases in
SaQ. Extrapolation from the following graph (Figure2l suggests that a Sa@alue of
93% equates to a pOf around 70mmHg (9kPa).
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Figure 1.2
The oxygenhaemoglobin dissociation cul
[Source: Ganong WF, Review of Medical Physiologg™ Edition), 1¢89]

100 =

80

B0 —

Sa02 (%)

40

207

| I I | I !
0 20 40 G0 80 100

pO2 (mmHg)

Pulse oximetry provides the main assessment toeaxXggenation in childrerA source of
light originates from the oximeter probe at two ekngths (665nn—red and 880nm -
infrared). The light is partly absorbed by haembaio(Hb), by amounts which diffe

depending on whether it is saturated or desaturafiéid oxygen. By calcuting light

absorption at the two wavelengths the processocoapute the proportion of Hb which

oxygenated. Although freely available, and a -invasive method of assessi

oxygenation, correlation betwedarterial oxygen saturationseasured olpulse oximetry
(SpQ) and arteriaPaC, may be poor (Soubani 2001) and limits of accuraeySpC; are

+/-2% (Soubani 2001
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1.3.3 Pathophysiology of alveolar hypoxia

Hypoxia is a state of low oxygen levels, and alaedlypoxia is a reflection of alveolar
hypoventilation (West 2005). Alveolar PQP,O2) is determined by two factors — i) the
rate of removal of © by pulmonary capillary blood flow, and ii) bredly-breath
replenishment by alveolar ventilation (West 2008)e rate of removal of oxygen depends
on oxygen uptake (V€ of the tissues, so is relatively constant at test significantly

increases when Vs increased, for example during exercise.

The lung is the key link in the chain of oxygennsport from air to the tissues. Having
been taken up by the pulmonary capillaries andridiged by systemic arterial blood,
oxygen diffuses to mitochondria at tissue levelfaoilitate aerobic cellular metabolism.
Therefore, any reduction in arterial p@PaQ) must result in a decrease in p& tissue

level. For this reason, changes in Sk likely to reflect changes in tissuepO

1.3.4 Pathophysiology of hypoxaemia

Hypoxaemia refers to the state of an abnormallyRa@ due to impaired gas exchange.
There are four potential causes of hypoxaemia (\2@35), namely:

- Alveolar hypoventilation

- Shunt

- Diffusion

- V/IQ mismatching

1.3.4.1 Alveolar hypoventilation and hypoxaemia

PAO, depends upon rate of removal of oxygen by the ddtteam (a rate governed by
metabolic demand), and the rate of replenishmendxgfyen by alveolar ventilation. If
alveolar ventilation reduces, an ensuing fall gOP as well as a rise in alveolar pgO
(PACO,) will occur. The alveolar gas equation (below) used to calculate the

corresponding rise inf€0, that accompanies any fall in®.:

PrO2,= RO, - P\CO + F
R

where RO, refers to inspired oxygen concentration, R isrdspiratory exchange ratio - the

ratio of CQ elimination (VCQ) to oxygen uptake (V), and F is a small correction factor.
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Thus, alveolar hypoventilation will always resuft hypoxaemia unless inspired oxygen

concentrations are enriched.

Alveolar hypoventilation can be central in origielating to respiratory control and drive to
breathe. Such causes can be primary, for examphgeoital central hypoventilation
syndrome. Secondary causes of central hypoveptlaticlude structural changes affecting
brainstem function (i.e. Arnold-Chiari malformat&)nobesity and as a result of drug side-
effects (e.g. respiratory depression due to opia#dgeolar hypoventilation may also occur
as a result of ventilatory muscle weakness or psisl or due to increases in airway

resistance, for example in severe obstructive sipepea (OSA) (Marcus 2001).

1.3.4.2 Hypoxaemia and shunting

Shunting refers to blood that enters the artelyatesn without going through ventilated
areas of the lung (West 2005). In the healthy ldhig,includes bronchial arterial blood that
is collected by the pulmonary veins after it hasfysed its bronchi and is thus partly
depleted of @ The effect of adding poorly oxygenated blood dspes PaO Some
patients have abnormal vascular connections withen lung (pulmonary arteriovenous
malformations), whilst in those with cardiac diseasdirect addition of venous blood to
arterial blood may occur across a right to left rehthrough an intracardiac defect at

ventricular or atrial level.

1.3.4.3 Hypoxaemia and impaired diffusion

As blood traverses the pulmonary capillary, Papproaches that of thea®,. The
alveolar-arterial p@ differences in the healthy lung at rest are snfailring exercise,
however, pulmonary blood flow is markedly incregssal that the time spent by a red cell
within the pulmonary capillary is reduced to 1/3tloé resting time, meaning that the time
available for oxygenation is less (West 2005).Hé tblood-gas barrier is thickened by
disease so that oxygen diffusion is impeded, thenrate of rise of POin the red blood
cells is slower, and PaOmay not reach that of \®, before the time available for

oxygenation has run out.
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1.3.4.4 Hypoxaemia and ventilation/perfusion (V/Qnismatching

A normal V/Q ratio can be altered by changing Mation or by changing perfusion. For

example if alveolar ventilation is abolished thée V/Q ratio would be zero, whereas a
complete interruption in perfusion would lead tla¢ia to tend towards infinity. Regional

differences in gas exchange exist such that the Mdt@ is higher at the top of the lung

where blood flow is minimal, and much lower at Hwtom of the lung (West 2005).

This may be important during exercise in those witlarge dead space, where shallow
rapid respirations may accentuate these regiondd \Mismatches and promote
hypoxaemia. During infections and pneumonia, in#dnareas of lung parenchyma may

have increased blood flow, yet impaired ventilato resultant hypoxaemia may ensue.

1.3.5 Hypoxia in Cystic Fibrosis

Episodic hypoxaemia may occur at times of physiclogiress in CF, such as sleep
(Bradleyet al. 1999, Darracotet al. 2004), exercise (Nararg al. 2003), during infective
exacerbations of CF, and with air travel (Buchdzthdl. 2001).

During sleep, minute ventilation decreases and cwmyse a degree of hypoventilation.
Furthermore, V/Q mismatch may be accentuated Wgrdifices in regional gas exchange
during sleep. Finally, obstructive hypoventilatiaman contribute to hypoxaemia for

example, as a result of nasal polyps. This wiltllsgussed in more detail in section 1.3.5.2.

During exercise, as a result of enlarged physickigilead space; the pattern of shallow,
rapid respirations required to maintain alveolantitation may cause V/Q mismatch

(Godfrey and Mearns 1971). Gas exchange in therupgs of the lung is less efficient

than lower regions, and this coupled with the iasezl blood flow on exercise that may
alter diffusion kinetics, may result in hypoxaemi#is will be discussed in more detail in

section 1.3.5.3.

In a CF chest exacerbation, hypoxaemia is likelyegult primarily from V/Q mismatching.

For example areas of lung inflammation may impantiation, yet blood flow to this

inflamed tissue is increased accentuating mismdtceis. will be discussed in more detail in
section 1.3.5.4.
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During commercial air travel, both barometric ptegesand partial pressure of oxygen fall
with altitude. This means that the passenger istbimeg air with an inspired oxygen
concentration (Fig) of 15%. This alteration in inspired oxygen cortcation thus affects

the RO, and results in hypoxaemia. This will be discusseaiore detail in section 1.3.5.5.

1.3.5.1 Resting daytime hypoxia in CF

Studies have demonstrated significantly lower meating Sp@in children with CF when
compared to controls (Betancoettal. 1991). Resting hypoxia in CF has been described as
awake Sp@less than 95% (Coffest al. 1991).

1.3.5.2 Sleep hypoxia in CF

Overnight Sp@ have been shown to be lower in stable adult (Bsadt al. 1999) and
childhood (Darracotet al. 2004) CF subjects when compared to controls. Aalditly, an
increased incidence of desaturation events dutegpshas been noted, even in those with
only mildly reduced lung function (Uyaet al. 2007). During sleep in those with already
reduced vital capacity, tidal volume falls due &mluced respiratory drive, precipitating
hypoxia (Bradleyet al. 1999) as a result of the mechanisms of alveolaowsptilation
(section 1.3.4.1) as well as accentuating regialiférences in gas exchange and V/Q
mismatching (section 1.3.4.4). Upper airway obsivecpathology such as nasal polyps or
OSA may additionally contribute.

1.3.5.2.1 Normal sleep
Sleep is a requirement of all animals althougHtutsction remains unknowhose who
are deprived of sleep suffer physically, emotionalhd intellectually, yet nobody knows

how sleep restores the brain.

1.3.5.2.1.1 Sleep Patterns

There are two different kinds of sleep: Rapid eyavement or REM sleep and non-REM
or slow-wave sleep. The proportion spent in REMgliss proportionally greater in children
than in adults, such that a neonate may spendl@p sime in REM compared with 20-
25% in adults (Marcus 2001).
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1.3.5.2.1.1.1 Non-REM (Slow-wave) sleep

Non-REM sleep is divided into four stages. Thegsgest can be formal assessment of brain
activity using electroencephalography (EEG):

Stage 1- The stage of sleep which a person first entargaling asleep. This stage is
characterized by low-amplitude, fast frequency Ed€Gvity.

Stage 2- Sleep spindles appear in stage 2. These artslmirslectrical activity occurring

at a frequency of 10-14 per second. They are gsinmlappearance to the alpha waves seen
in awake individuals at rest with eyes closed.

Stage 3- The EEG pattern becomes slower in frequencyirmrdased in amplitude.

Stage 4- The EEG is maximally slowed in stage 4, and ddepp is characterized by a

pattern of rhythmic slow waves.

1.3.5.2.1.1.2 REM Sleep

During REM sleep, the EEG pattern becomes irreguldr rapid, low-voltage activity as
well as rapid, roving movements of the eyes. REd&lis not however interrupted, and the
threshold for arousal is much higher than in norivR&8leep. Skeletal muscle tone falls
during REM sleep and contributes to changes inin&smn during sleep. This occurs due to

increased activity in the reticular inhibiting sgist in the medulla.

A typical night of sleep would involve passing thgh stage 1 and then stage 2 sleep,
followed by a longer period in stages 3 and 4 sléeREM period will follow this and the
cycle will be repeated at regular intervals throtigg night such that a total of 4-6 periods
of REM will ensue (Ganong 1989). It should be notiedt babies will sleep for longer
periods than adults, as well as having proportigriahger periods of REM sleep (Marcus
2001). Additionally the periods spent in stage 8 dnsleep are longer in children than in

young adults, and decrease with age (Ganong 1989).
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1.3.5.2.1.2 Changes in respiration during sleep

During sleep, there is a decrease in minute veiatiiaand in the childhood population such
reductions may occur due to decreases in eithef tidlume (Tabachnilet al. 1981),
respiratory rate (Hoppenbrouwestsal. 1978), or both. Additionally there is an increase i
upper airway resistance (Lopesal.1983), and a reduction in functional residual cégac

during sleep (Hudgel and Devadatta 1984).

The ventilatory drive decreases, particuladiyring rapid eye movement (REM) sleep
(Douglaset al.1982), and in REM sleep breathing is erratic, witiiable respiratory rate
andtidal volume. Additionally, in REM sleep, the skiglemuscle hypotonia described
above may affect the intercostal and upper airwagaulature further impairing breathing.
This is especially importaim children, as they sleep more than adults, avé halatively
more REM sleep (Marcus 2001).

1.3.5.2.1.3 Sleep-disordered breathing

Sleep-disordered breathing may be reflected bytbsence of gas exchange abnormalities
during sleep and/or the presence of arousals -prie&ence of broken sleep. Arousal is a
defence mechanism against sleep-disordered brgatsmone breathes better whilst awake
than when asleep. yeneral, children have a higher arousal thresh@d adults (Marcus
2001).Numerous studies have shown that moderate hypoxeraipoostimulus to arousal
in children with only 25-50% of subjects arousimdafcus 2001). This is in contrast to
hypercapnia and increased upper airway resistahcshvare both potemstimuli to arousal

in all ages (Marcust al. 1998).

However, hypoxia during sleep is known to be prgdécof impairment in mathematic
ability (Urschitz et al. 2005), whilst evidence exists that correction afegtdisordered
breathing can lead to improvement in cognitive fioréng (Friedmanet al. 2003) and

school performance (Gozal 1998).
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1.3.5.2.1.4 Normative values for oxygenation duringleep

Normative data for baseline arterial oxygen satomatSpQ) levels at night is available for
infants (Huntet al. 1999, Horemuzovat al. 2000), and older children (Griet al. 1996,
Urschitzet al. 2003). Urschitz and colleagues undertook home ettyron 100 school-age
children, and reported that median Sp@re 97%, whilst desaturations below 92% were
unusual. Similar average Sp@alues have been found in other childhood stughestset

al. 1993, Ulielet al.2004). Urschitz’s group further worked out measwieSAT;o — SpQ
below which children spent 10% of the artefact-freeording time. Median SA§ was
97% (IQR 97-98). In a hospital-based study of 3&0emts including 180 aged 1-10 years
and 46 aged 10-20 years (Gregsal 1996), mean SpQwvas 96.8% in the 1-10 year olds
and 96.5% in the 10-20 year olds. Mean $AWas 95.1% (sd 1.5) for the 1-10 year olds
and 94.5% (sd 1.8) for those aged 10-20 years.

1.3.5.2.2 Defining sleep hypoxia in CF

Sleep-disordered breathing in CF was first desdrilnere than 25 years ago (Teppeal.
1983). Desaturation (Teppet al. 1983, Braggioret al. 1992), cough (Stokest al. 1980),
sleep fragmentation (Milrosgt al. 2002), and arousals (Spiat al. 1984), are all
documented during sleep in CF patients. It is psepahat sleep disturbance in CF occurs
due to coughing (Milros®t al. 2004) as well as hypoxia, and that sleep fragmiemtat
arising from these events affects daytime functiod quality of life. Sleep quality (using
the Pittsburgh Sleep Quality Index) has been asdess poor in 38% CF patients. Patients
with worse sleep quality had increased sleep fragatien, and associations between poor

sleep quality and reduced FE¥re also reported (Milrost al.2002 B).

No single definition of sleep hypoxia in CF exisisd published work has used a number
of methods to quantify nocturnal Sp@ CF. These include percentage of time spent with
SpQ below 90% (Frangoliast al. 2001), minimum sleep Sp@Tepperet al. 1983), mean
sleep Sp@ (Coffey et al. 1991, Milrosset al. 2001), and lowest hourly mean SpO
(Versteeghet al. 1990). A definitive measure is yet to be determjrend e-mail survey of
UK paediatric CF centres (2000 children) condudigdhe University of Liverpool (Dr. K
Southern -Personal Communicationconcluded that less than a quarter of UK CFresnt
have a definition of nocturnal hypoxia in CF. A iewv of some of the definitions of sleep
hypoxia that have been reported in CF is presdméalv (Table 1.1).
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1.3.5.2.3 Predicting sleep hypoxia in CF

1.3.5.2.3.1 Daytime Sp®

It is routine practice in paediatric CF clinicsrexord resting Sp Awake SpQ< 93%

is reported to indicate a high risk of nocturnaptwaemia in CF (Versteeght al.
1990). Although highly specific, resting Sp®3% is poorly sensitive as an indicator
of sleep hypoxia. A recent study reported 36% CBjests with resting Sp£93%
became hypoxic at night (Frangolias al. 2001). Similarly, it is reported that, in
children with significant nocturnal hypoxaemia (mesleep Sp@<90%), 19% had
resting Sp@ >94% and therefore would have been missed wittrowgieep study
(Milross et al.2001).

1.3.5.2.3.2 FEY

Two studies suggest that a FEWelow 65% predicted may be a useful predictor of
nocturnal hypoxia in CF. Firstly, Versteegh andeagues studied 24 adolescents and
young adults with CF (Versteegt al. 1990). Extrapolation of their data suggests that
whilst 88% sensitive, such a cut off is only 50%dfic, and has a positive predictive
value of 47%. Second, Frangolias and co-authodiestu7O older individuals with CF
(Frangoliaset al. 2001). Using the same cut-off (FEX65% predicted), this was 93%
sensitive and 44% specific, with a positive pradetvalue of 51%. Of note however, in
the latter study was that even for individuals vath FEV, of 30% predicted, the time
spent with Sp@<90% varied from 0 to 100% of sleep time. Thesdisgisuggest that it
may be useful in clinical practice, to perform aeg study in all CF patients with a
FEV; below 65% predicted.

1.3.5.2.3.3 Exercise SpO

It is previously reported that hypoxia in CF occurere frequently during sleep than
during exercise (Coffegt al. 1991, Bradleyet al. 1999), suggesting that a sleep study
may be indicated for all CF patients with exerdigpoxia. The mechanisms of hypoxia
during exercise are likely to differ from those idigr sleep (as discussed in section
1.3.5.), and this is borne out by the reportedtiaiahips between %drop in SpO
during exercise and mean sleep $1€=0.13) or time spent with Sp@90% (f=0.17)
(Frangoliaset al.2001).
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1.3.5.2.4 Prevalence of sleep hypoxia in CF

The lack of definition of nocturnal hypoxia hamp#re description of the prevalence of
CF hypoxia in clinical practice, and perhaps has tie both under-recognition and
under-treatment of this potentially important diai entity. Currently, only 1-2% UK
CF patients receive long-term oxygen therapy (LT@T)night (Balfour-Lynnet al.
2005, Southern 2004), and no guidelines exist oenvib start LTOT in CF.

1.3.5.3 Exercise hypoxia in CF

Regional differences in oxygen uptake and ventifagxist within the normal lung with
greater oxygen utilization in lower rather than eppones (West 2005) due to increased
perfusion in these areas. Subjects with CF may [venlarged physiological dead
space (V) (Godfrey and Mearns 1971), and ability to maimtalveolar ventilation
during exercise is determined by increasing bregtliiequency in the absence of an
ability to increase tidal volumes {) The implication of hyperventilation in subjects
with enlarged ¥ is that dynamic hyperinflation occurs in assooiatiwith rapid,
shallow respirations and the resultant V/Q mismatghhat results from accentuation
of regional gas exchange differences gives risehypoxaemia. An additional
contribution to hypoxaemia is made from changedifiusion characteristics related to
increases in pulmonary blood flow and decrease®dncell transit time through the

pulmonary capillaries on exercise (West 2005).

Exercise-testing protocols form part of CF annusdessment in many centres, and
include measurement of Sp@On exercise (Pikeet al. 2001, Naranget al. 2003).
Various exercise testing protocols exist dependgan the facilities and levels of
expertise available in each CF centre. The goldestal cardiopulmonary exercise test
with breath-by-breath ventilatory gas analysis mess oxygen uptake (VP and
carbon dioxide elimination (VC£ as workload incrementally increases. This allows
peak oxygen uptake (peak YOto be measured, whilst Sp@an be monitored
throughout the test. Such a test is of prognostafuiness, as peak \d@as been shown
to be an independent predictor of mortality in Q¥xbn et al. 1992, Pianoskt al.
2005).
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More usual however, is that a non-incremental fielst will be performed in an out-
patient clinic setting. This may be a six-minutelkveest i.e. distance walked in 6
minutes (Lammerst al. 2008), or a three-minute step test - stepping wpdamwn on a
single step for a 3 minute period (Balfour-Lyanal. 1998). During each of these tests,
changes in heart rate and Sp&e recorded, along with patient-derived measofes
breathlessness using a visual analogue scale. dimem is that such tests are sub-
maximal, except for those with severe CF lung disgaand as such, clinically

significant potential desaturations may be missed.

Exercise hypoxia in CF is defined as a fall in $p0©>4% from baseline (Narargt al.
2003). This definition has also been used in hgatthildren (Nourryet al. 2004).
Clearly, if this represents a fall in Sp@®om 93% to 89%, one may deem this likely to
represent a significant physiological drop in Raliowever the definition holds less
well in an elite athlete whose Sp@ill from 100% to 96% at the end of exercise. Such
falls in SpQ are known in elite athletes, and postulated tadbe to intrapulmonary
shunting, diffusion limitation, and ventilation-esion mismatching (Prefaust al.
2000). Further work is required to establish chitlic significant parameters.

1.3.5.4 Hypoxia during CF chest exacerbations

Children with CF face challenges to their pulmonaegerve at times of CF chest
exacerbations. At such times, due to areas of ¢idason and/or mucus plugging,
ventilation-perfusion mismatching may be exaggeratnd hypoxaemia may ensue.
Admission to hospital provides an opportunity fopGs monitoring. In adult CF
patients, it is reported that minimum Spde lower and time spent with Sp€B0% is
greater in patients with chest exacerbations thase with stable CF (Dobbin 2005),
and that by treating the chest exacerbation ;S® significantly improved. This is
supported by earlier work, which showed improvemantinean Sp@on discharge as
compared with admission, as well as a correlatetwwben mean Sp@nd FEV (Pond
and Conway 1995).
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1.3.5.5 In-flight hypoxia in children with CF

Flying heightens the risk of hypoxaemia in susd#etindividuals, as both barometric
pressure and partial pressure of oxygen fall wititude. This means that a commercial
flight passenger is breathing air with an inspicegygen concentration (Fip of 15%
instead of the usual sea-level ki@l 21%. Children with CF have additional pulmonary
risks imposed on them when flying, namely the asitjon of respiratory virus
infections due to recirculating cabin air, as vealin-flight dehydration that may dry up

respiratory secretions (Webb 2001).

The main methods used to predict hypoxia in ‘fitnes fly’ assessments have been to
perform a pre-flight hypoxic challenge challenge(moring of SpQ@ when in a FiQ of
15%), or to predict in-flight hypoxaemia on the isasf baseline Pafor spirometric
measures such as FEVEvidence (Buchdahkt al. 2001, Oadeset al. 1994) is
conflicting as to which method most usefully preslim-flight desaturation in children
and British Thoracic Society guidelines suggest thddren with CF should undergo a
pre-flight assessment which may include “hypoxialE@nge testing in addition to
spirometric tests” (BTS 2002). In-flight hypoxia @hildren with CF is defined as a fall
in SpQ to <90%, necessitating the need for supplementgjen on long distance
flights (BTS 2002).

1.3.5.6 Summary of methods of assessment of hypokiaCF

No consensus on the definition of hypoxia in CFs&xi nor which mechanism of
hypoxia causation may be more important. ChaptewilB consider a variety of

definitions for sleep and exercise hypoxia, and, usyng receiver-operator curve
statistics, assess the relationships between memasir inflammation and hypoxia
definitions. These data will be used to select atinmal definition of hypoxia in

children with CF.
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1.4 CFTR function

CFTR protein is an adenosine triphosphate (ATPgibop protein that acts as a
unidirectional solute pump. CFTR is an epithel@h ichannel expressed in the apical
membranes of epithelial cells lining the airwayggestines, pancreatic ducts and renal
tubules (Fuller and Benos 1992). In health, CFTBulaes liquid volumes on the
surface of cells, e.g. airway surface liquid (AShy,chloride secretion and inhibition of
sodium reabsorption (Figure 1.1). In the sweatdpamowever, CFTR functions in the

opposite direction, by facilitating chloride realyson.

In CF, failure of the CFTR-gated chloride chanm@efunction is postulated to lead to
depletion of liquid on the cell surface (Daviet al. 2007), and ensuing thickened
secretions in the airways, pancreatic ducts, pilieee,vas deferenand gastrointestinal
tracts of individuals with CF. Furthermore, CFTRsfiynction in the sweat gland leads
to chloride efflux. This forms the basis for swéadting, the gold-standard diagnostic
test for CF.

When the chloride ion cannbé transported by CFTR at the above sites, fludesi®n
is insufficient,and the protein portions of the secretions may imecanore viscicbr
precipitate and cause luminal obstruction, leadmglugging andlysfunction at the
organ level. This directly contributes to a numbérpathological entities including
mucous plugging and bacterial entrapment withindineays (due to ASL depletion),
exocrine pancreatic insufficiency, biliary stasimfertility and distal intestinal

obstruction syndrome.

Biogenesis of CFTR protein begins in the endoplageticulum (ER). Conformational
maturation of wild-type CFTR is inefficient, and %50f newly-synthesised CFTR
molecules are degraded by cytoplasmic proteaso@&3R then matures and is
delivered via the Golgi apparatus to the plasma bmane where it is endocytosed into
sub-apical vesicles and recycled to the plasma memebwhere it can be activated
(Gelman and Kopito 2002). This process may be rinpged in a number of ways, and

the manifold numbers of CFTR mutations are clasg#un 5 groups (section 1.4.1)
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1.4.1 Classes of CFTR mutation

Five classes of CFTR mutation are reported (Ts@R18cCauley and Elborn 2000).
) Mutations associated with no production of CHiigtein

1)) Mutations altering cellular maturation of CFTiRotein

[l)  Mutations disturbing regulation of chloride ahnel

IV)  Mutations altering conduction of chloride chahn

V) Mutations associated with diminished producttdrCFTR protein

1.4.2DF508 — the commonest CFTR mutation

The majority of CF patients (>90%) have an alledding for a mutant CFTR lacking
phenylalanine at the 508 positiodH508) (Fuller and Benos 199DF508 is a class
mutation that blocks protein maturation in the grldemic reticulum (ER), resulting in
protein breakdown (Kopito 1999). Only a small amooinmutantDF508 CFTR makes
it to the cell membrane, (Kaliet al 1999) and it is known that the amount of functiona

CFTR protein reaching the cell surface correlati#ls disease severity (Figure 1.3).

Figure 1.3
Correlation of clinical disease severity with amboh CFTR protein expressed at the
cell surface

Pancreatic Insufficiency
‘ Increased Risk of Sinusitis

20%

I | l |
< ‘ 5-10%
% B Absence of 50%

vas deferens i.e. CF carrier

“Classical CF”

Improved CFTR function iDF508 homozygotes would rely on methods to increase
plasma membrane levels of CFTR (Drumm 1999). Patlemtethods of achieving this
include elevation oDF508 CFTR expression i.e. by improving CFTR tra&ffigy, or by
altering the intracellular environment to improvETR folding and processing (Drumm

1999). In theDF508 population, work has centred on ‘moleculampehaning’ (Accurso

46



2004, Morelloet al. 2000) to guide abnormaDF508 CFTR protein through the
endoplasmic reticulum to the cell surface. A numtiemethods for improving CFTR
function by both chemical and environmental marapah have been described, and

these are summarised in Table 1.2.

Exciting preliminary work on the role of oxygen fiacilitating improvement in CFTR

trafficking (Beboket al. 2001, Guillembotet al. 2008), suggests that hypoxia may
inhibit CFTR function. These reports suggest a micdaenovel role for oxygen therapy
in increasing functional amounts of CFTR proteirtheg airway epithelial cell surface.
The notion of hypoxia being associated with funtélooutcomes in CF forms the basis

for undertaking this thesis.

Table 1.2
Potentiators/Inhibitors of CFTR Function

Agent/Condition Reference

POTENTIATORS OF CFTR FUNCTION

Hypothermia Drummet al. 1991
Denninget al. 1992

Glycerol Satoet al. 1996
Sodium 4-Phenylbutyrate Rubensteiret al. 1997
Rubensteiret al. 1998
Deuterated Water Brownet al. 1997
Trimethylamine-N-oxide Brownet al. 1997
Dimethylsulfoxide Beboket al. 1998
Genistein Suaudet al. 2002
Gentamicin Wilchanskiet al. 2003
Curcumin Eganet al. 2004
No effect for Curcumin Grubb et al. 2004, Grubb et al. 2006

Song et al. 2004

Oxygen Beboket al.2001

INHIBITORS OF CFTR FUNCTION

Hypoxia Mairlbaurl et al.2003
Guimbellot et al.2008

Cigarette smoking Cantinet al.2006
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1.4.3 CFTR function and hypoxia

In vitro evidence exists to support a beneficial role forgen in enhancement of CFTR
function (Bebok et al. 2001). Marin-Darby canine kidney cell lines (which
endogenously express low levels of CFTR) were oedtun air-liquid interfaces with a
pO, gradient increasing from 2.5% to 20%. It was fouhdt improved cellular
oxygenation led to increased CFTR maturation andioreased CFTR trafficking
(Beboket al 2001). Furthermore, hypoxia is reported to red0€8R mRNA, protein
expression and function in human cell lines (Guitabest al. 2008). Thus far, similar

work in aDF508-homozygous CF cell-line has yet to be desdribe

Animal work using a murine model shows that micejscted to hypoxia (FiQof 10%
for 7 days)in vivo had lower levels of CFTR mRNA expression in airgjay
gastrointestinal tissues and liver, when compareth wormoxic control mice
(Guimbellotet al.2008).

Limited humanin vivo work also suggests a link between hypoxia and CkiFRtion.
First, a study of mountaineers with high-altitudénponary oedema (HAPE) analysed
CFTR expression in those who went on to develop HARd a control group. At low
altitude (normoxia), no difference in CFTR expresswas found. However, under
hypoxic conditions (4559m), a 60% decrease in CFEKgression was seen in the
HAPE group (Mairbaurlet al. 2003). Control subjects who did not develop HAPE
however, had normal CFTR levels despite the samexiy stimulus. Secondly, CFTR
MRNA expression was seen to be reduced in pulmdrssyes taken from hypoxaemic
lung transplant recipients at the time of transi@fon, when compared to the levels of
CFTR mRNA seen in the lung epithelia of non-hypareedonors (Guimbellogt al.
2008).

Therefore, there isn vitro, rodent andn vitro work supporting a role for hypoxia
having deleterious action on CFTR function. Sintésiknown that the amount of
functional CFTR protein reaching the cell surfacarelates with clinical disease
severity (Figure 1.3), a novel therapeutic roledrygen in Cystic Fibrosis is suggested.
Other reported potentiators and inhibitors of CHUIRction are in summarised in Table
1.2.
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1.5 CF airway disease

The most widely-accepted explanation for the caoisaif airway disease in CF is the
“low volume” hypothesis - namely that reduced A8k, a result of CFTR dysfunction,
leads to impaired mucociliary clearance and cornsegdailure to effectively clear
inhaled bacteria (Matswet al. 1998). If hypoxia does indeed inhibit CFTR function
then this may prove a contributory factor to reductin ASL and predisposition to

bacterial airways infection.

Abnormal ASL leads to bacterial entrapment and nrecii lower respiratory infections.
This causes airway remodelling which, in turn, hessin increased airway resistance,
gas trapping, V/Q mismatching and increased worre&thing. The airway is thought
to be normal at birth with no evidence of infecti@md probably no inflammation is
present (Daviest al. 2007). However, the end result of the sequence vehts
described above is irreversible airway damage wWitbnchiectasis and consequent

respiratory failure.

Thus, in advanced CF, hypoxia may ensue as a resuitorsening V/Q mismatch.
However, a circular relationship is proposed, whgrdnypoxia itself may lead to
perpetuation of neutrophilic inflammation and patgymal lung damage, contributing
to a downward pathophysiological spiral. The medma by which this is

hypothesised to occur will be discussed below.

1.5.1 CF airway inflammation

Debate rages on the causal signalling mechanisms irflammation in CF.
Inflammation in the CF airway is typified by theegence of neutrophils along with
their protein products, including elastase. Neuirgpare attracted to the airway by
interleukin-8 (IL-8), a chemokine released by ayvepithelial cells and macrophages
as part of the innate immune response to infectiexels of IL-8, along with other pro-
inflammatory cytokines such as tumour necrosisofaedlpha (TNR), interleukins 1-
beta (IL-1b) and 6 (IL-6) are increased in the CF airway. lewd# IL-8 (the initiating
step of neutrophilic inflammation in CF) are redath by transcription factors of the

nuclear factor kappa B (MB) family.
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1.5.1.1 NKB signalling and the innate immune system

The innate immune system is a host-defence systmdfin all multi-cellular
organisms which has the ability to demonstrate felfn non-self (Medzhitov and
Janeway Jr. 1997). The receptors of the innate inenaystem are known as pathogen
recognition receptors (PRRs) due to their abiliy recognise pathogen associated
molecular patterns (PAMPS).

The most prominent family of PRRs are the toll-lieeeptor (TLR) family of proteins,
and prominent PAMPs include bacterial lipopolysacate (LPS) — the major
constituent ofPseudomonas aeruginogBA) cell wall, and lipoproteins (found in the
cell walls of organisms such &saphylococcus aureud-ollowing binding of a TLR to

a pathogen-associated molecular pattern, suchndbiof LPS to toll-like receptor 4
(TLR4), a cascade of protein interactions beginsidid et al. 2000). Via a series of

intracellular signalling mechanisms, KB is activated.

NFkB is essential in driving transcription of sevardglammatory cytokines (Dinarello
1996). Therefore, following NEB activation, expression of pro-inflammatory cytods

is increased, and resultant neutrophil chemoattraeind inflammation ensues.

1.5.1.2 NKB signalling and CF airway inflammation

There are a number of postulated mechanisms byhwWiB activation may occur in
CF, namely bacterial infection, CFTR dysfunctioyto&ine stimulation and possibly by
hypoxia (Figure 1.4).
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Figure 1.4
Simplified mechanisms for NdB signalling and the CF airway
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1.5.1.2.1 Bacterial infection leading to NKB activation in CF

The interaction of LPS and TLR4 is of importancetlre CF lung, where the LPS-
producing organisnseudomonas aeruginogdA) is abundant. 73% children with CF
have evidence of PA infection by age 3 years (Betrad. 2001), and the cause of death
in almost all CF patients is progressive lung imilaation associated with unremitting
PA infection (Daviset al. 1996). The mechanism by which PA activatekRFemains
poorly understood, but differential IKB activation in response to PA occurs in CF
compared with healthy airways (Hajjat al. 2002). LPS produced by PA is usually
penta-acylated, but in the CF airway, Bynthesizes hexa-acylated LPS. Human TLR4
recognises this configuration change, an&kBIRctivation is 100 times greater with the
hexa-acylated form of LPS (Hajjet al. 2002). Thus, in the CF airway, differential LPS
recognition may lead to massive activation of theate immune response. The pro-
inflammatory cytokine response to PA is protradtedCF cell lines with increases in
IL-6 and IL -8, compared with non-CF cells (Kubeal. 2001). Toll-like receptor 2
(TLR2) also signals via NdB and is likely to be important in CF, as TLR2 rgoizes
bacterial lipoprotein associated witaphylococcus aureygien et al. 1999), another

common pathogen in the CF lung.

1.5.1.2.2 CFTR protein dysfunction leading to NkB activation in CF

Normal innate immune response to PA is thoughhtolve CFTR (Pieseet al. 1996),
with work suggesting that PA LPS binds to wild-typETR protein with CFTR acting
as a PRR, facilitating translocation and activabdbiNFB (Schroedeet al. 2002). In a
DF508 CFTR cell-line however, there was a failuremnolocytose LPS and a failure to
translocate NKB. The implication of this may be that whilst a RGR patient quickly
phagocytoses PA, the CF subject cannot; leadingeisistent PAinfection and
inflammation. This is borne out by evidence sugggsCFTR-null mice have increased
levels of inflammatory mediators (including TAF; and increased mortality after PA
infection (van Heeckereet al. 1997).

One may postulate that if CFTR is lacking at thevay epithelial surface then the
propensity for pattern recognition in response o i® lost and an airway defence
mechanism is lacking, but this fails to explain hpatients with channel mutants of
CFTR that reach the cell surface (i.e. G551D) aesasceptible to PA as patients
lacking CFTR at the cell surface (el@508) (Chmiel and Davis 2003n vivo work

has shown that inflammatory response tod28essed by cell counts and cytokine levels
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in bronchoalveolar lavage (BAL) fluid was compamlietween classes of CFTR
mutation and independent of whether CFTR reachiésudace (Van Heeckereet al.
2004). Additionally,in vitro work showed increased IL-8 levels in CF cell liegposed
to PAthatwere independent of CFTR mutation class (Sceeal.2001).

There is however evidence suggesting that patientsDF508 CFTR have an ongoing
process of NkB-driven hyperinflammation, in both the presencd ahsence of PA. It
is suggested that while KB activation in response to bacterial LPS is angexous
means of NKB activation, endogenous INB activation occurs in patients wibF508.
The implication of this is that neutrophilic inflanation in the CF airway may be
associated with CFTR dysfunction as well as wifiegtion. This is suggested to be due
to cell stress caused by the accumulation of m@&TR in the endoplasmic reticulum

(Baeuerle and Baltimore 1995).

151221

In vitro evidence for inherent inflammation due to CFTR dysfinction

NFkB activation and increased IL-8 expressioDFb08 CF cell lines when compared
with wild-type CFTR cells is reported (Webetral. 2001), along with reversal of higher
baseline NKB activation by the introduction of normal CFTR €&tnkoet al. 2001).
There is indirect evidence to support this frondsts which have measured increased
IL-8 levels and neutrophil predominanicevitro, in animal models, and al$o vivo. In
vitro work has shown increased levels of IL-6, TaN&nd IL-8 secretion in CF tracheal
cells when compared with non-CF cell lines (Kammoah al. 1997) and also in
tracheal xenografts of human CF airway in immunmikit mice (Tirouvanzianet al.
2000).

There are, however, also studies showing thatBNBctivation (Scheicet al. 2001,
Beckeret al. 2004) and IL-8 expression (Schwiebettal. 1999, Scheickt al. 2001,
Beckeret al. 2004) do not differ between CF and non-CF cekedirat baseline, that
differences between CF and non-CF cell lines agerisistent (Aldallaét al.2002), and
even evidence to show that CF cell lines secrets IL-8 than wild type cell lines
(Massengalet al. 1999).

53



151.2.2.2

In vivo evidence for inherent inflammation due to CFTR dysfinction

In vivowork has found increased levels of inflammatory ratedls including IL-8, and
neutrophil numbers in BAL fluid of young childreBdloughet al. 1995, Noahet al.
1997) and infants (Kharet al. 1995) with CF in the absence of clinical or
microbiological evidence of infection. AdditionallylL-8 mMRNA expression is
increased in young CF patients compared with agehwd non-CF controls
(Muhlebachet al.2004).

However, it is also reported that in the absenceintédction BAL profiles were
comparable with control subjects and only the presef infection was associated with
raised inflammatory markers (Armstrorgal1997). Analysis of BAL fluid in children
with CF and those with other chronic respiratorphiems during acute infective
exacerbations found increased levels of both ILn8 ameutrophils in the infected CF
patients compared with the infected non-CF pati§Mahlebachet al. 1999). The
protracted proinflammatory cytokine response indel lines exposed to PA (Kulet
al. 2001) may explain the findings of increased ILx@ression in young children with
no bacteria on BAL i.e. a prolonged response toexipus bacterial infection may be

being measured.

1.5.1.2.2.3 Cytokines perpetuating NkB activation in CF
The proinflammatory cytokine TNF is also known to be an activator of k&
(Brightbill and Modlin 2000) leading to perpetuatiof inflammation, a phenomenon

that is characteristic of airway inflammation in.CF
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1.5.1.3 NKB signalling and hypoxia

There isin vitro evidence also that hypoxia may activatekBHKoong et al 1994,
Leeper-Woodford and Detmer 1999), and also increaséa activity (Leeper-
Woodford and Detmer 1999). Although the authorsgssgthat it is enhanced KB
activity which may account for TNF activation (Legp/Noodford and Detmel999), it
is plausible that the reverse may be true in viéwhe role of TNR as an activator of

NFkB (Brightbill and Modlin 2000).

The NFKB pathway is thought to have an oxygen-sensing am@sm, by which
hypoxia can regulate NGB activation and modulate inflammatory gene expoess
(Taylor and Cummins 2009). Thus, hypoxia, by exgims of pro-inflammatory
cytokines, which in turn leads to recruitment otitmephils may initiate and propagate

CF airway inflammation.

Before viewing correction of hypoxia with oxygenagpotential new anti-inflammatory
therapy, one must also consider that evidence {jalgitro) suggests that hyperoxia also
activates NkB (Horowitz 1999), possibly via increased pulmondiyFa expression

(Sheaet al. 1996), and that an increase in KB-mediated inflammatory markers in
exhaled breath of chronic obstructive pulmonarease (COPD) patients treated with

oxygen (Carpagnet al. 2004) has been reported.
The effects of hypoxia on NdB-mediated inflammation in CF and non-CF airway

epithelial cells are presented in chapter 6, antdrasted with the effects of a known

stimulus of NKkB, namely LPS from PA.
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1.5.1.4 Inhibitors of the NKKB signalling pathway

NFkB is potentially an attractive target for anti-srfimatory therapy in cystic fibrosis
(Wright and Christman 2003, Koehlet al. 2004). By diminishing production of pro-
inflammatory cytokines, neutrophilic inflammatioragnbe decreased and lung damage
minimised. Corticosteroids are known to exert dmbitory effect on NKB signalling
pathways (Kubeet al. 2001, Escotteet al. 2003), and non-steroidal anti-inflammatory
drugs (NSAIDs) also inhibit NEB activation (Yinet al. 1998, Wahlet al. 1998),
providing some rationale for the beneficial effeots lung function seen with both
prednisolone (Auerbacét al 1985) and ibuprofen (Konsta al1995) therapy in CF.

Other suggested inhibitors of KB include cardiac glycoside drugs (Yaegal. 2004),
recombinant IL-10 (Chmiett al. 1999), genistein (Tabamt al. 1999), and curcumin
(Rahman and MacNee 1998). Given that the latteraxeopostulated to improve CFTR
trafficking - curcumin (Egaret al. 2004), and genistein (Suaetlal. 2002) - a potential

mechanism for their inhibitory effects on KB may be suggested.

1.5.1.5 The NKB signalling pathway in CF — A summary

NFkB signalling may be key to inflammation in the OFnvay. NFKB is activated by a

number of factors including cytokines, infectiomdapossibly CFTR dysfunction.
NFkB activation will result in increased IL-6 and ILe&pression, promoting neutrophil
chemoattraction, which initiates and propagatesorubr airway inflammation. A

number of possible therapeutic modalities in CF mely upon inhibition of this

pathway for their beneficial action, most notabdytosteroids and NSAIDs.

Hypoxia may impact on the MB signalling pathway at a number of stages:
- Direct effect of hypoxia on NEB signalling (section 1.5.1.3)
- Impairment of CFTR trafficking and resultant CFTistlinction (section 1.4.3)

- Propagation oPseudomonas aeruginoésection 1.6.2.1)

Hypoxia in CF is postulated to lead to activatidnttee inflammatory cascade that is
represented in Figure 1.4, and as yet the effectsxpgen therapy on this process
remain uninvestigated. Using a cell culture modkk effects of hypoxia on this

inflammatory process in CF cells will be preserite@hapter 6 of this thesis.
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1.6 Potential effects of hypoxia on clinical and pghological state in
CF

A repeated hypoxic insult, such as that occurrin@aightly basis during sleep, and to
a lesser extent the repeated periods of hypoxtanibg occur on exercise or flying may
be deleterious to the health of the child with ®fpacting on the pulmonary circulation
and quality of life, as well as theoretical effegtsexacerbating lung inflammation.

1.6.1 Hypoxia and inflammation

Hypoxia may contribute to the decline in lung fuaotby switching on NkB-mediated
inflammation (section 1.5), as well as encouraghmeggrowth of PA, the key pathogen
associated with CF lung disease. LPS produced bwpdtikates NKB and impacts on
the neutrophilic inflammatory cascade of Figure. Hgpoxia may exert a role on this
process, as PA biofilms prove almost impenetralole dntibiotics under hypoxic

conditions, leading to a more intense and prolongedte immune response.

In non-CF models of childhood nocturnal hypoxia obstructive sleep apnoea (OSA),
elevated IL-8 levels are reported when comparedh \wtalthy controls (Tanet al.
2006), whilst adult OSA models also report increase IL-8 (Alzoghaibi and
Bahammam 2005). Other downstream cytokines okByFhamely IL-6 and TN
have also been shown to be elevated in OSA (Aleéadl. 2003), whilst animal models
of intermittent hypercapnic hypoxia mimicking OSAesulted in corresponding

increases in IL-6 (Tarat al.2007).

1.6.1.1 Effect of hypoxia orPseudomonas aeruginog®A) growth

PA is an aerobic bacterium that grows equally \welerobic and anaerobic conditions
(Worlitzsch et al. 2002). This is important in CF, whene vivo oxygen depletion has
been demonstrated in PA-infected CF airways (Wistih et al. 2002). Additionally,
within PA biofilms, large regions of anoxia haveehedemonstrated (Borriellet al.
2004). PA changes phenotype under hypoxic conditithy increasing alginate
production and forming biofilms. Hypoxia and theukant biofilm state of PA leads to
antibiotic resistance (Parkt al. 1991, Borriello et al. 2004) and an increased
(Muhlebachet al. 1999) and prolonged (Kubet al. 2001) innate immune response.
These factors contribute to persistent PA infecaod the chronic airway destruction
that is characteristic of CF. A postulated antimigal benefit for oxygen is suggested,

due to the potential for altering Pgrowth patterns i.e. if oxygen therapy penetrates
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distal airways and prevents biofilm formation, e&sed antibiotic sensitivity and
decreased PAyrowth and immune response may ensue. Howevereep sbtxygen

concentration gradient exists between the airwayelu and interior of mucous in CF
(Worlitzschet al. 2002) meaning oxygen therapy is not only requiceckach the distal

airways, but must also penetrate the mucous therein

1.6.1.2 Effect of hypoxia orStaphylococcus aureugrowth
Underin vitro anaerobic conditionstaphylococcus aure$A) also switches from a
non-mucoid to a mucoid phenotype (Cramétral. 2001), indicating that hypoxia may

serve as a virulence factor for $fowth in the CF mucous environment.

1.6.1.3 Effector mechanisms for reduction in inflammation with oxygen

A potential anti-inflammatory role for oxygen thpyamay lie in inhibition of NKB.
While NFB activation due to hypoxia may be a direct effacis likely that other
signalling pathways are involved to effect thisi@ett The effect of oxygen on CFTR
trafficking (section 1.4.3) is one such area ofeptil importance, which may impinge
on NFB-driven inflammation, and if CFTR trafficking weienproved with oxygen
therapy, as suggested in a@m vitro model (Beboket al. 2001), then less CFTR
degradation in the ER could be expected to takeeplaith a resultant reduction in
NFkB-driven inflammation. Additionally, a reduction A burden and its’ associated
immune response (section 1.6.1.1) could also betanpal effector mechanism by

which oxygen therapy may decrease inflammationkn C

1.6.1.4 Sequelae of inflammation as a result of hggia in CF

Inflammation is increased in CF. Whether this igimsic hyperinflammation, or a
heightened response to microbial stimuli remainisatible, as discussed in previous
sections. It is known that existence in a pro-imiaatory state promotes body wasting.
Levels of pro-inflammatory cytokines including IL-8.-8 and TNFa are raised in
chronic obstructive pulmonary disease (COPD) (Gain al. 2004), promoting
catabolism, and muscle-wasting (Debigateal. 2003); and the catabolic effects of
ongoing lung inflammation in CF have been showbdassociated with reduced bone

mineral density (Hawortbt al.2004).

Therefore if hypoxia activates KB, and leads to upregulation of proinflammatory
cytokines, it is possible that this may have aidetntal effect on muscle bulk, bone

density, and nutritional status.
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1.6.2 Hypoxia and the pulmonary circulation

The first case report otor pulmonalein a CF patient was published in 1946
(Wiglesworth 1946). The pulmonary circulation in @Sponds to alveolar hypoxia by
increasing pulmonary arterial pressure (PAP) arithpoary vascular resistance (PVR).
Graded decreases in®. produce similar increases in PVR (Bright-Thomad ¥ebb
2002). Chronic alveolar hypoxia results in pulmgnaartery remodelling, with
muscularisation of pulmonary arterioles prolifepatiof intimal smooth muscle in the
pulmonary arteries, and progressive intimal filso$tost-mortem studies in children
with CF have shown that all had some degree of pnéiry artery muscle hypertrophy,
and that muscle wall thickness was related to @egferight ventricular hypertrophy
(Ryland and Reid 1975).

Systolic PAP (sPAP) can be estimated by measuhiegpeak velocity of tricuspid
regurgitation blood using Doppler echocardiograplapd correlates closely with
invasive sPAP (Yock and Popp 1984). A significassaxiation between sPAP and
mean Sp@during sleep (r = -0.56) and exercise (r = -0Oi@&dults with CF is reported

(Fraseret al. 1999), although these associations have yet tabetdjed in children.

Various agents have been tried in CF to reduce @uédmy vascular resistance (PVR),
including calcium-channel antagonists (Davidset al. 1989) and pulmonary
vasodilators (Geggeét al. 1985), with no evidence of benefit. The only stlec
pulmonary vasodilator shown to decrease PAP and HY&idsonet al. 1989) and
improve RV performance (Alpeet al. 1987) in CF is oxygen. Therefore, oxygen in CF
may be beneficial to the right heart, protectingiagt the development and progression

of pulmonary hypertension.

1.6.3 Hypoxia and quality of life

The only reported randomised controlled trial ygen therapy ever undertaken in CF
(Zinmanet al. 1989) reported that, over a 12-month period, schond work attendance
was significantly better maintained in the oxygesated group, compared with those
randomised to air (83% versus 20%, p<0.01), whiely suggest a reduced quality of

life for hypoxic subjects.

1.6.4 Hypoxia and sleep quality
Sleep quality (Pittsburgh Sleep Quality Index), asidep duration are reported to
correlate with minimum sleep SpMilross et al.2002B).
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1.7 Oxygen as a therapy in CF

Oxygen use in CF can be divided into long-term wsajse on a short-term basis such

as during exacerbations, on exercise, or duringarel.

1.7.1 Long-term and nocturnal oxygen therapy

Little has been written on the criteria for stagtioxygen in children with CF, and
currently only 1-2% of UK paediatric CF patientze®e long-term oxygen therapy
(Balfour Lynnet al. 2005, Douglaset al. 2008). The Cochrane review of oxygen as a
therapy in CF (Malloryet al. 2005) suggests that “...oxygen should be reserved for
those individuals with objective evidence of hypaoxa whether awake or during
exercise or sleep.” Given the lack of a uniforminigbn of what constitutes important

hypoxia in each of these situations, implementadibsuch a policy appears fraught.

Dinwiddie and colleagues (Dinwiddiet al. 1999) suggested the following as
indications for home oxygen therapy in CF: Restipg» <90%, Pa@<7.3 kPa, PaCO
>6 kPa and adult lung function measures of FVC Gt 2and FEV < 1.5L. The US
consensus guidelines on adult CF care (Yankaskat 2004) recommend night-time
oxygen if SpQ are below 88-90% for 20% of sleep time, whilst previous guidelines
suggested long-term oxygen therapy in CF shouldrdserved for bringing about
symptomatic relief (Schidlowet al. 1993), a view shared by the British Thoracic
Society (BTS) Home Oxygen Working Party (Balfoumioyet al.2009).

In assessing short-term benefit, Spduring sleep in CF improve with supplemental
oxygen (Spieet al. 1990, Gozal 1997) although no change in sleeipitacture and no
reduction in number of arousals is reported (Spteal 1990). In the only long-term
oxygen trial in CF (Zinmarmt al. 1989), twenty-eight CF subjects were randomised to
receive either air or oxygen therapy, and followgxdfor up to 3 years. Although no
differences in mortality or hospitalisation wereufa, 83% of those in oxygen
maintained school/work attendance at 12 months eoedpwith only 20% of the air
group (p<0.01). Further work is needed on the aflexygen during sleep in patients
with CF, with regards to improving daytime functiand potentially conferring survival
benefits (Milrosset al 2004). Additionally non-invasive ventilation (NI\fhay become

more widely used in hypoxic individuals if accompery hypercapnia co-exists.
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1.7.1.1 Non-invasive ventilation (NIV) in CF

The commencement of NIV along with supplementarygex may be indicated in
hypoxic CF individuals if accompanied by hypercap(tiodsonet al. 1991, Moranet

al. 2007, Noone 2008, Younegt al. 2008). Although the BTS NIV standards of care
document was cautious about routine NIV use in €€abse of excessive secretions
(BTS 2002), NIV actually augments airway clearamc€F (Bradleyet al. 2006). Clear
benefit on nocturnal hypoventilation and daytimadiioning was seen from the use of
nocturnal NIV over oxygen or placebo was seen @veeek cross-over trial in a small
number (n=8) of hypoxic and hypercapnic Melbourepatients (Youngt al. 2008).
NIV may also be used during exercise, with docue@ienefits on exercise endurance

as well as reduction in dyspnoea (Menadtal.2009).

1.7.2 Oxygen therapy during exercise

Exercise should be recommended for all patienth @i, and disease severity should
not be an exclusion to participation in exerciseefl¥et al. 1995). The 2004 adult CF
care consensus report (Yankaslkdsal 2004) advocates the use of oxygen during
exercise if Sp@falls below 88-90% during exercise, whilst McKonedacolleagues
studied the role of oxygen therapy during sub-makiexercise in a group of eight
patients, and found that patients were able tooserfor longer and maintained
significantly higher Sp@in oxygen therapy (McKonet al. 2002). Previous authors
have also reported improved Spé&nd increased exercise tolerance in CF patients wh
received supplemental oxygen during exercise (Magtal. 1992). The mechanism by
which oxygen is thought to act to improve exerdskerance is that by minimising
hypoxic drive to breathe, the rate of increaseespiratory rate in hypoxic subjects is
lower (Snider 2002), leading a reduction in dynahyperinflation and improvement in
physiological lung volumes (O’'Donne#it al. 2001). Thus dead space is lower and
instead of rapid, shallow respirations, more usejas exchange can take place,

reducing fatigue and improving tolerance.

Although SpQ improve with oxygen during exercise, studies hasgorted minimal
(Marcuset al. 1992) or no (Nixon 1990) improvement in M@ax during exercise in
oxygen in patients with CF. A cross-over desigrdgt(n=14) undertaken at both low
altitude (Dead Sea) and sea-level (Felkal. 2006) reported modest improvements in
both SpQ and increased Vimax at low altitude, however, with the assumptiemb

that the enriched Figat lower altitude may account for these difference
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In CF subjects with exercise-induced hypoxia, oxygeipplementation appears to
prevent hypoxia and may have benefits on exer@paaty and duration. Although it is
tempting to speculate that longer-term oxygen smpphtation during exercise in CF
subjects might have cumulative benefits, therenarestudies upon which to base this
recommendation (Mallorgt al. 2005).In an analogous chronic lung disease — chronic
obstructive pulmonary disease (COPDywever a beneficial role for oxygen therapy
alongside a pulmonary exercise rehabilitation paogne has been reported (Emtner

2003) and this may be an area that warrants fuitivestigation in patients with CF.

1.7.3 Oxygen during CF chest exacerbations

It is known that is nocturnal hypoxia may be exagtgd during chest exacerbations,
(Pond and Conway 1995, Dobbin 2005), and thatitrgahe exacerbation leads to
improved SpQ@. In a recent review (Smyth and Elborn 2008) on nienagement of
exacerbations in CF, oxygen is not mentioned othan in the treatment of young
children with chest exacerbations as a result spiratory syncytial virus (RSV).
Although no evidence exists, a pragmatic view wdagdhat oxygen is indicated during
a chest exacerbation if periods of hypoxia are egypan either nursing observations or

oximetry recordings

1.7.4 In-flight Oxygen

In-flight hypoxia in children with CF is defined asfall in SpQ to <90%, necessitating
the need for supplemental oxygen on long distaingiet$ (BTS 2002). It should also be
noted that there are cost implications for in-ftigltygen ranging from nil (with Virgin

airlines), to £100 each way with British Airways.

1.7.5 Potential risks and benefits of oxygen as hdrapy in CF

Caveats exist to starting oxygen therapy in CF h@amnewhich fall broadly into 3
groups. First, children with CF already carry avyeburden of care (Hunter 2003).
Oxygen may be poorly tolerated due to wheeze dtrigss (Dodcet al. 1998), has
household safety implications (Laubscher 2003), amaly necessitate changes in
parental behaviour, namely smoking cessation. Oxygay be perceived as palliative
rather than active therapy, and one should not nestimate the accompanying
psychomorbidity. The only trial of long-term oxygéherapy in CF (Zinmaret al.
1989) highlights this, as, of 146 subjects appredcto take part, only 28 entered the
study. Secondly, oxygen therapy may blunt respiyatisive, and although no rise in
PaCQ was seen after one year of oxygen therapy in Gfn{@net al. 1989), other
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studies report small (but probably clinically insiicant) rises in transcutaneous £
CF adults receiving supplemental oxygen (Gozal 1983ung et al. 2008). Finally,
hyperoxia may itself cause toxicity and activatagunflammation (Carpagnet al.
2004).

1.8 Summary

Review of the basic science and rodent literatwrggssts that hypoxia may have a
deleterious impact on measures of clinical stajusibchanisms including inhibition of

CFTR function and also activation of KkB-mediated inflammation, as well as
promotion of growth of bacteria includingPseudomonas aeruginosand

Staphylococcus aureus

Although human data are sparse, such data as dd ewiuld also support this
conjecture: CF patients with periods of hypoxia nhaye increased pulmonary artery
pressures, increased lung inflammation, greateeldewof Pseudomonas aeruginosa
burden, reduced exercise ability and skeletal neusttength, and perhaps most

importantly of all worse sleep quality and quabfylife.

Perhaps due to the lack of adequate definitionssaiidequent lack of appropriately-
powered trials, there is no consensus as to whed ifx oxygen therapy should be
initiated, nor for its mode or duration of deliver& uniform approach to defining
hypoxia needs to be developed, along with guidslioe prescribing oxygen therapy in
children with CF.

The need for studies to document the prevalence partential adverse effects of
hypoxia in CF patients is thus apparent. Followihig, a trial of oxygen therapy (or
other means of restoration of normoxia) in thosthvdemonstrable hypoxia may be

worthy of further exploration.
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1.9 Study aims

The aims of this thesis were to interrogate thati@hship between hypoxia and
inflammation in order to select an optimal defioitiof hypoxia in children with CF
(Chapter 3). This definition was then used to sttitly association of hypoxia and
measured clinical and psychological parameters [§téna 4 and 5), whilst tha vitro
effects of varying degrees of hypoxia uponkiBFmediated inflammation in a CF

airway epithelial cell culture model were studi€hépter 6).

1.9.1 Selection of optimal definition of hypoxia

The effects of hypoxia upon inflammation in CF haveen discussed throughout
Chapter 1. Hypoxia may directly stimulate thek®Fpathway (Leeper-Woodford and
Detmer 1999, Taylor and Cummins 2009), and maytexkeirect effects on NkB-
mediated inflammation by promoting biofilm growth Bseudomonas aeruginos&A
(Worlitzsch et al. 2002) andStaphylococcus aurey€ramtonet al. 2001), as well as
inhibition of CFTR trafficking (Bebolet al.2001, Guillembellott al.2008).

Thus, a number of existing ande novo definitions of nocturnal hypoxia were
considered and analysed for their ability to detdmtormal inflammatory measures in a
group of children with CF (Chapter 3). These inelddneasures of inflammation that
have direct relevance to the KB pathway namely interleukin-8, C-reactive protein
(CRP), and peripheral blood neutrophil countskBFks a key transcription factor for
IL-8 (which promotes neutrophil chemoattractionjdaalso IL-6, which in turn is a
precursor of CRP production (Heikki&t al. 2007). The sensitivity and specificity of
each hypoxia measure were studied using receivenaty (ROC) characteristics, such
that a definition of hypoxia that performed besttle detection of CF inflammation

could be selected.

Upon selection of an optimal hypoxia definition,chlibtomisation of the study

population into hypoxic groups could be carried aud comparison of hypoxic subjects
with their normoxic counterparts enabled the stoflyhe association of hypoxia and
clinical status (Chapters 4 and 5).
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1.9.2 Outcome Measures for analysing the effects loypoxia

The effect of hypoxia on exercise capacity wascteteas the primary clinical outcome
measure because of the suggested mechanism by Wpcdxia may exert effects on
function. As discussed above, hypoxia switchesnlammation(Leeper-Woodford and
Detmer 1999) and encourages PA growth in the C§ (Mforlitzschet al.2002). These
factors each may worsen lung damage and limit esesibility. Additionally, hypoxia
accelerates skeletal muscle was(i@gnet al.2004), and contributes to the aetiology of
pulmonary hypertension (Fraset al. 1999), which may also impact on exercise

capacity.

Exercise may be key to halting decline in lung fiorg and ability to exercise has
proven beneficial effects on airway clearance (Ratdet al. 1994), aerobic exercise
capacity (Orensteiret al. 1981), and quality of life in CKKIlijn et al. 2004).
Deteriorating lung function combines with reducedisgle mass to limit exercise
capacity, setting up a ‘vicious circle’ (Figure L\Wwhereby decreased exercise ability
reduces sputum clearance and encourages bacteaalthg within the CF lung.
Inflammation may thus be initiated or perpetuated Hypoxia, leading to further

reductions in both lung function and exercise apili

Figure 1.5
Hypoxia and its purported effects on exercise
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Furthermore, exercise capacity has been shown torbeasurable predictor of survival
in children with CF. Exercise capacity has beenwshto be an independent predictor of
mortality in CF (Nixonet al. 1992), with peak V@levels < 32mls.kd.min™ associated

with a significantly increased mortality over tf@léwing 8 years (Pianosit al.2005).

Exercise capacity (V& at anaerobic threshold (AT) was chosen as thengmi
outcome measure for this study. Because cardiomdnyo exercise testing is a
volitional test, peak V@measures rely on a near-maximal effort, whereag atA\T
(AT VO,) occurs earlier and is an objective measure oflicaulmonary exercise
capacity that can be obtained on sub-maximal tggiMassermamt al.2004). AT VQ

is a repeatable measure both within subjects awdedtween subjects.

Secondary outcome measures included the effectsypdxia on measures of lung
function (spirometry and plethysmography), lungistinire (X-ray scoring), respiratory
and skeletal muscle strength, echocardiographicsunea, bone mineral density and

quality of life.

The hypothesis tested in the laboratory work of fi&a6 is that hypoxia exerts am
vitro effect on NkB-mediated inflammation in CF airway epitheliallselThe effects

of variable degrees of hypoxia upon RB-mediated inflammation (as assessed by
cellular IL-8 production) in both CF and non-CFldeles was analysed over periods up
to 96 hours. Furthermore, the effects of hypoxianflammation in CF and non-CF cell
lines was compared and contrasted to the effec kifiown stimulus of the NdB

cascade, namely bacterial lipopolysaccharide (L{Rf&) Pseudomonas aeruginasa
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CHAPTER 2: Subjects, Equipment and Methods
2.1 The Study Population

2.1.1 Subjects

Subjects were recruited to the study when atten@rept Ormond Street Hospital for
Children (GOSH), London for their Cystic FibrosiSH) annual review appointment.
Eighty-eight patients aged 8-16 years of age wdemntified within the GOSH CF

service, and 41 subjects were recruited (Figurg arfd completed the full testing
protocol (Figure 2.2). The exclusions were for anber of reasons including current
oxygen therapyBurkholderia cepacianfection, size, infrequent clinic attenders who
were not approached, and 11 who declined. The neaison for declining to take part

was the need for an additional hospital visit dreltime involved.

Recruitment took place at annual review, as eadd alith CF under the care of GOSH
attends for annual review. Recruitment at otheesiroould introduce a selection bias as

some children had more routine follow-up visitsriwdhers.

2.1.2 Ethics Approval

An application was made to the Institute of Childath/Great Ormond Street Hospital
Research Ethics Committee. Ethics approval forstndy was granted in March 2005
(REC number 05/Q0508/19). Copies of the confirnmabbethics approval are attached
in Appendix 1.
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Figure 2.1
CF cohort studied
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Figure 2.2
Testing Schedule
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2.1.3 Power calculation

Previous work from an exercise intervention stutfCF (Blauet al. 2001) suggested
that 10% differences in oxygen uptake at anaerthiveshold (AT VQ) were clinically
significant. From the baseline measures of AT,\W@dertaken in the Blau study, a

standard deviation of 8% in measures of AT,\dCross the study group was predicted.

Differences of 10% in AT V@ between hypoxic and normoxic CF patients that are
thought to be of clinical importance:

d=10

The standard deviation in AT from previous evide(Bauet al.2001) is 8%.

s=8

A level of significance of 5% (p<0.05) and a powé&iB0% were considered sufficient
(i.e. the study will incorrectly lead us to beliethaat a difference of 10% in AT exists
when it doesn’'t 1 time in 20, but correctly idemts the difference 80% of the time

when it is there.

A table of F values (Wade 1999) based on signitieatevels and power required,
shows that accepting a 5% significance level widBe8ower, leads to a value for F of
7.85.

F=7.85

The following power calculation formula was useda@® 1999):

n>2F 6/d)?

n> 2 x 7.85 (8/10)= 10.04

Therefore, 11 patients would be required in eadgif sample sizes were equal.

However, our projected groups sizes were likelggainequal, and the normoxic group
was estimated to be likely to be 4 times largentitee hypoxic group.
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Based on GOSH CF Annual Review data from 2004, @at&ents aged 8 -16 years
(8.3%) had evidence of daytime hypoxia (daytime S{93%), and 6/72 patients
(8.3%) experienced significant desaturation on @ger 2 of whom had low daytime
SpQ also. Alder Hey Hospital, Liverpool had carriedt @vernight oximetry on their
cohort of children with CHSouthern —Personal communicatior2004). Defining
hypoxia as Sp©<93% for >25% of sleep time, 12% of their studypplation (n=75)
were hypoxic. The overlap between sleep and dayhigpoxia is hard to quantify. It
has been shown that, in a group of adolescent dnltl @F patients, hypoxia was more
likely to occur during sleep than exerci{goffey et al. 1991), so that although some
patients with sleep hypoxia desaturate on exertisse will be others in whom the
desaturation only occurs during sleep. Also, whiésiting Sp@are a highly specific
predictor of nocturnal hypoxia, a significant projan of patients with normal resting
SpQ will be hypoxic during sleep (Frangoliat al. 2001, Versteeglet al. 1990),
indicating the need for overnight sleep study tmfickently rule in/rule out sleep

hypoxia.

Extrapolating the daytime and exercise measures G@®SH, along with the Liverpool
data, then we expected 8% to have daytime hypaxila886 to have exercise-induced
hypoxia (25% of whom would also have low restin@9p Additionally, 12% might be
expected to have nocturnal hypoxlderefore the median number of hypoxic patients
likely to be recruited is 20% (range 14-26), with¥8 (74-86) normoxic controls.

The following formula (Wade 1999) for unequal saengizes was the applied:

Total number required:

N= 2n (1+k¥ where k= w/n, =4
4k
N= 2x11x(1+4} = 22x25 =34.3
4x4 16
Group sizes required are: Hypoxic group: N/1+k = 34.3/5 =6.9
Normoxic group:  kN/1+k = 137.5/5 =275

Therefore, our study required the recruitment opadents to confidently detect a 10%
difference in AT with 80% power and a level of sfgrance of 5%. This equates to 28

in the normoxic group and 7 in the hypoxic group.
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2.2 Clinical Study Methods

2.2.1 Home

2.2.1.1 Home Oximetry

Sleep studies were carried out in the subjects’énbynway of overnight pulse oximetry
recording using the Minolta Pulsox-3i oximeter (K@ Minolta Holdings inc.,

Singapore) as shown in Figure 2.3 below.

Figure 2.3
Minolta Pulsox 3i device in use

Oximeters were despatched via the Royal Mail, &tarned in the same fashion using a
pre-paid envelope. Oximetry recordings were carred over a minimum of 2
consecutive nights to control for night-to-nightriadility (Milross 2002) and data
downloaded using the Download 2001 software pack&§eowood Scientific
Instruments, Oxford, UK). Home oximetry appearsb® a reproducible measure of
nocturnal hypoxaemia with good between occasioratgbility (Montgomeryet al
1989) and limited night-to-night variability (Mileset al.2002).

Oximeters are calibrated during manufacture andnaatically check their internal
circuits when they are turned on. They are accuratke range of Spof 70 to 100%
(+/-2%), but less accurate below 70%. The oximat#éizes a light source originating
from the finger-probe at two wavelengths (665nnd-aed 880nm - infrared). The light
is partly absorbed by haemoglobin (Hb), by amowidtih differ depending on whether
it is saturated or desaturated with oxygen. By udating the absorption at the two
wavelengths the processor can compute the proparfioxygenated Hb.

Continuous measures of oxygen saturation @p@@d pulse rate were recorded. The
SpQ value is moving averaged over a period of 3 segoadd displayed every second
on the LCD. Sp@ and pulse rate values are sampled and stored évesgconds,

allowing downloading at a later date. The Minoltdg®x 3i oximeter is accurate over a
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range of Sp@ from 50-100% with precision of +/- 2%. Measuredomume measures
were mean Sp§) lowest Sp@ and percentages of sleep time spent with ;Sp&ow
94%, 93%, 92%, and 90%. Various methods of quangfyocturnal Sp@in CF are

reported as detailed in Table 1.1.

2.2.2 Hospital Visit

2.2.2.1 Clinical Examination

1) Height was measured using a Harpenden heigtiiostater (Holtain Ltd, Crymych,
Dyfed, UK) to the nearest millimetre.

2) Body mass was measured with the subject wearingnal clothing, using electronic
scales (Seca [Model 861], Vogel and Halke, Germé&myf)e nearest 0.1 kilogram.

3) Height, weight and body mass index were condettestandard deviation scores
using the British 1990 growth reference data (Fraeet al. 1995, Coleet al. 1995),

and associated computer package from the Child tBréaundation.

Body surface area was calculated using the follgwquation (Mosteller 1987):

Surface area (f= \ Height (cm.) x Weight (kg)
3600

4) All subjects underwent a cardiopulmonary phylses@amination.

2.2.2.2 Resting Oximetry

Transcutaneous oxygen saturations (§@Dd heart rate were recorded at rest over a 3-
minute period, using a pulse oximeter (Nonin, US/)ich was placed over the right
supraorbital artery. Daytime hypoxia was defined asresting Sp® <95%, in
accordance with the definition of Coffey and cofjeas (Coffeyet al.1991).

Following clinical examination and oximetry, it waketermined if the subject was
allowed to proceed with cardiopulmonary exercisting. A subject was to be excluded
from testing if Sp@ was < 90%; if there was evidence of an acute ulopesr

respiratory tract infection; if wheeze was presemtexamination; or they had a lower

limb injury that would limit exercise performance.
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2.2.2.3 Spirometry and measures of other lung paraeters

2.2.2.3.1 Spirometry methods

Incentive spirometry was performed using a labayaspirometer (Jaeger Masterscreen
4.65) with computer package (Figure 2.4). The speater was calibrated before each
set of measurements with a three-litre syringe. re&@htechnically acceptable
manoeuvres were performed and forced expiratoryraelin 1 second (FEY, forced
vital capacity (FVC), mid-expiratory (FEfand FEI) flows and peak expiratory flow
(PEF) were recorded in accordance of the joint Araer Thoracic Society and
European Respiratory Society (ATS/ERS) standandsgdwometry (Milleret al. 2005).

Figure 2.4
Child performing incentive spirometry on Jaeger tdescreen system

2.2.2.3.2 Spirometry reference data

The published Brompton paediatric reference datsgoometry (derived from a cross-
sectional study of 772 caucasian children) weral.us@lues from our study subjects
were converted to standard deviation scores (SBB)guhis validated reference data
(Rosenthakt al. 1993).
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2.2.2.3.3 Plethysmography

Plethysmography was undertaken at Annual Reviepadsof each CF patient’s clinical
evaluation. Plethysmography estimates measurestbfrbsidual volume (RV) and total
lung capacity (TLC), and from these measures, amate of gas trapping can be made
from the RV to TLC ratio. This was undertaken ic@clance with the methodology of
Stocks and Quanjer (Stocks and Quanjer 1995).

2.2.2.3.4 Modified Chrispin Norman chest radiographscoring

The original Chrispin-Norman scoring system invehassessment of both frontal and
lateral chest radiographs (Chrispin and Norman 19FHde modified Chrispin-Norman
scoring system (Bendeat al. 2005) assesses only a frontal postero-anteriostche
radiograph, which is scored according to a stanslgdcoring system for the typical
abnormalities seen in CF. These include hyperiofiatincreases in lung volume and
the degree of diaphragm depression. Each individeal is given a score of: 0 - not

present; 1 — present but not marked; 2 — markegukerting on the degree of change.

The lung fields are then divided into four quadsamight upper, left upper, right lower,
left lower. Each area is then reviewed for parendlylung changes which are a
consequence of bronchial mucus plugging and irdactihese are seen as bronchial
wall thickening, ring shadows, mottled shadowing aneas of confluent consolidation
— large soft shadows. A score of 0, 1 or 2 is gi@ecording to severity for each zone in
relation to these changes. Scoring is performedway observers simultaneously in
order to reduce inter-individual error. The profarmased for the scoring process is

included in Appendix 2.
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2.2.2.4 Respiratory Muscle Pressure Measurements

Sniff nasal inspiratory pressure as well as mouatpiratory and expiratory pressures
were measured using a hand-held pressure meterdREM01, Micro Medical Ltd.,
Chatham, Kent, UK). Pressure is measured as thasduced across a piezoelectric
crystal within the meter. Calibrations are factsgt and are reported to remain stable
indefinitely. However, in order to check pressuaéhration, a 3-way tap connected to a
syringe and attached to a manometer at one endthenBPMO1 at the other is used
(Figure 2.5). The syringe is aspirated until a nieggoressure of 200cm2B is reached
on the manometer. The respiratory muscle presseterrshould be reading the same
pressure value. Adjustments can be made by turaicglibration screw in the outer

housing of the meter until calibrations is reached.

Figure 2.5
Calibration of the RPMO1 respiratory muscle pressueter (Micro Medical, UK)

Connecing Femas Hazal plug
Ime Lugr adapher T
T Piece

—emeaal 1] ||

i}

Reproduced from operating manual of RPMO1 respiyatwiscle pressure meter

2.2.2.4.1 Sniff Nasal Inspiratory Pressure (SniP)

The SnIP is a short, sharp voluntary manoeuvreopadd whilst seated (Figure 2.6).
Pressure is measured by wedging a nasal plug (Miadical Ltd., Chatham, Kent,
UK) in one nostril whilst the other nostril remainsoccluded. The nasal plug allows a
leak-free fit inside the nostril, and is connedie@ 1.0mm ID polyethylene catheter that
is attached to the pressure transducer of the halidpressure meter. The respiratory
pressure meter was connected to a respiratorypeedgatabase and analysis software
(PUMA, Micro Medical Ltd.), via a desktop personadmputer. The subject sniffs

through the obstructed nostril from relaxed endwatipn (Functional Residual
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Capacity, FRC), to a maximum of 10 attempts. Thesgure in the obstructed nostril
corresponds to the transmitted pressure from dlt@tthe nasopharynx, as a measure of
respiratory muscle strength. Most subjects are #blattain a maximal sniff with
practice (ATS statement), and there appears gtile in carrying out a greater number
of sniffs (Fitting 2006).

SnlPs were recorded using the software above, axihmim SnlP of three manoeuvres
which varied by less than 5% was noted. Sniff mesments were rejected if the
pressure tracing did not show smooth upstrokehenatal duration of the sniff was >
500ms as suggested by previous authors measurifigy iSrchildren (Raffertyet al.
2000).

Figure 2.6
SnIP being performed in a young child

2.2.2.4.2 Mouth Inspiratory Pressure (MIP)

Mouth inspiratory pressures were measured usingaadard flanged mouthpiece
connected to the hand-held pressure meter. Maxipn@ssure that is sustained over 1
second was computed. Pressure-time plots were diéweeal-time using the PUMA

analysis software package
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A nose clip was worn during testing, and the subjexs asked to perform a minimum
of 5 and a maximum of 10 maximal inspiratory editom FRC, whilst seated. Each
effort was undertaken 1 minute apart. Subjects wasked to maintain maximal
pressures for at least 2-3 seconds, in order thetimum pressure sustained for 1
second could be recorded. A leak is built into th@uthpiece in order to allow some
airflow and prevent glottic closure on inspirati@are was taken to ensure an adequate
seal around the mouthpiece to minimise airleak, #mel highest pressure of 3

manoeuvres which varied by less than 5% was noted.

2.2.2.4.3 Mouth Expiratory Pressure (MEP)

MEP is a method of assessing global expiratory teustrength by measuring the
maximal static pressure that can be generatedeaintiuth by performing a maximal
expiratory effort (Valsalva manoeuvre). Mouth eampiry pressures were measured
using a standard flanged mouthpiece connectedetdhéimd-held pressure meter, and
maximum pressure that is sustained over 1 secomsdcamputed. A leak is built into
the mouthpiece in order to prevent buccal musaleliement. Pressure-time plots were
viewed in real-time using the PUMA analysis softevpackage.

The subject was asked to perform a minimum of 5 andaximum of 10 maximal
expiratory efforts from Total Lung Capacity (TLG¥hilst seated and wearing a nose
clip. Each effort was undertaken 1 minute apartbj&is were asked to maintain
maximal pressures for at least 2-3 seconds, sonthatmum pressure sustained for 1
second could be recorded. Care was taken to emisatéghere was an adequate seal
around the mouthpiece, and the highest pressume 3ronanoeuvres that varied by less
than 5% was noted.

2.2.2.4.4 Methodological issues around RespiratoiMuscle Testing
A number of methodological issues have been naoidide literature respiratory muscle
pressure testing, the principal ones being:

Nose-clip or no nose-clip?

Measurement of Inspiratory Pressures from RV or FRC

Measurement of Expiratory Pressures from TLC or FRC
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The first of these issues centres on whether oranobse-clip should be worn when
carrying out mouth pressures measurements (MIP ME#). The reference data
available in children were derived with nose-clipplace (Stefanutti and Fitting 1999,
Rafferty et al. 2000), although the 2002 American Thoracic Sodietsdpean
Respiratory Society statement on respiratory musdeng concludes that ‘noseclips are
not required’ when testing static mouth pressidS(ERS 2002).

The pressure generated during respiratory musasspre manoeuvres reflects the
pressure developed by the respiratory musclggd(Pplus the passive elastic recoll
pressure of the respiratory system including thhgduand the chest wall {P At FRC, the
elastic recoll is zero, so that mouth pressurejimkto R.s However, at residual volume
(RV), the Rs may be as much as —30crp{ and thus may contribute significantly to MIP
values. Similarly at TLC, thefan be up to +40cmB), thus affecting the MEP values.
Since it is difficult to estimate and subtract #tasecoil values, measures of inspiratory
pressures were made from FRC. Ideally, MEP wousd dlave been measured from
FRC. However, in a group of children used to peniog forced expiratory manoeuvres
(spirometry) from TLC, MEP readings were measurethfTLC.

2.2.2.4.5 Respiratory Muscle Pressure Reference @at

The paediatric reference data of Stefanutti anithgi{1999) was used, where age and
gender-specific means and standard deviationsrf?, 341IP(FRC) and MEP(TLC) are

quoted. SnIP, MIP and MEP values from our studyesib were converted to standard
deviation scores (SDS) using this validated refegadata (Stefanutti and Fitting 1999).

79



2.2.2.5 Exhaled Breath Condensate (EBC)
2.2.2.5.1 Exhaled Breath Condensate Collection

Samples were collected with the subject in a septegition using a commercially
available system (ECoScreen, Jaeger, Hoechberg)@g) with a one-way inspiratory

valve, cooling chamber and collection system (Fegii7).

Figure 2.7
Collection of EBC

An oral inhalation,-oral exhalation method was used a nose-clip was worn in
accordance with the ATS/ERS recommendations (Hbregal. 2005). Collection time
used was 20 minutes, during which the subject uadkemormal tidal breathing. After

this time, between 2 and 4mls of exhaled water vap@re collected.

Exhaled breath collection was carried out prioratty forced expiratory manoeuvres
being undertaken, and also prior to exercise. Tésigd of the mouthpiece for the
Ecoscreen device is such that the condenser is lagter level than that of the
mouthpiece, minimising the risk of salivary contaation. Following collection, the

samples were immediately, transferred to the Imrbiology laboratory, Institute of

Child Health, eluted into cryovials (Nalge-Nuncdmiational, Roskilde, Denmark) and
stored at —86C.
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2.2.2.5.2 Exhaled Breath Condensate Cytokine analgs

Wide discrepancy in reported in the levels of detele IL-8 in EBC is reported.
Cunningham and colleagues studied 21 CF patierddatected IL-8 in EBC in 33%
with median concentrations of 49 pg.thi(Cunninghamet al. 2000). This contrasts
with work reported by an Italian group (Bodet al. 2005)who detected IL-8 in 90%
CF patients and controls but with concentratioret #re all <1 pg.mt i.e. 50-fold
lower than Cunningham. In view of the discrepanarekevels of detectable cytokines
found in EBC, two methods of analysis were chos@énst, the same ultrasensitive IL-8
enzyme-linked immunosorbent assay — ELISA kit (KI988, BioSource International
Inc., Camarillo, California) used by Bodini and lealgues was used (Bodiei al
2005). This kit detects IL-8 levels within the rangf 0.39 pg.mL* to 25 pg.mL.
Secondly, a 10-plex cytokine analysis system whlietects 10 different cytokines — IL-
1b, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, Interferon gmma (IFNg), granulocyte and
macrophage colony stimulating factor (GM-CSF) amnF&, (Human 10-plex cytokine
assay, BioSource International Inc., Camarillo, ifGalia) was used. For IL-8, the
standard curve is such that IL-8 levels within thage of 16.5-4000 pg.riLcan be
detected. i.e. should be able to detect IL-8 lev@tsilar to those reported by

Cunningham and colleagues (Cunninghetral. 2000).

2.2.2.5.2.1 Ultasensitive enzyme-linked immunosorbeassay (ELISA) for
interleukin-8

(ELISA) were used to measure the concentrationlLe8 in exhaled breath. An
ultrasensitive IL-8 (KHC0084, BioSource Internatbrinc., Camarillo, California) kit
was used, which detects IL-8 over a range from @8InL* to 25 pg.mC'.The

protocol was based on manufacturer’s instructions.

A high-binding 96-well plate had already been poeted with capture antibody. Prior
to the first incubation, samples in duplicate aedadly-diluted standards were added at
100niL/well. Additionally, a patient EBC sample was smik with a known
concentration of IL-8, and a blank sample was ronduplicate. Standards were
generated by 1:2 serial dilutions from 25 pgmtlown to 0.39 pg.mt The first
incubation consisted of 2 hours at room temperatiugng which IL-8 antigen binds to

the capture antibody on one site.
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Wells were then aspirated and washed 4 times w2 wash buffer per well,
following which a biotinylated antibody specific rfchuman IL-8 was added at
100ri/well. During this second incubation (1 hour abmo temperature), this antibody

binds to the immobilised human IL-8 captured dutimg first incubation.

Wells were again aspirated and washed 4 times 2G€L. wash buffer per well. After
removal of excess of the second antibody, StrepitaViorseradish peroxidase enzyme
(Streptavidin-HRP) is added. This binds to the ihidated antibody to complete a
‘four-member’ sandwich. After a third (30 minutegom temperature) incubation,
washing (x4) is again carried out, to remove alltteg unbound enzyme. Thereafter,
tetramethylbenzidine (TMB) was added (h@@well). This is a substrate which is acted
upon by the bound enzyme to produce colour. Plata® protected from light and
incubated at room temperature for 30 minutes. fkensity of the coloured product is
directly proportional to the concentration of hurmas8 present in the original sample.
The colour reaction was stopped by the additiom stop solution (1M hydrochloric
acid) which was added at l@iQwell.

Optical densities of each well were then read usimndgLISA plate reader (Revelation
4.02, Dynex Technology, Chantilly, VA, USA) at 450n(reference filter 650nm).
Cytokine concentrations in the unknown samples weeel from the curve generated
from a known standard included on each plate. Tdsbnique allowed confidence to
detect IL-8 within the range of 0.39 to 25 pg.miThe highest coefficient of variation
quoted for this kit for replication of responsestba same plate (intra-plate precision) is
<6%, and coefficient of variation for responses lestw plates is 8% (inter-plate

precision).
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Figure 2.8
Methodology for human interleukin-8 ELISA
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2.2.2.5.2.2 Human 10-plex cytokine assay

A human 10-plex kit (BioSource International InCamarillo, California) was used to
assay levels of IL4, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IFN-g,GM-CSF and TNFRa.
This is a multiplex analysis protein system utilgsi LumineXD technology. The
LuminexD system uses uniformly sized microspheres whichraeenally labelled with
graded proportions of a red and nearly red fluoph668nm and 712nm respectively,
providing the capacity to interrogate and clasdi®p discrete beads. This means that
the system has the potential for measuring up @ d@alytes in a single sample.
Essentially the procedure is an ELISA on a beadadBeof a single identity are
covalently coupled to a single capture antibodytl@r cytokine of interest. Samples and
standards of known concentration are pipetted tin¢owells of a filter bottom 96-well
plate and incubated for 2 hours. After washinglibads, cytokine-specific biotinylated
detector antibodies are added to quantitate theuatrad each cytokine captured on the
bead. The detector antibody is incubated with tbads for 1 hour. After washing to
remove excess biotinylated detector antibodiesep&widin conjugated with a
fluorescent protein, R-Phycoerythrin (StreptaviBRE) is added. A 30 minute
incubation takes place, during which StreptavidiPERbinds to the detector antibodies
associated with the immune complexes on the beafisr a wash to remove any
unbound beads, the beads are analysed using thinéximMAPO system which

incorporates the Luminex1@0 system plate analysis (Luminexcorp, Austin, Texas,
USA).

This system has been validated for the measureofesg¢rum cytokines (Zhaet al.
2003), though no data for the analysis of EBC ex@&mparison with individual
ELISAs has shown that Luminéx technology is of equivalent accuracy for the
majority of cytokines (du Porgt al. 2005). The lower limits of detection and inter-
assay variations (BioSource International Inc., allo, California) for each cytokine
using this kit are tabulated below.

84



Table 2.1

Lower detection limits and interassay variability human 10-plex cytokine kit

LOWER LIMIT OF INTERASSAY
CYTOKINE DETECTION VARIATION
pg.mL*

GM-CSF 15 9.1%
IFN-c 5 9%
IL-1b 15 8.8%

IL-2 6 9.5%
IL-4 5 8.7%
IL-5 3 7.5%
IL-6 3 7%
IL-8 3 9.8%
IL-10 5 9.8%
TNF-a 10 8.3%

The intra-assay variability is low, and the mantdaers quote correlation coefficients

between 0.92 and 0.99 for the cytokines assayesls¢hema for analysis is outlined

below (Figure 2.9).
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Figure 2.9
Methodology for human 10-plex cytokine analysis
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2.2.2.6 Blood Tests

2.2.2.6.1 Sampling

Blood was taken either by peripheral venepunctureampled from a total implantable
venous access device (TIVAD), such as a Port-a-calthe following samples were
taken: 1ml Lithium-Heparin tube, 1ml ethylenediagtgtraacetic acid (EDTA) tube,
5mils plain tube. In subjects in whom Angiotensim@arting Enzyme (ACE) genotype
had not previously been established, then a furimr EDTA tube was taken and
stored. In all cases, blood samples were takem friexercise being undertaken.

2.2.2.6.2 Immediate sample processing

Once taken, blood was sent to the Great OrmoncetStiespital Chemical Pathology
laboratory for analysis of C-reactive protein (CRBhd also to the Haematology
laboratory for analysis of full blood count with it cell differential and also

erythrocyte sedimentation rate (ESR).

The plain tube was spun in a centrifuge (Rotina ,4@Rlf Laboratories Limited,
Pocklington, UK) at 3000 revolutions per minute forminutes. Serum was then
extracted and stored in cryovials (Nalge-Nunc mma¢ional, Roskilde, Denmark) at —
80°C for later cytokine analyses. In the event of deitsonucleic acid (DNA) being
required to establish ACE genotype, a 5ml EDTA danwas stored at —8C for
future DNA extraction and ACE genotyping.

2.2.2.6.3 C-reactive protein

C-reactive protein was measured in the ChemicdldRagy laboratory at Great Ormond
Street Hospital for Children using the Ortho Diagfims 5.1 chemistry analyser (Ortho-
Clinical Diagnostics, High Wycombe, BuckinghamshildK) and an automated
immune-rate immunoassay (Vitros CRP Slide, Orthioi€l Diagnostics, High
Wycombe, Buckinghamshire, UK). This uses technoltiggt is very similar to the
ELISA technique described above (section 2.2.5.2.1)

The patient sample, when added will bind to beamstezl with phosphorylcholine
(capture beads). A monoclonal anti-CRP antibodglleld with horseradish peroxidise
(HRP) acts as a signal generator for the assast, fire patient sample is added to the
slide. Secondly, CRP binds to the capture beadatswl to the monoclonal anti-CRP
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antibody/HRP complex. The addition of hydrogen g&te results in enzyme mediated
oxidation of dye, the optical density of which igasured at a wavelength of 670nm.
The optical density is directly proportional to tRERP concentration of the sample.
Calibration is regularly performed using the Vitl©@kemistry Products calibration kit 7

in order that accuracy of measurement can be athlygainst standards of known CRP

concentration.

2.2.2.6.4 Full blood count

An automated full blood count was performed in Heematology laboratory at Great
Ormond Street Hospital for Children, along with s@w@&ment of differential white
blood cells including a neutrophil count using Bygsmex XE 2100 analyser (Sysmex
Corporation, Kobe, Japan). The analyser is factatiprated, and undergoes in-house

quality control testing on a daily basis.

Paediatric tubes (EDTA) are manually introduced itite Sysmex XE 2100 machine
via a sampler, from which blood is sampled andtddu Blood then moves through a
tube thin enough that cells pass by one at a tsoethat cell characteristics can be
assessed in five channels, by a combination ofrésmence flow cytometry and
electrical impedence techniques. This series ofsoreanents enables a full differential

white cell analysis to be obtained.

2.2.2.6.5 Erythrocyte sedimentation rate (ESR)

This test was performed in the Haematology laboyadb Great Ormond Street Hospital
for Children using a manual Westergren method (hatiional Council for
Standardization in Haematology Expert Panel on 8lRbeology J Clin Pathol1993).
In short, venous blood was mixed with an aqueoustisa of sodium citrate and
allowed to stand in an upright pipette tube, 200mhength and filled to the zero mark.
Erythrocyte sedimentation rate (ESR) was measusetha observed fall of the red

blood cells, in millimetres over 1 hour.

2.2.2.6.6 Serum cytokine analyses

Enzyme-linked immunosorbent assays (ELISA) wereduse measure serum IL-8
concentration, using an ultrasensitive IL-8 kit (€6D84, BioSource International Inc.,
Camarillo, California), and identical methodologysection 2.2.2.5.2.1.
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2.2.2.6.7 Angiotensin Converting Enzyme (ACE) gengping

Dr Christina Hubbart (Research Assistant, Departna@@nCardiovascular Genetics,
Rayne Institute, University College London) undekK®NA extraction, and carried out
angiotensin converting enzyme (ACE) genotyping gnbehalf.

DNA was extracted using a ‘salting-out’ protocoat &xtracting DNA from whole blood
(Miller et al.1988).

ACE genotype was determined by using a three-priteehnique that has been
previously described (O'Delet al. 1995). Primer ratios corresponded to 50pmol of
ACE1(D-specific oligonucleotide) andCE3(common oligonucleotide) and 10pmol of
ACE2 (l-specific oligonucleotide) in a 20 reaction. This yielded amplification
products of 84bp for the D allele and 65bp for tladlele. Amplification products were
visualised using ethidium bromide staining on 7.5%lyacrylamide ‘MADGE’
(Multiple Array Diagonal Gel Electrophoresis) gelccuracy was ensured by using
replica PCRs set up without the I-specific prim®€CE?2) to confirm the presence of the
D allele.

Figure 2.10

PCR for ACE genotype using 3-primer system
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2.2.2.7 Echocardiography

Trans-thoracic echocardiography was undertaken lbnstady patients, using a
commercially available cardiovascular ultrasoundteyn (GE Vivid System 7, GE
Healthcare, UK). The timing of the echocardiograaswguch that it was carried out in
the resting state, and prior to cardiopulmonaryr@ge testing. M-mode, two-
dimensional and Doppler echocardiographic imagese vaequired from the standard
parasternal, apical and subcostal views. Echoograi was carried out with the
subject either supine, or in the left lateral posit by experienced paediatric
sonographers (Gill Riley, Katie Maslin, and AnnarlBa) from the Department of
Cardiology, Great Ormond Street Hospital for ChaldrLondon, UK.

Cardiac structure and morphology were assessedrebefmving on to carry out
measures as laid out in the proforma of echocardpigc measures in CF devised for
this study. The proforma is similar to that usea istudy of cardiac function in adult CF
patients (Frasert al. 1999), and was agreed independently by two Camsult
Paediatric Cardiologists at Great Ormond Street @aham Derrick and Dr Jan
Marek). Standard M-mode measurements at end déastele made measuring left
ventricular wall thickness at both interventricutaptum and posterior wall (IVSd and
LVPWd), as well as right ventricular wall thickneg®VWd). Left ventricular
dimensions were measured in both systole and dea$td/Ds and LVDd). These
measures were taken from the parasternal long \@gi® as recommended by the
American Society of echocardiography (Sahml.1978).

The left ventricle fractional shortening (%) wassessed by M-mode measures of
fractional shortening using the following equat{@Quinoneset al. 1978):
LV fractional shortening (%) = LVD (end diastole]l ¥D (end-systole) x100

LVD (end-diastole)

LV ejection fraction (%) was derived from the M-n@dneasures of ventricular

dimensions as follows (Feigenbawtnal 1972):

LV ejection fraction (%) = [LVD (end diastol€)} [LVD (end-systole}jx100
[LVD (end-diastole)j
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Systolic pulmonary artery pressure (or sPAP) wassueed from the continuous
Doppler signal of the tricuspid regurgitation (Tgtadient (if any TR present) using the
modified Bernoulli equation described by Fraseal.(1999) : Dp=4v* where Dp is the
calculated peak pressure difference between RVragmd atrium (RA), and v is the
measured peak flow velocity of tricuspid regurgitgat. The Dp value is added to RA
pressure which is assumed to be 5mmHg in childberef al. 2004).

2.2.2.8 Cardiopulmonary Exercise Testing

A cardiopulmonary exercise testing protocol wasadly in place for children attending
the exercise laboratories at the Institute of Clhillelalth. Cardiopulmonary exercise
testing was carried out with breath by breath Vatoly gas analysis using a
commercially available metabolic cart (MedGraphldSA). Prior to each test, the mass
flow sensor was calibrated using a standard 3 Biygnge. Two-point sensor gas
calibration (Zirconium oxide fuel cell and infrar€, analyser) was performed prior
to each test using standard calibration gases Q8486 CQ:balance nitrogen ar#1%
Oz:balance nitrogen, Scott Medical Gases, Breda,drdd). 12-lead electrocardiography
(ECG) was recorded before and during all tests dié&@ontrol Workstation, Welch
Allyn, Delft, Holland). The subjects were fitted tvinose-clips and wore a full face
mask (MedGraphics, USA), connected to an expiralion{p pneumotachograph. The
pneumotachograph measured flow, and a samplingniioeitored mouth tidal pCO
and pQ. This protocol can used to calculate maximal oxygensumption (V@max)
during maximal exercise, and also peak oxygen aopson (VO;peak) and anaerobic
threshold (AT) for patients with CF undergoing ne@ximal or submaximal exercise.

Subjects were exercised on an electronically-bradgre ergometer. The choice of
ergometer was dependent upon the height of the.chdr children between 128 and
135cm. tall, the Ergoline 900 (Ergoline, Blitz, G®mny) was used, and for those
>135cm. tall, the Lode Excalibur (Lode, Groningehlolland) was chosen.
Transcutaneous oxygen saturations (Sp&ahd heart rate were continuously recorded
during exercise using a pulse oximeter (Nonin, USA)jch was placed over the right
supraorbital artery fixed with a bandanna, thig sieing the least prone to exercise
artefact. Oxygen uptake (M) carbon dioxide production (VG end-tidal CQ

(etCQ), tidal volume (\f) and respiratory rate were measured.
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Figure 2.11
Subject undergoing cardiopulmonary exercise teg@@RET)

2.2.2.8.1 Cardiopulmonary Exercise Testing (CPET)rclusion Criteria

Inclusion Criteria

Height >128cm (needed to reach pedals)

Age >8 years [Cadence maintenance difficult below age]

Exclusion Criteria

Aged <8years
Height<128cm

Contagious illness or colonisation
i.e. Methicillin-resistanStaphylococcus aure(MRSA)

Mental or behavioural deficiency preventing usemgometer

Gross motor or neurological deficit preventing osergometer
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2.2.2.8.2 Cardiopulmonary Exercise Testing (CPET) i®tocol

Subjects were advised to refrain from eating foleast 2 hours before the test, and to
avoid strenuous exercise for 24 hours before CPP#HRough clear fluids were allowed,
caffeine-containing drinks were avoided on the dhiesting. All subjects underwent a
cardiopulmonary physical examination. Resting heate (HR) and SpfO were
recorded using a pulse oximeter (Nonin, USA), whighs placed over the right

supraorbital artery.

Direct estimation of maximal voluntary ventilatigMVV), measured by maximally

deep and rapid respiration over a 12-second peves performed. As well as a direct
measurement of MVV, a prediction was made usinddbbod CF-specific reference
equations for calculating MVV (Stegt al.2003).

The exercise testing protocol was adjusted to @atiliidual child, such that a ramping
protocol of increasing workload was chosen to aghi@ to 12 minutes of incremental
exercise testing. The expected achievable worktda@wW/kg was adjusted dependent
upon the fitness quartile into which the child glacthemselves, and the pre-test

spirometry values to attain a suitable rampinggook

Data will be collected over 4 phases of exercise:
a. Resting data [3 to 5 minutes]
b. Loadless cycling [3 minutes]
c. Incremental exercise test [8 to 12 minutes]
d

. Recovery phase [4 minutes]

a. Resting data [3-5 minutes]
The subject was seated on the ergometer, and mexhitturing tidal breathing, until

respirations became regular and gas-exchange nesastabilised.

b. Loadless cycling [3 minutes]
The subject cycled with no resistance (ergometetoseero watts), whilst maintaining a
steady cadence at 60-80rpm. This allowed musclesaron up, and steady state gas

exchange was achieved at the end of the warm-ugepha
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c. Incremental exercise test [8-12 minutes]
Using a predetermined ramping protocol, exerciss wadertaken with a steadily
increasing workload, whilst maintaining a cadentc@&@80rpm. The aim was to reach

maximal exercise capacity in an 8-12 minute period.

d. Recovery phase [4 minutes]

The subject was monitored in the recovery periogsiRance was removed from the
ergometer, and gentle pedalling (20-30rpm) was @macped to prevent syncope. Gas
exchange data was recorded for 4 minutes, and @t fecording continues until heart

rate returned to near-baseline.

A summary of the full CPET protocol is providedappendix 4.

2.2.2.8.3 Cardiopulmonary Exercise Testing (CPET) Masured Parameters
The following parameters were measured:
Heart Rate
Blood Pressure (checked manually every 1-2 minduesig CPET)
Oxygen utilisation (VQ) - Measured by indirect calorimetry
Carbon dioxide elimination (VC£- Measured by indirect calorimetry
Work Rate (Watts)
Respiratory Rate
Tidal volumes
Minute ventilation
End-tidal CQ (etCQ)
Oxygen saturations (Sp
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Clinically important outcome measures include:

VO, peak
The peak oxygen consumption level during the teist.-evel of oxygen utilisation at

maximal exercise.

(VO2max)
Although often quoted as a primary outcome measuexercise-related research, the
VO, max is of limited usefulness in children for twaasens. Firstly, such volitional
tests may be submaximal, and secondly, the platdéaoxygen uptake at maximal

exercise occurs only in a proportion of childhoesits.

Minute ventilation (V g)
The product of tidal volume and respiratory ratee tinute ventilation on exercise
represents the ventilatory adaptation to exertiseng the measured or predicted MVV,
an assessment of breathing reserve at the enceafiex can be made fmax — MVV).

Anaerobic Threshold

Anaerobic threshold is calculated as the level>drase at which aerobic energy is
supplemented by anaerobic mechanisms. The incgeéasitic acid burden is buffered
by bicarbonate, and the resultant carbon dioxi@el lemoved through an increase in
ventilation. The cycle test can determine the paintvhich this happens using the V-
slope method (explained below) to ascertain thentpait which carbon dioxide
elimination increases. This is seen to be a repibtkimeasure of Anaerobic Threshold
(Thin et al 2002).

Anaerobic Threshold has advantages oveprWéX as a primary outcome as it is more
easily reproducible between occasions and betwedients. The reason for this is
because V@max requires the patient to get up to maximal e@gercapacity (perhaps a
tall order for 8-16 year old CF patients), wher@dsis a sub-maximal measure. AT is
quoted as the level of oxygen uptake at which &gant metabolic supplementation

through anaerobic metabolism takes place.
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2.2.2.8.4 Cardiopulmonary Exercise Testing (CPET) &a Generation
Following completion of a cardiopulmonary exerciest (CPET), a nine-panel plot of
test data is generated. An example of such a gketnt from a healthy control subject is

displayed below (Figure 2.12):

Figure 2.12
9-panel CPET testing plot from healthy subject

"9 Panel Plot ‘
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Each of the nine panels provides different infoiorategarding the exercise test.

The ventilatory responses are best assessed ifsdarkand 7.

9 Panel Plot

Panel 1 is a plot of minute ventilation {Vgreen) and respiratory rate (RR, orange)
against time. Panel 4 is a plot of minute ventilatversus carbon dioxide elimination

(VCOy,), and panel 7 is a plot ofp\against tidal volume (.
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Cardiac indices are best assessed using panekng, 3.

9 Panel Plot

Cardiovascular
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Panel 2 shows heart rate (HR, brown) and oxygeakepper heart beat (\VMHR — the
so-called ‘oxygen pulse’, purple) against time. Txggen pulse provides an indirect
measure of the contribution made by stroke volumeardiac output. Panel 3 shows
oxygen uptake (V@ red), carbon dioxide elimination (VGQOblue), and workload
(black) plotted against time. Panel 5 illustrateR tbrown) and VC@ (blue) against
time. The point at which an upkick in G@roduction occurs can be assessed from this
plot — the so-called V-slope method - and it i®lykthat this is the point at which
anaerobic threshold (AT) has been reached. Theetuff of lactate results in an
obligatory increase in VC{relative to VQ at AT due to increased G@roduction as
HCO; buffers lactate. In addition to V-slope analysise fpoint at which AT occurs

requires confirmation in panels 6 and 9.
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Panel 6 and 9 reflect the responses of the pulrngoraaculature during exercise.

9 Panel Plot
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Panel 6 shows the ventilatory equivalents for oxyfé-/VO,, red) and carbon dioxide
(Ve/VCO,, blue) plotted against time, whereas panel 9tilies oxygen saturations
(SpO, green), and end-tidal concentrations of oxyge@Jered) and carbon dioxide

(etCQ, blue) against time.

Anaerobic threshold (AT) occurs at a point whereg/\D, begins to rise whilst
Ve/VCOs,is either falling or has reached a plateau (pahdlé& hyperventilation occurs
with respect to @but not CQ at the point where AT occurs due to a period ofapnic
buffering. This period is so-called because thera lack of ventilatory compensation
for the evolving metabolic acidosis (Wasserman }9D8ring this period, circulating
HCO; buffers the metabolic acid produced, and the pdests for around 1-2 minutes,
after which ventilatory compensation is requirealdi@g to an increase in the ventilatory
equivalent for CO2-(Ve/VCQOy). On panel 9, the point at which AT occurs is neark
by a rise in end-tidal oxygen (efdevels as a result of hyperventilation., thoutB@

remains constant due to the phenomenon of isocépifiiering described above.
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Panel 8 is an assessment of the metabolic respmngxercise and is a plot of

respiratory exchange ratio (RER, green) agains.tim
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2.2.2.9 Assessment of skeletal muscle function
Measures of both proximal (quadriceps maximal igomesoluntary strength), and

distal (hand-grip strength dynamometry) musclensjtie were made on each subject.

2.2.2.9.1 Quadriceps maximal isometric voluntary aatraction

To quantify quadriceps muscle strength, maximalintary isometric contractions were
measured using a custom-built isometric dynamoniéteiversity College [Royal Free
Campus] Medical School Physiology Department). fBriehe subject was sat in an
upright position with knee flexed to 90 A clamp placed just above the ankle
transmitted knee extensor force via an inextengibéen to a strain gauge bar. A secure
strap was placed around the hips to prevent hignsxin. The subject was instructed to
try to extend their knee and generate as much fasgeossible (Figure 2.13). Subjects
were requested to maintain the maximal contractown2-3 seconds and then relax.
Forces from the strain gauge bar were amplified disglayed on a chart recorder. The
sartine gauge was calibrated with a set of knowsses, in order to derive a regression
equation for force measurement. Regular 3-poinbiions with 5 and 20kg masses

were undertaken during the duration of the study.

Figure 2.13

Quadriceps muscle strength
testing

2.2.2.9.2 Quadriceps force reference data

The reference data of Backmanhal. (1989) was used, where age and gender-specific
means and standard deviations for maximal quadsiceptraction are given. Maximal
forces achieved by voluntary quadriceps contractionour study subjects were
converted to standard deviation scores (SDS) usimg validated reference data
(Backmaret al.1989).
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2.2.2.9.3 Handgrip Strength Dynamometry

An estimation of distal skeletal muscle strengthswaade using peak force
measurements made using a Jamar hydraulic handndyneter (Sammons Preston,
Bolingbrook, IL, USA). Prior to testing, each chias instructed on how to use the
Jamar dynamometer. Testing was carried out witrchile standing straight with their

back against a wall, and arm held in 90 degreedbaiw flexion (Figure 2.14).

Grip strength was tested with the dynamometer enstacond position, as used in the
collection of the quoted reference data (Mathiovettal. 1986). Alternate measures of
dominant and non-dominant hand grip strength wesiderone minute apart, to a total

of three measures on each side. The maximal fegoergted was recorded.

Figure 2.14
Child performing handgrip strength dynamometry

2.2.2.9.4 Handgrip Strength Reference Data

The paediatric reference data of Mathiowetzal. (1986) was used, where age and
gender-specific means and standard deviations darirtant and non-dominant hand
grip strength are given. Maximal handgrip strengilues from our study subjects were
converted to standard deviation scores (SDS) usig validated reference data
(Mathiowetzet al. 1986).
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2.2.2.10 Bone densitometry

Bone mineral content (BMC) was assessed in 8 tgeh2-old CF subjects using dual
X-ray absorptiometry (DXA) scanning of the lumbaime (Lunar Prodigy, GE Medical
Systems) — Figure 2.15. This was used to estimane Inineral density (BMD) for a
given bone area: BMD = BMC/Bone area. BMD was esped as a standard deviation
score related to an age-matched population. How@visr known that a BMD z score
measure will underestimate BMD in a small subjecid overestimate in tall subjects
(Fewtrell et al. 2003). Therefore, a volumetric assessment — the buneral apparent
density (BMAD) was undertaken to adjust for caleedhbone volume rather than bone

area.

Figure 2.15
Child undergoing a DXA scan
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2.2.2.11 Quality of life assessment: Cystic FibrasiQuestionnaire [CFQ)]

Psychological well-being was assessed using théidClygrosis Questionnaire (CFQ).
The CFQ is a quality of life assessment that wasldped in France (Henrgt al
1997). It has since been adapted for use in a nuofoeountries (Rozoet al. 2006)
including Spain, Germany (Henry et al 1998), USAuif@er et al 2000), Holland
(Klijn et al 2004), as well as current adaptation for UK useydB 2004). In each of
these translations, both backward and forward ka#ines were completed and re-
validation of the questionnaire was carried ouCB-ROM package that accompanies
the questionnaire enables nine quality of life (Q@imensions to be assessed (Table
2.2).

Table 2.2
Quality of life dimensions that are assessed byJKeCFQ

Physical functioning
Energy/well-being
Emotions

Social limitations
Role
Embarrassment
Body image

Eating disturbances

© 00 N O O A W N P

Treatment burden

This study used the UK-translated CFQ (Bryon 20(ersonal communication). The
CFQ-14+ was used for children aged over 14 yeaidjsa self-assessed questionnaire
that takes around 10 minutes to complete. A s@ibiiing format for 12 and 13 year-
olds was used for this age group. The CFQ chilgl # parent-proxy evaluation used for
children aged 6 to 13 and was used for the youra@dren in our study. An
interviewer format questionnaire for children adgedl year-olds is also available but
was not used in this study. Statistical analysesewmrried out to assess overall
differences in quality of life, or in individual QCdimensions with respect to hypoxia.

Copies of the various CFQ questionnaires usedt@ehed in Appendix 3.

104



2.31In vitro Study Methods

2.3.1 Tissue Culture — Cell lines and incubator cattions

Tissue culture was carried out using immortaliseltiimes (Dieter Gruenert, University
of Vermont, USA). Firstly, a non-CF airway epitlalcell line was chosen - IHAE@
transformed human airway epithelial cells whichniotight junctions (Cozenst al.
1994). Secondly a Cystic Fibrosis airway epitheatell line was chosen - CFBE4la

transformed cystic fibrosis bronchial epitheliall te@e that maintains cell polarity.

The cells were grown in 25ml flasks (T25, Nalge-bummternational, Roskilde,
Denmark), in a standard tissue culture incubataq&/-R, Wolf Laboratories Limited,
Pocklington, UK) maintained at 3 and with a C® level of 5%. Humidity was
maintained by keeping a filled tray with a watepper sulphate mixture at the base of
the incubator.

Each 500ml of tissue culture media (SIGMA M7278 imimm essential medium) was

enriched with foetal calf serum (50mls), L-glutamin5mls) and a procaine

penicillin/Streptomycin (PenStrep) mixture (5mis)edia was changed every 2-3 days,
and passaging of cells was carried out on a twreekly basis with cells being split 1 in

5.
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2.3.2 Tissue Culture — Hypoxic conditions

2.3.2.1 Hypoxia as single variable

Hypoxia was controlled by a Pro-Ox controller (Bbsrix Limited, Redfield,

NY13437, USA), regulating oxygen concentration witla two-shelf tissue culture
chamber (Biospherix Limited), housed in a standardubator (Galaxy-R, Wolf

Laboratories Limited, Pocklington, UK) as illustdt below (Figure 2.16). Carbon
dioxide within the cell culture chamber was mainéal at 5% using a Pro-GO
controller (Biospherix Limited, Redfield, NY1343USA).

Figure 2.16

a) Cell culture chamber and Pro-Ox controller dgitiypoxia experiments
b) How controller supplies gas to chamber
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In order to maintain a control environment, cellsrgv incubated simultaneously in
normoxic conditions (incubator) alongside hypoxanditions (tissue culture chamber)
as shown below (Figure 2.17). For the purpose esdhexperiments, cells were seeded
in 25ml flasks (T25, Nalge-Nunc International, Ritdd, Denmark) at a seeding density
of 0.7x10 per flask in 5mls media. Flasks for time zeroo8ts, 24 hours and 48 hours
were each placed in the chamber/incubator for ezalh line and environmental
condition. i.e. Samples for each cell line and untgoxic and normoxic conditions

with a separate flask for each time-point.

Figure 2.17
Regulation of hypoxia using Nitrogen flow via Pro-€ontroller
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CELL CULTURE:
A - HAE in hypoxic conditions

B - CFBE in hypoxic conditions
C - HAE in air (normoxia)

D - CFBE in air (normoxia)
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Simultaneous incubation of air versus hypoxia facheof the cell lines was carried out
over a 48 hour period. Sampling of cell supernateat carried out at time zero, and
then at 8, 24 and 48 hours thereatfter.

The following conditions were studied:

TC Chamber Incubator

Normoxia 21% Normoxia (Control)
Hypoxia 10% Normoxia (Control)
Hypoxia 5% Normoxia (Control)
Hypoxia 1% Normoxia (Control)
Hypoxia 0.1% Normoxia (Control)

2.3.2.2 Hypoxia and lipopolysaccharide stimulatiomof cells

As above, hypoxia within the tissue culture chamias controlled using a Pro-Ox
controller, and a Pro-CQrontroller was used to maintain €@éx a level of 5%. Tissue
culture media were enriched with lipopolysacchafideS) derived fronPseudomonas
aeruginosa(L.9143 Sigma-Aldrich, St Louis, MO, USA), with eéth high (56rg.mL*

media), or low (16g.mL™?) levels of LPS added, or none.

Cells were seeded in 25ml flasks (T25, Nalge-Nurterhational, Roskilde, Denmark)
and incubated simultaneously in normoxic conditigimeubator) alongside hypoxic
conditions (tissue culture chamber). Seeding densits 0.7x10 cells per flask in 5mls
media. Flasks for time zero, 24 hours and 48 howuese each placed in the
chamber/incubator for each cell line and environta@econdition. i.e. High, low and no
LPS samples for each cell line and under hypoxid marmoxic conditions with a
separate flask for each time-point.

Cells were studied at 10%, 1% and 0.1% levels pbkia and compared to normoxic

cells that had been grown simultaneously.
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2.3.2.3 Hypoxia and LPS prolonged time course expearent

The previous time-course experiments describedora#8 hours. A further experiment
was carried out comparing extreme hypoxia (0.1% wbrmoxia over a 4-day period
with sampling carried out at 0, 24, 48, 72 and 86rk.

Flasks had either high-dose LPS r§0nL" media) added or no LPS at all. This
enabled comparison of cell lines with and witholrS_under extreme hypoxic and

normoxic conditions at each timepoint.

2.3.3 Sampling of cell supernatant
At each timepoint in the experiments, cell supanatvas sampled from the T25 flask,
and stored in cryovials (Nalge-Nunc InternatiorRbskilde, Denmark) at —8C for

later cytokine analyses.

2.3.4 Cell counting

Following aspiration of supernatant, the remaintet/s within the flask were washed
with phosphate-buffered saline (PBS). 2mls of TimyfsDTA solution was then added
and the flask was replaced in the incubator fourghér 5 minutes to ensure that cells
had separated and were floating. 5mis of tissutu@imedia was then added to the
flask to inactivate the trypsin. The resulting $@no was placed in a 15ml tube, and
centrifuged at 1200 rpm for 5 minutes. Followingstha pellet representing the cells
was found at the bottom of the centrifuge tube. le&das aspirated and the pellet was

re-suspended in 5mls medium and thoroughly mix@&gus vortex mixer.

16 nL of Trypan blue solution (T8154 Sigma-Aldrich, ISiuis, MO, USA) was added
to 16 mL of the cell suspension, and cells were countedgua haemocytometer and
microscope (Carl-Zeiss, Jena, Germany). Cells elextve in the compounds that pass
through the membrane, and in a viable cell Tryplme lis not absorbed; however, it
traverses the membrane in a dead cell. Hence, @dlsdare shown as a distinctive blue
colour under a microscope. Live cells or tissuethvimtact cell membranes are not
coloured. Since live cells are excluded from stanithis staining method is also
described as a dye exclusion method.
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2.3.5 Enzyme-linked immunosorbent assay (ELISA) fomterleukin-8 (IL-8)
Enzyme-linked immunosorbent assay (ELISA) was usetheasure the concentration
of IL-8 in tissue culture cell supernatant for botlman airway epithelial cells and CF
bronchial epithelial cells. A human IL-8 (ELH-IL&Q, RayBiotech Inc., Norcoss, GA,
USA) ELISA kit was used, which detects IL-8 levishe range of 5 pg.nit.to 2000
pg.mL™. In order for IL-8 levels to be detected in ouil Gipernatant samples, the
samples were centrifuged (Rotina 46-R, Wolf Labaias Limited, Pocklington, UK)
to allow cell debris to sink to the bottom of thibé, and then diluted to 1 in 100 using
an assay diluent provided with the ELISA kit. Theotpcol was based on
manufacturer’s instructions. The procedure is \@milar to that described in section
2B 2.4.2.1, utilising a 96-well plate that had attg been pre-coated with capture
antibody. Standards were generated by 1:3 sefiglatis from 2000 pg.mt down to a
lowest of 2.74 pg.mLt. Some differences are noted between this methddtet used
in section 2.2 2.5.2.1, and these are summaridew{€igure 2.18).

Optical densities of each well were read using BISE plate reader (Revelation 4.02,
Dynex Technology, Chantilly, VA, USA) at 450nm (gegnce filter 650nm). Cytokine
concentrations in the unknown samples were reaah filee curve generated from a
known standard included on each plate. This teclen&jlowed confidence to detect IL-
8 within the range of 2.74 to 2000 pg.fhL

The highest coefficient of variation quoted forstkit for replication of responses on the

same plate (intra-plate precision) is <10%, andffimdent of variation for responses

between plates is <12% (inter-plate precision).
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Figure 2.18
Methodology for human interleukin-8 ELISA (RayBioltg
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2.4 Statistical Methods

2.4.1 Data Storage

The results of the clinical examination, lung fuaottests, skeletal and respiratory
muscle strength measures, sleep and exercise gataymeasures of inflammation and
also responses to the Cystic Fibrosis questiommaivere entered into an Excel
spreadsheet (Microsoft Office 2000, Seattle, USKhen all the data was collected, the
Excel spreadsheet was copied into a single databdbke statistics package, Statistical
Package for the Social Sciences (SPSS) for windd@s0 (SPSS, Chicago USA). It
was from this SPSS database that all of the reselte analysed.

2.4.2 Data Analysis

In order to select an optimal definition of clinigaimportant hypoxia in CF, receiver-
operator (ROC) curves were used to quantify (oedaliy observe) the sensitivity and
specificity characteristics of a number of defmiis of hypoxia (both existing arae
novg for a variety of outcome measures pertaining kar@lammation.

The index study group were studied as a whole, @lbag dichotomised into hypoxic
and normoxic subgroups that were compared andasiett with each other. The data
were analysed in this format to establish spedificahether any differences noted
between groups can be attributed to hypoxia. Coismas between the groups were
done using Mann-Whitney analyses. Gene frequem@ieSCE genotype were analysed
for Hardy-Weinberg equilibrium using chi-squareatistics. The raw data for this

calculation is added in Appendix 5.

Assessments of association between parameters mwade using Spearman rank
correlation co-efficients, expressed asalues. Limits of agreement between measures

were assessed using the methodology of Bland amaaAlBland and Altman 1986).
Repeatability ofn vitro data was assessed using repeated measures analaimnce

(ANOVA) tests. Bonferroni corrections for multipleontrasts not assuming equal

variances were used.
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CHAPTER 3:
Investigation of arterial oxygen saturations during sleep, at

rest and during exercise in children with cystic forosis

3.1 Introduction

Episodes of hypoxia may occur at times of physiglaigstress in CF, namely during

sleep, exercise, air travel, and infective CF chesicerbations. Repeated hypoxic
insults (such as those during sleep and exerciag)axacerbate lung inflammation, and
impair the pulmonary circulation and quality ofelifsee Chapter 1). However, there is
no consensus as to how hypoxia should be defin€lFinand no universal definitions

of hypoxia exist in CF regardless of disease state.

The lack of definition of nocturnal hypoxia hamp#re description of the prevalence of
CF hypoxia in clinical practice, and perhaps hat tle both under-recognition and

under-treatment of this potentially important atali entity.

Although arterial oxygen sampling is carried outantult practice, this is not routine in
children as it is painful. Pulse oximetry remaihs tnain tool by which arterial oxygen
saturation (Spg) is assessed in children with CF. Traditionalgstmg awake values

are recorded in clinic, with most centres also utakéng some form of annual exercise

test during which SpOwill be measured.

The definition of exercise-induced arterial hypoXEAH) is also controversial and
different definitions are used in clinical exercissting. EIAH has been defined as a fall
in SpQ of >4% from baseline in CF (Narargg al. 2003), and also in healthy children
(Nourry et al.2004). If this represents a fall in Spfom 93% to 89%, one could deem
this likely to represent a significant physiolodiciop in Pa@ from 70 to 60mmHg.
However the definition holds less well in a verydhild whose Sp@fall from 99% to
95% during exercise (Pafall from 100 to 80mmHg).
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3.2 Aims

The aim of this chapter is to delineate the dabnitof hypoxia which has the best
sensitivity/specificity characteristics in the ddten of elevated markers of

inflammation, in order to select an optimal defortof hypoxia in children with CF.

3.3 Methods

3.3.1 Assessment and definition of hypoxia in CF

Existing sleep hypoxia definitions used in paettapractice and in the CF literature
(see Section 3.3.1.2), as well as several new itefis, were applied to various
markers of inflammation measured in our study papoh. Receiver-operator (ROC)
curves were used to quantify (or directly observe hypoxia cut-off with the best
trade-off between sensitivity and specificity fach given measure of inflammation.
From these analyses,d&finition of hypoxia can be obtained that besbeasdes with
inflammation (the purported effector mechanism Hyiolw hypoxia may contribute to
lung disease), and this can then be used to dichst¢othe study population. The inter-

relationship of hypoxia and clinical status camtbe explored (Chapter 4).

3.3.1.1 Resting Hypoxia in CF

Resting Sp@ was obtained in all subjects using a supraoripitabe (Nonin, USA) -
Section 2.2.2.2. Resting hypoxia in CF has beeniqusly defined as an awake Spo
95% (Coffeyet al. 1991).

3.3.1.2 Nocturnal Hypoxia in CF

Briefly, overnight pulse oximetry recording wasroad out in the subjects’ home using
a Minolta Pulsox-3i oximeter (Konica Minolta Holdjs inc., Singapore) — see section
2.2.1.1. Data were downloaded using the Downlodll Zbftware package (Stowood
Scientific Instruments, Oxford, UK) as per secti®2.1.1. The various methods of

defining nocturnal hypoxia in CF are discusseddtad in chapter 1, and include:

1. Specified time with low saturations:
a. SpQ<90% for >5% night (Frangoliast al. 1999)
b. >25% sleep time with Sp®elow 93%

- Alder Hey definition (SoutheriRersonal CommunicatioR004)
c. Greater than 10 minutes of continuous sleeprdéog with SpO2 <92%

- CHoP definition (Narand?ersonal Communicatio007)
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2. Minimum sleeppQ: (Tepperet al. 1983, Bradleyet al.1999)
3a.Measures of mean sle§pQG: (Coffey et al. 1991)
3b. Lowest hourly mean sleep Splaelow 90%: (Versteegtet al. 1990)

3.3.1.3 Exercise Induced Hypoxia in CF
Transcutaneous oxygen saturations (p&hd heart rate were continuously recorded
during exercise using a pulse oximeter (Nonin, UBlaced over the right supraorbital

artery, and fixed with a bandanna (Section 2.2.2.8)

Exercise-induced arterial hypoxia (EIAH) has beé&ssified as a 4% drop in SpO
from baseline in both CF (Narangt al. 2003) and non-CF (Nourrgt al. 2004)

children.

3.3.2 Measures of inflammation

3.3.2.1 C-Reactive Protein (CRP)

CRP was analysed in the Chemical Pathology depatinOS Hospital, London,
using an Ortho Diagnostics 5.1 chemistry analyasrper section 2.2.2.6.3). Elevated
CRP was taken as >7mg-Lfor although the published upper limit of norn@RP is
3.1 mg.L}(Kratz et al. 2004), the analyser could not accurately quantifipes below
7mg.L™.

3.3.2.2 Full blood count and Erythrocyte Sedimentabn Rate (ESR)

FBC and differential, along with ESR were analysethe department of Haematology,
GOS Hospital, London (as per sections 2.2.2.6.42aR®.6.5). An elevated white cell
count was taken as >11X1@L™, and elevated peripheral blood neutrophil courtés

x10>mL™ in keeping with published upper limits (Kratzal.2004).

3.3.2.3 Serum cytokine analysis
An ultrasensitive ELISA assay for quantification srum interleukin-8 (IL-8) levels
was undertaken, as described in section 2.2.2H&ated IL-8 was classified as a

level>10pg.mL* (Zeigenhagert al1999).

3.3.2.4 Number of intravenous antibiotic courses igear preceding study
Data on the number of intravenous antibiotic casithat the patient had received in the

year prior to the study were obtained from the GOSpital CF database.
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3.4 Results

3.4.1 Resting daytime Hypoxia
None of our subjects had resting Saiglow 95%. Median recorded resting Spaas
99% (range 95% to 100%).

3.4.2 Nocturnal Hypoxia

3.4.2.1 Demographic data

Overnight oximetry was successfully performed infaity-one study subjects (Figure
3.1).

Figure 3.1
Oximetry data regarding success of recordings
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The study demographics are shown below (Table 3.1).
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Table 3.1
Distribution of nocturnal Sp&in our study population

Median Range p-value
Age (years) 12.7 8-16.2
Mean sleep SpQ(%) 95.7 90.6-97.9
Mean sleep SpQ(%) 20 Male 96.6 91-97.8 p=0.02*
by Sex 21Female 94.8 90.6-97
Mean sleep SpQ(%)
by CFTR Genotype
- DF508DF508 25 96.1 91-97.8
- DF508/Other 13 94.6 90.6-97.2 p=0.19**
- Other/Other 3 95.5 95.4-97.3
Mean sleep SpQ(%)
by Pseudomonas
aeruginosastatus
- Previous Infection 37 95.6 90.6-97.8 p=0.54*
- Never infected 4 96.2 94.1-97
Mean sleep SpQ(%)
by Staphyloccus
aureusstatus
- Previous Infection 33 95.7 90.6-97.8 p=0.49*
- Never infected 8 95.5 91.7-96.6

* Mann-Whitney U-test
** Kruskal-Wallis test

These data suggest that female patients haveististdly lower mean sleep SpO2 than
do their male counterparts. This is displayed giagly below (Figure 3.2) showing
individual mean sleep Sp®lots for boys and girls along with group mediansl 95%

confidence interval data.
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Figure 3.2
Distribution of nocturnal mean sleep Sp@® boys (n=20) and girls (n=21) with CF

<@ Group median
95% Confidence intervals

/<5)5 =
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This difference would be in keeping with previousservations of a gender gap in CF
mortality (Rosenfeleet al. 1997). There is a spread of values however, ancdetsrare

small.
The small numbers in our study precluded meaningiultivariate analysis to adjust for

potential covariates such as age, genotype diféeenung function, infective status,

exercise capacity and physical activity levels y&duraiet al. 2004).
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3.4.2.2 Classification of nocturnal hypoxia
As outlined above in chapter 1 and also in secB@l.2, a number of definitions for
sleep hypoxia in CF and means of quantifying hyadxave been proposed. Each of

these definitions was then applied to our studyupetjon.

3.4.2.2.1 Nocturnal Hypoxia defined as Sp£x90% for >5% night
This definition was applied to a Canadian adult @dpulation aged 17-53 years
(Frangolias et al 1999Applying this definition to our study population, stibjects

(8%) meet criteria for nocturnal hypoxia (Table)3.2

Table 3.2
Demographics of study patients with nocturnal hyaasing Frangolias’ definition

Median Sex Mean (sd) Median
(IQR) Age Sleep SpQ  (IQR) time
spent <93%
Hypoxic Group 15.3 2F/1M 91.6 (1.3) 81% (33,92)
[SpO, <90% for >5% sleep time] | (14.5,15.5)
(n=3)
Normoxic Group 12.4 19F/19M 95.5 (1.6) 0.1% (0)
(n=38) (10, 14.2)

Applying a definition of Sp@ below 90% for >10% sleep time (Smidt al1994)
detected the same three patients as the Frangigfastion of SpQ below 90% for
>5% sleep time (3.3.2.2.1).

3.4.2.2.2 Alder Hey definition
On applying a definition of Sp0O<93% for >25% study (SoutherrRersonal

Communication2004) to our study population, 6 subjects (15%)mfrour study

population met criteria for nocturnal hypoxia (Tel3l.3).

Table 3.3
Demographics of study patients with nocturnal hyaasing Alder Hey definition
Median Sex Mean (sd) Median
(IQR) Age Sleep SpQ (IQR) time
spent <93%
Hypoxic Group 14.9 2M:4F  91.8 (0.9) 75.2%
[SpO, <93% for >25% sleep time] | (12.5-15.7) (45.5-83.7)
(n=6)
Normoxic Group 12.3 19M . 95.8 (1.3) 0.1%
(n=35) (10-14.2) 17F (0-2.5)
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3.4.2.2.3 Children’s Hospital of Philadelphia (CHolp definition
The CHoP definition (SpHbelow 92% for >10 minutes of continuous sleep reicg,

in the absence of obstructive sleep apnoea) wdsedpp our study population (Table
3.4). Although an assumption is made that the des@dn in CF is not due to

obstruction, the same six individuals were ideeatifas with the application of the Alder
Hey definition (Section 3.4.2.2.2) to our study plapion.

Table 3.4
Demographics of study patients with nocturnal hyaassing CHoP definition

Median Sex Mean (sd) Median
(IQR) Age Sleep SpQ (IQR) time
spent <92%
Hypoxic Group 14.9 2M :4F  91.8 (0.9) 163 (82-265)
[SpO, <92%for 10 continuous (12.5-15.7) minutes
minutes of sleepl(N=6)
Normoxic Group 12.3 19M : 95.8 (1.3) 0 (0-4)
(n=35) (10-14.2) 17F minutes

3.4.2.2.4 Lowest hourly mean sleep Sp®elow 90%
The software package used in the methodology wablerto calculate lowest hourly
mean Sp@ preventing this methodology being applied to study population.

3.4.2.2.5 Minimum sleeBp0O,
Data on minimum sleep Sp@ CF have been previously reported [Tepgieal. 1983,
Bradleyet al. 1999]. However, no definition of the extent of desation required to

constitute sleep hypoxia was given in either study.

3.4.2.2.6 Mean sleep SpO

Although mean sleep Sp@as been reported by previous authors, no defindf the
mean sleep Sphelow which hypoxia exists is given. Data collecteere used to
investigate associations with other clinical parearge A relationship appears to exist
between mean Sp@nd the time spent with SpBelow 93%. This is illustrated below
(Figure 3.3).
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Figure 3.3
Mean sleep Spfversus % time spent with S, below 93%

2)

8AB

However, mean sleep S, are a pooindicator of oxygenation during sleep. $; are
not normally distributed about a mean. Rather,quisriof low saturation occur durii
REM sleep due to lower tidal volumes as a resulslafletal muscle inactivity, wit
higher SpQ in nonREM phases, resulting in negative skew of Gausgiatmibuion.
This is illustrated clearly in Figure 3.3 above,estby subjects 1, 2 and 3 all have m
SpQG around 93% but spend approximately 35, 25 and 16%enight respectivel
with SpQ below 93%

A cut-off value taken where hypoxia is considered tomportant (such as time belc
93%) does therefore appear a more useful measurai-off of 93% is taken from th
point on the oxygen dissociation curve at which lsnahanges in pk result in
exponential decreases in % $. Extrapolation from the follong graph (Figure 3.4)

suggests that a Sa@alue of 93% equates to a ; of around 70mmHg (9KkP:
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Figure 3.4
The oxygen-haemoglobin dissociation curve
[Source: Ganong WF, Review of Medical Physiologg/{ Edition), 1989]
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3.5 Development of optimal definition for nocturnalhypoxia

3.5.1 Application of existing andde novohypoxia definitions to the detection of
clinically-important adverse outcomes

One of the main objectives of this study was targef level of sleep hypoxia that is
clinically relevant to patient well-being in chiklr with CF. Existing sleep hypoxia
definitions were taken and compared to newly-defrigat-offs for hypoxia in CF to
assess their sensitivity and specificity in theedegbn of adverse outcomes with regard

to CF inflammation.

For the reasons defined in section 3.3.2.2.6 abiwe, spent with Sp©Obelow 93%
was considered to be potentially the most important-off’ point at which the
deleterious effects of hypoxia might be seen. Taegntage of sleep time with SpO
below 93% at which sensitivity and specificity fpredicting occurrence of adverse
effects is optimal remains to be established. Rtapts of acceptable quality sleep time
spent below 93% were considered thus, along wiitstiag definitions:

30% sleep time spent with SpBelow 93%

25% sleep time spent with SpBelow 93% (Alder Hey definition)
20% sleep time spent with SpBelow 93%

15% sleep time spent with SpBelow 93%

10% sleep time spent with SpBelow 93%

5% sleep time spent with SpOelow 93%

5% sleep time spent with SpBelow 90% (Frangolias)

10 continuous minutes of sleep with Sd&@low 92% (CHoP definition)

The adverse clinical outcomes considered were:
Elevated C-reactive protein
Elevated Erythrocyte Sedimentation Rate
Elevated white blood cell counts
Elevated neutrophil counts
Elevated serum interleukin-8 levels

Need for intravenous antibiotic therapy
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In order to develop a@e novodefinition of clinically-important sleep hypoxiahdse

measures were used to assess sensitivity and isjigcibr each of the cut-offs
considered. ROC curves were used to quantify (@cty observe) the hypoxia cut-off
with the best trade-off between sensitivity andctpmty for each given outcome

measure.

Hypoxia is a stimulus of the NKB pathway of inflammation, both directly and alsash
a potential indirect effect by inhibition of CFTRafficking (Bebok et al. 2001,
Guillembot et al. 2008) and facilitation of PA growth (Worlitzsckt al. 2002).
Upregulation of NKB via direct or indirect (CFTR-mediated) pathwaysud promote
IL-8 production, and neutrophil recruitment as vaalincreases in IL-6 - a precursor for
CRP production (Heikkilat al.2007), and TNE.

C-reactive protein >7mg.L*
Upregulation of the NIEB inflammatory cascade may result in increase-ié and
consequent C-reactive protein (CRP) productionvdikrl CRP was taken to be a level
>7mg. L. The upper limit of published normal laboratorference values (Kratt al.
2004) is 3.1mg.L, but our laboratory was only able to measure pittision those

CRP values>7mg.L

Elevated Erythrocyte Sedimentation Rate

[>17mm.hr* (men) and >25mm.hf* (women)]
Erythrocyte sedimentation rate (ESR) is a non-$petiarker for systemic
inflammation. Elevated ESR was taken to be a [evEfmm.ht* for men and >
25mm.hf* for women in accordance with published normal tabary reference values
(Kratz et al. 2004).

Total white cell count >11 x18.mL™
Upregulation of the NEB inflammatory cascade may result in increases L8 |
production, and subsequent neutrophil chemoattmnacA total white cell count (WBC)
>11 x10'mL?, was defined as abnormally high in accordance withlished normal

laboratory reference values (Kragizal.2004).
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Peripheral blood neutrophil count >8 x1d.mL™*
Upregulation of the NEB inflammatory cascade may result in increases L8 |
production, and subsequent neutrophil chemoattmacth peripheral blood neutrophil
count (neutrophils) >8 xf@nL?, was defined as abnormally high in accordance with

published normal laboratory reference values (Keat.2004).

Serum interleukin-8 (IL-8) >10pg.mL™
Upregulation of the NIEB inflammatory cascade may result in increase-8 |
production. A serum IL-8 value >10pg.miwas taken to represent an elevated IL-8
level, for IL-8 levels in the sera and plasma ddlttey individuals are reported to be
<10pg.mL* (Ziegenhageet al. 1999).

Need (or absence of need) for intravenous antibiaticourses
This was analysed in a binary fashion i.e. thogeirang no intravenous antibiotic

courses were compared with those requiring 1 oemourses.
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3.5.1.1 Sleep Hypoxia and CRP

The ability of cut-offs for nocturnal hypoxia intéeting elevated CRP levels (>7mg.L
) was assessed, as shown in Figure 3.5. The fatleraf hypoxia definitions were
assessed using Chi-square statistics (Fisher’st égst), with a summary of existing

definitions and the most sensitive and specifinoeo definition presented in Table 3.5.

Figure 3.5
ROC curve of performance of various cut-offs oftmocal hypoxia in the identification
of childhood CF subjects with CRPmg. L*

Area under curve:

SpG <93% for >25% study (Alder Hey definition) = 0.6
SpG <92% for >10 continuous sleep minutes (CHoP didimj = 0.61
SpG <93% for >10% study =0.76
SpQG <90% for >5% study (Frangolias al. 2001) =0.55

The three existing definitions as well as the nsesisitive and specific new definition
are presented. The area under the curve is grefateshe definition of hypoxia as
SpO<93% for >10% study. This appears to be the mostisee and specific cut-off of
nocturnal hypoxia in identifying subjects with ed¢ed CRP.
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Table 3.5
Summary of identification of subjects with abnorr@&®P (n=6) using different
definitions of nocturnal hypoxia

NEW ALDER HEY CHoP FRANGOLIAS
SpO, <93% for | SpO, <93% for | SpO, <92% for | SpO, <90% for
>10% study >25% study 10 continuous >5% study
study minutes
CRP>7mg. L* 4 Hypoxic/ 2/4 2/4 1/5
2 Normoxic
CRP<7mg. ! 5/29 4/30 4/30 2/32
Chi-square statistic 7.9 1.9 1.9 0.9
p-value p=0.02 p=0.21 p=0.21 p=0.39
(Fisher’s exact test)
Kappa score 0.43 0.22 0.22 0.13
p-value p=0.05 p=0.17 p=0.17 p=0.36

* 40/41 subjects had a CRP measured

Kappa scores >0.41 are considered to show modexgteement; >0.61, good
agreement; and those >0.81, very good agreemetmAl1992).

These data therefore suggest that there is modagaeement between hypoxia as
defined by Sp@<93% for >10% study and abnormal CRP defined aBx/ng.L " i.e.

by using nocturnal hypoxia as a marker for inflartiorg we are able to achieve
moderate agreement in identifying those patientsiskt of an elevated CRP. The
greatest level of agreement is reached by usingpaxma definition of Sp@<93% for
>10% study.

The cut-off of 7 mg.L* for normal CRP may have been set too high, andskeof a kit

to measure high sensitivity CRP (hsCRP) may haea beeful. CRP has been used to
assess cardiovascular risk, and the American Hesxciation (AHA) and Center for
Disease Control (CDC) joint statement suggests GR®ffs of <1 mg.[* (low risk),

1-3 mg.L* (average risk) and >3 mg*L(high-risk) for cardiovascular disease (Pearson
et al.2003). Therefore, if a pro-inflammatory statetiggested by hsCRP >3 mg.L
valuable subject information may have been misseuksing a less sensitive testing kit,

and differences between hypoxic and normoxic grangg have been missed.
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3.5.1.2 Sleep Hypoxia and ESR

The performances of the chosen potential definstifmm nocturnal hypoxia in detecting
abnormal ESR were also analysed (Figure 3.6). Tilerdnge of potential hypoxia
definitions were analysed using Chi-Square stafis{iFisher's exact test), with a
summary of existing definitions and the most séresiand specifide novodefinition

given in Table 3.6.

Figure 3.6

ROC curve of performance of various cut-offs of tmocal hypoxia in the identification
of childhood CF subjects with elevated ESR (> 17mihin males, > 25mm.Hrin
females)

Area under curve:

SpG <93% for >25% study (Alder Hey definition) = 0.6
SpG <92% for >10 continuous sleep minutes (CHoP diédimj = 0.61
SpQG <93% for >10% study =0.70
SpG <90% for >5% study (Frangolias al. 2001) =0.60

The three existing definitions as well as the nsesisitive and specific new definition
are presented. The area under the curve is grdatesihe definition of hypoxia as
SpO<93% for >10% study. This appears to be the mowtitee and specific cut-off of
nocturnal hypoxia in identifying subjects with ed¢ed ESR.
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Table 3.6
Summary of identification of subjects with abnorrB&R (n=10) using different
definitions of nocturnal hypoxia

NEW ALDER HEY CHoP FRANGOLIAS
Sp0, <93% for | SpO, <93% for | SpO, <92% for Sp0, <90% for
>10% study >25% study 10 continuous >5% study
study minutes
Abnormal ESR 5 Hypoxic 3/7 3/7 2/8
/5 Normoxic
Normal ESR 3/25 2/26 2/26 0/28
Chi-square statistic 6.8 3.4 3.4 5.9
p-value p=0.02 p=0.10 p=0.10 p=0.06
(Fisher's exact test)
Kappa score 0.42 0.27 0.27 0.27
p-value p=0.01 p=0.07 p=0.07 p=0.02

* 38/41 subjects had an ESR measured

The hypoxia definition of Sp9<93% for >10% study has moderate agreement in

detecting subjects with an abnormal ESR.

3.5.1.3 Sleep Hypoxia and White Cell Count

The ability of cut-offs for nocturnal hypoxia inteeting elevated white cell counts (>11
x10°.mL™") was assessed - Figure 3.7. The full range of Xigpdefinitions were
assessed using Chi-square statistics (Fisher'st égsi), with a summary of existing

definitions and the most sensitive and specifinoeo definition presented in Table 3.7.

Figure 3.7
ROC curve of performance of various cut-offs of tmocal hypoxia in the identification
of childhood CF subjects with white blood cell coat1x10.mL™

Area under curve:

SpO, <93% for >25% study (Alder Hey definition) =Q.7
SpO, <92% for >10 continuous sleep minutes (CHoP diédim) =0.72
SpQ, <93% for >10% study =0.83
SpQ, <90% for >5% study (Frangolias al. 2001) =0.61

129



The area under the curve is greatest for the dieimiof hypoxia as Sp&93% for
>10% study, which appears to be the most sensinek specific cut-off of nocturnal

hypoxia in identifying subjects with elevated whatal counts.

Table 3.7
Summary of identification of subjects with abnormdiite cell count (n=8) using
different definitions of nocturnal hypoxia

NEW ALDER HEY CHoP FRANGOLIAS
Sp0, <93% for | SpO, <93% for | SpO, <92% for SpO, <90% for
>10% study >25% study 10 continuous >5% study
study minutes
White Cell Count 6 Hypoxic/ 4/4 4/4 2/6
>11x10 mL™* 2 Normoxic
White Cell Count 3/29 2/30 2/30 1/31
<11x10 mL™
Chi-square statistic 15.8 9.6 9.6 4.4
p-value p=0.001 p=0.01 p=0.01 p=0.10
(Fisher’s exact test)
Kappa score 0.63 0.48 0.48 0.29
p-value p<0.001 p=0.002 p=0.002 p=0.04

* 40/41 subjects had a white cell count measured

The hypoxia definition of Sp£<93% for >10% study has good agreement in detgctin

subjects with an abnormal white cell count.

3.5.1.4 Sleep Hypoxia and peripheral blood neutrophcounts

The performances of the chosen potential definstifmm nocturnal hypoxia in detecting
abnormal neutrophil counts were also analysed (Ei§u). The full range of potential
hypoxia definitions were analysed using Chi-Squstagistics (Fisher's exact test), with
a summary of existing definitions and the most gimesand specifiale novodefinition

given in Table 3.8.
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Figure 3.8

ROC curve of performance of various cut-offs oftmogal hypoxia in the identification
of elevated peripheral blood neutrophil counts fremhils >8 x18 mL™)

Area under curve:
SpQ, <93% for >25% study (Alder Hey definition) =Q.7
=0.71

SpG, <92% for >10 continuous sleep minutes (CHoP diidin)
SpQ, <93% for >10% study =0.86
SpQ, <90% for >5% study (Frangoliazs al. 2001) =0.55

The area under the curve is greatest for the dieimof hypoxia as Sp£<93% for

>10% study. This appears the most sensitive andfgpeut-off of nocturnal hypoxia

in identifying childhood CF subjects with a neutndgount >8x18 mL™.

Table 3.8

Summary of identification of subjects with abnormatipheral blood neutrophil counts
(n=6) using different definitions of nocturnal hyia

NEW ALDER HEY CHoP FRANGOLIAS
SpO, <93% for | SpO, <93% for | SpO, <92% for SpO, <90% for
>10% study >25% study 10 continuous >5% study
study minutes
Neutrophils 5 hypoxic / 3/3 3/3 1/5
> 8x10 mL™ 1 normoxic
Neutrophils 4 /30 3/31 3/31 2/32
<8x10 mL™
Chi-square statistic 15 6.8 6.8 0.86
p-value p=0.001 p=0.03 p=0.03 p=0.4
(Fisher’s exact test)
Kappa score 0.59 0.41 041 0.14
p-value P<0.001 p=0.009 p=0.009 P=0.36

* 40/41 subjects had a neutrophil count measured

The hypoxia definition of Sp£95<93% for >10% study has good agreement in detgctin

subjects with an abnormal neutrophil count.
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3.5.1.5 Sleep Hypoxia and IL-8

The ability of cut-offs for nocturnal hypoxia in téeting elevated serum IL-8 levels
(>10 pg.mLY) was assessed - Figure 3.9. The full range of Xigpdefinitions were
assessed using Chi-square statistics (Fisher’st égst), with a summary of existing

definitions and the most sensitive and speci@movaodefinition shown in Table 3.9.

Figure 3.9
ROC curve of performance of various cut-offs of tmocal hypoxia in the identification
of childhood CF subjects with serum interleukirl8§) >10pg.mL*

Area under curve:

SpQG <93% for >25% study (Alder Hey definition) =G6.6
SpQG, <92% for >10 continuous sleep minutes (CHoP diédin) =0.63
SpQG <93% for >10% study =0.70
SpQG <90% for >5% study (Frangolias al. 2001) =0.57

The area under the curve is greatest for the dieimof hypoxia as Sp£<93% for
>10% study. This appears the most sensitive andfgpeut-off of nocturnal hypoxia
in identifying childhood CF subjects with serum8Llevels >10pg.mt.

Table 3.9

Summary of identification of subjects with abnorreatum IL-8 (n=12) using different
definitions of nocturnal hypoxia

NEW ALDER HEY CHoP FRANGOLIAS
Sp0, <93% for | SpO, <93% for | SpO, <92% for | SpO, <90% for
>10% study >25% study 10 continuous >5% study
study minutes
IL-8 >10pg.mL™ 6/6 4/8 4/8 2/10
IL-8 <10pg mL™ 3/25 2/26 2/26 1/27
Chi-square statistic 7.4 4.5 4.5 2.1
p-value p=0.01 p=0.06 p=0.06 p=0.21
(Fisher's exact test)
Kappa score 0.42 0.31 0.31 0.17
p-value p=0.01 p=0.03 p=0.03 p=0.15

* 40/41 subjects had a serum IL-8 measured
The hypoxia definition of SpH<93% for >10% study has reasonable agreement in
detecting subjects with an abnormal serum IL-8lleve
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In non-CF models of childhood nocturnal hypoxia abstructive sleep apnoea (OSA),
elevated IL-8 levels have been observed when caedpaith healthy controls (Taet

al. 2006), whilst adult OSA models also report incesais IL-8 when compared with
controls (Alzoghaibi and Bahammam 2005). Other dsiveaam cytokines of the KB
inflammatory cascade, namely IL-6 and Tl Rave also been shown to be elevated in
OSA (Albertiet al.2003), whilst animal models of intermittent hypgrnees hypoxia

mimicking OSA resulted in corresponding increasel i6 (Tamet al.2007).

3.5.1.6 Sleep Hypoxia and need for intravenous abtotics

Analysis of the chosen potential definitions forctwwnal hypoxia in the detection of
those subjects who required at least one coursentcdvenous antibiotics in the
preceding year (Figure 3.10), was also undertakan.full range of potential hypoxia
definitions was analysed using Chi-Square stasis(Eisher's exact test), with a
summary of existing definitions and the most séresiand specifiade novodefinition

given in Table 3.10.

Figure 3.10
ROC curve of performance of various cut-offs oftmnocal hypoxia in the identification
of children with CF requiring intravenous antibasti

Area under curve:

SpQ, <93% for >25% study (Alder Hey definition) =0.6
SpQG, <92% for >10 continuous sleep minutes (CHoP digdin) =0.6
SpQ, <93% for >10% study =0.68
SpQ, <90% for >5% study (Frangolias al. 2001) =0.58

The area under the curve is greatest for the dieimibf hypoxia as Sp£H<93% for
>10% study. This appears the most sensitive andfgpeut-off of nocturnal hypoxia

in identifying childhood CF subjects in whom intesmous antibiotics were required.
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Table 3.10

Summary of identification of subjects in need dfanenous antibiotics (¥ course per
year) (n=20), using different definitions of noctat hypoxia

NEW ALDER HEY CHoP FRANGOLIAS
Sp0, <93% for | SpO, <93% for | SpO, <92% for Sp0, <90% for
>10% study >25% study 10 continuous >5% study
study minutes
>1 intravenous 8 hypoxic / 5/15 5/15 3/17
antibiotic course in 12 normoxic
preceding year
Zero intravenous 1/20 1/20 1/20 0/21
antibiotic course in
preceding year
Chi-square statistic 7.4 3.6 3.6 3.4
p-value p=0.009 p=0.09 p=0.09 p=0.11
(Fisher’s exact test)
Kappa score 0.36 0.21 0.21 0.15
p-value p=0.006 p=0.07 p=0.07 P=0.07

* Antibiotic data was analysed for all 41 subjects

These data therefore suggest poor agreement betweasures of nocturnal hypoxia
and requirement for intravenous antibiotic theraplye greatest level of agreement is,

however, again achieved using a hypoxia definidtbB8pQ <93% for >10% study.

The hypoxia definition of Sp<93% for >10% study appears to be the definitibn o
sleep hypoxia which best predicts hNB- mediated inflammation in the form of IL-8,
CRP, and neutrophil counts. Furthermore, it alsthésdefinition with best sensitivity
and specificity trade-off in detecting abnormal w&hcell count and ESR, as well as
those requiring intravenous antibiotics for CF luhgease.
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3.6 Exercise Hypoxia

Having considered the various sleep hypoxia dédimét in sections 3.4 and 3.5, the
exercise data will now be reviewed, and the seritsitand specificity characteristics of
existing and de novo EIAH definitions will, be coarpd with the proposed new sleep
hypoxia definition in the ability to detect cliniba relevant outcome measures in
children with CF.

3.6.1 Demographic data

Cardiopulmonary exercise testing and exercise ,Se@ording (Section 2.2.2.8) was
undertaken (Figure 3.11) in forty of the 41 studigjscts.

Figure 3.11
Data regarding success of exercise geordings
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The failure of patient number 1 (height 122.9crnug do their being too small for the
cycle ergometer led to revision of the inclusiortecia for the study, with minimum
height increasing from 120 to 128cm. The distriboitof exercise SpOdata for the
study population is shown below (Table 3.11).
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Table 3.11
Distribution of exercise SpOn our study population

Median Range

Age (years) 12.9 8-16.2

Resting SpQ (%) 99 95-100
Pre-exercise SpQ@(%) 19 Male 99 95-100

21 Female 99 95-100

Lowest Exercise SpQ(%) 98 85-100
Change in SpQ during exercise -1 -13to +4

[ SpO:(%)]

3.6.2 Exercise Hypoxia in CF study population

Exercise induced arterial hypoxia (EIAH) in CF isfided as a fall in Sp©Oduring
exercise of A% from baseline (Narargf al. 2003), and this is a definition that has also
been used in healthy individuals (Noueyal. 2004). Application of this definition to
our study population identifies 8 subjects withdarice of EIAH (Table 3.12).

Table 3.12

Subjects with A% fall in SpQ during exercise

Subject Age Sex Baseline Lowest  Absolute Relative fall in SpO,
ID SpO; (%) exercise  fallin (%)
Spoz(%) SpG, (%) (BaselmBeaSSz?i}n—engSst SpQ)
3 10.72 M 98 90 8 8.2
6 14.20 M 95 91 4 4.2
8 12.08 M 98 85 13 13.3
10 15.34 M 99 94 5 5.1
29 14.46 F 98 91 7 7.1
34 15.66 M 99 95 4 4
36 9.26 F 98 94 4 4.1
37 9.33 F 100 96 4 4

Comparing this to sleep hypoxia, the demographitsenstudy population are as
follows (Figure 3.12):
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Figure 3.12
Venn diagram illustrating overlap of exercise atekg hypoxia in study population
(n=41) using the following definitions:

Sleep hypoxia: Spx<93% for >10% sleep time

Exercise hypoxia: Fall in SpQ@luring exercise of 4% from baseline
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The definition of EIAH as a fall in Sg, during exercise of 4% from baseline doe
however, seem intrinsically flawed. Clearly, ifghepresents a fall in Sj, from 95%
to 91% (Subject A), one could deem thi represent a likely significant physiologic
drop in Pa@, however the definition holds less wfor subject B, whosSpQ; fall
from 100% to 96% at the end of exercise (Figur&)3

Figure 3.13
Change in exercise Sp versus lowest exercise SpO

r’=0.77
p<0.001
Spearman rank test
B—»
..................................................... 0 8AB
«— A
% , B 0

Further work is needed to establish clinically gigant parameterslf we use a cut-off
of 93% (the point on the oxygen dissociation comeresmall changes in g, result in
exponential decreases in % &), and categorise those in whom the nadir of ege
saturation is below 93% as hypoxic, the numbesufjects with exercise hypox

would fall to only 4 (Figure 3.14

It would make physilogical sense for a cuff of 93% to be deemed a clinica
important level of exercise desaturation. Furtheanthose with a nadir of Sp, below
93% also had the greater falls from baseline. la subject a 13% dip in S, was
recorded on exercise. ch exercise-related dips in Sp@elow 93% may be regular

applied hypoxic insults to the patient with
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Figure 3.14
Venn diagram illustrating overlap of exercise atekg hypoxia in study population
(n=41) using the following definitions:

Sleep hypoxia: Sp<93% for >10% sleep time
Exercise hypoxia: ~ SpQ during exercise of 4% and nadir of Sp£<93%

H

3A.

3.7 Development of optimal definition for EIAH

3.7.1 Application of existing andde novohypoxia definitions to EIAH and
comparison with optimal sleep definition
An optimal sleep definition having been identifidide performance of EIAH in
detecting adverse clinical outcomes appears wartlsyudy.
Definitions considered therefore were:

EIAH defined as #% dip in SpQ on exercise

EIAH defined as #% dip in SpQ on exercise with lowest Sp&93%
10% sleep time spent with SpBelow 93%

The adverse clinical outcomes considered were asab

Elevated C-reactive protein

Elevated Erythrocyte Sedimentation Rate
Elevated white blood cell counts
Elevated neutrophil counts

Elevated serum interleukin-8 levels

Need for intravenous antibiotic therapy
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3.7.1.1 EIAH, Sleep Hypoxia and CRP
ROC statistics were used to compare the sensitasity specificity for measures of
sleep and exercise hypoxia in the detection of abhabCRP (Figure 3.15).

Figure 3.15

ROC curve of performance of sleep hypoxia and Etlgfinitions in the identification
of childhood CF subjects with CRP¥mg.mL*

Area under curve:

Sp0O, <93% for >10% study =0.83
Existing EIAH definition
(>4% fall in SpQ on exercise) =0.42

De novoEIAH definition
(>4% fall in SpQ on exercise
and lowpoint of Sp@<93%) =0.58

The area under the curve is greatest for the diefinof hypoxia as Sp£9<93% for
>10% study, suggesting that this is a more semrsdivd specific definition than either
of the EIAH definitions in identifying childhood CBubjects with CRP:8mg.mL™.
This reiterated in Table 3.13.

Table 3.13

Summary of identification of abnormal CRP usingepland exercise hypoxia
definitions

De novoSLEEP EIAH EIAH
SpO; <93% for >4% fall in SpO, >4% fall in SpO, on
>10% study on exercise exercise and lowest
exercise Sp<93%
CRP>7mg.mL* 4 Hypoxic/ 1/5 1/5
2 Normoxic
CRP<7 mg.mL™ 5/29 7/26 3/30
Chi-square statistic 7.9 0.1 0.3
p-value p=0.02 p=0.64 p=0.50
(Fisher’s exact test)
Kappa score 0.43 -0.04 0.09
p-value p=0.05 p=0.8 p=0.57

* 39/41 subjects had exercise data and a measur&PC
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3.7.1.2 EIAH, Sleep Hypoxia and ESR

ROC statistics were used to compare the sensitasity specificity for measures of
sleep and exercise hypoxia in the detection of abhabESR - Figure 3.16.

Figure 3.16

ROC curve of performance of sleep hypoxia and Ethfinitions in the identification
of childhood CF subjects with abnormal ESR

Area under curve:

SpO, <93% for >10% study

=0.69

Existing EIAH definition

(>4% fall in SpQ on exercise)

=0.58

De novoEIAH definition
(>4% fall in SpQ on exercise

and lowpoint of Sp©<93%)

=0.51

The area under the curve is greatest for the diefinof hypoxia as Sp£9<93% for

>10% study, suggesting that this is a more sems#ivd specific definition than either

of the EIAH definitions in identifying childhood C&ubjects abnormal ESR. This is

reiterated in Table 3.14.

Table 3.14
Summary of identification of abnormal ESR usingepl@and exercise hypoxia
definitions
De novoSLEEP EIAH EIAH
SpO, <93% for >4% fall in SpO, | >4% fall in SpO, on exercise
>10% study on exercise and lowest exercise
Sp0,<93%
Abnormal ESR 5 Hypoxic/ 3/7
5 Normoxic 1/9
Normal ESR 3/25 4/23 2/25
Chi-square statistic 6.8 1.1 0.1
p-value p=0.02 p=0.27 p=0.62
(Fisher’s exact test)
Kappa score 0.42 0.16 0.04
p-value p=0.01 p=0.3 p=0.80

* 38/41 subjects had exercise data and a measur&RE
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3.7.1.3 EIAH, Sleep Hypoxia and white cell counts
ROC statistics were used to compare the sensitasity specificity for measures of

sleep and exercise hypoxia in the detection of abhabwhite cell counts - Figure 3.17.

Figure 3.17

ROC curve of performance of sleep hypoxia and Etfinitions in the identification
of childhood CF subjects with white cell counts ¥1@.mL™

Area under curve:

Sp0O, <93% for >10% study =0.83
Existing EIAH definition
(>4% fall in SpQ on exercise) =0.53

De novoEIAH definition
(>4% fall in SpQ on exercise
and lowpoint of Sp@<93%) =0.59

The area under the curve is greatest for the diefinof hypoxia as Sp£9<93% for
>10% study, suggesting that this is a more sems#ivd specific definition than either
of the EIAH definitions in identifying childhood CBubjects abnormal white cell
counts. This is further illustrated in Table 3.15.

Table 3.15

Summary of identification of abnormal white cellutis using sleep and exercise
hypoxia definitions

De novoSLEEP EIAH EIAH
SpO, <93% for >4% fall in SpO, | >4% fall in SpO, on exercise
>10% study on exercise and lowest exercise
Sp0,<93%
White cell count 6/2 2/6 2/6
>11x10.mL™*
White cell count 3/29 6/25 2/29
<11x1d.mL™
Chi-square statistic 15.8 0.1 2.4
p-value p=0.001 p=0.53 p=0.18
(Fisher’s exact test)
Kappa score 0.63 0.06 0.23
p-value p<0.001 p=0.72 p=0.12

* 39/41 subjects had exercise data and a measurbdecell count
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3.7.1.4 EIAH, Sleep Hypoxia and peripheral blood n&rophil counts

ROC statistics were used to compare the sensitavity specificity for measures
sleep and exercise hypoxia in the detection of ahel peripheral blood neutropt
counts (>8 x 1dmL™) - Figure 3.18.

Figure 3.18
ROC curve of performance of sleep hypoxia and Et&flnitions in the identificatiol
of childhood CF subjects with neutrophils>8 ®mL*

Area under curve:

SpO, <93% for >10% study =0.86
Existing EIAH definition
(>4% fall in SpQ on exercise =0.58

De novoEIAH definition
(>4% fall in SpQ on exercise
and lowpoint of Sp@<93% =0.64

The area under the curve is greatest for the diefinof hypoxia as Sp, <93% for
>10% study, suggesting that this is a more semsdivd specific definition than eith
of the EIAH definitions in identifying childhood Csubjects with elevated periphe
blood neutrophil counts. This is borne out bydlsociated statisti(Table 3.16).

Table 3.16
Summary of identification of abnormal peripheradd neutrophil counts (>8x°.mL"
1) using sleep and exercise hypoxia definiti

De novoSLEEP EIAH EIAH
Sp0O, <93% for | >4% fall in SpO, | >4% fall in SpO, on exercise
>10% study on exercise and lowest exercise
Sp0O,<93%
Neutrophils 5 hypoxic / 2/4 2/4
> 8x10.mL™ 1 normoxic
Neutrophils 4 /30 6/27 2/31
< 8x10.mL™*
Chi-square statistic 15 0.72 4.1
p-value p=0.001 p=0.58 p=0.10
(Fisher’s exact test)
Kappa score 0.59 0.13 0.32
p-value p<0.001 p=0.40 p=0.04

* 39/41 subjects had exercise data and a measuredtrophil couni
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3.7.1.4 EIAH, Sleep Hypoxia and serum IL-8 levels
ROC statistics were used to compare the sensitasity specificity for measures of

sleep and exercise hypoxia in the detection of ababserum IL-8 (>10pg.mit) levels
- Figure 3.19.

Figure 3.19

ROC curve of performance of sleep hypoxia and Et&finitions in the identification
of childhood CF subjects with serum IL-8 levels pgonL*

Area under curve:

SpO, <93% for >10% study =0.70
Existing EIAH definition
(>4% fall in SpQ on exercise) =0.54

De novoEIAH definition
(>4% fall in SpQ on exercise
and lowpoint of Sp©<93%) =0.61

The area under the curve is greatest for the diefinof hypoxia as Sp£9<93% for
>10% study, suggesting that this is a more sems#ivd specific definition than either
of the EIAH definitions in identifying childhood Csubjects with elevated serum IL-8
levels. This is reiterated in Table 3.17.

Table 3.17

Summary of identification of abnormal serum IL-80pg.mL?) using sleep and
exercise hypoxia definitions

De novoSLEEP EIAH EIAH
SpO;, <93% for >4% fall in SpO, | >4% fall in SpO, on exercise
>10% study on exercise and lowest exercise
Sp0,<93%
Interleukin-8 6/6 3/9 3/9
> 10 pg.mL*
Interleukin-8 3/25 5/23 1/27
<10 pg.mL*
Chi-square statistic 7.4 0.1 4.3
p-value p=0.01 p=0.53 p=0.08
(Fisher’s exact test)
Kappa score 0.42 0.06 0.27
p-value p=0.01 p=0.72 p=0.04

* 40/41 subjects had exercise data and a measute8 |
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3.7.1.5 EIAH, Sleep Hypoxia and the need for intraenous antibiotics
ROC statistics were used to compare the sensitavity specificity for measures
sleep and exercise hypoxia in the detection ohtetl for intravenous aniotics in the

preceding 12 montf- Figure 3.20.

Figure 3.20
ROC curve of performance of sleep hypoxia and Et&flnitions in the identificatiol
of children with CF requiring intravenous antibas

Area under curve:

Sp0O, <93% for >10% study =0.68
Existing EIAH definition
(>4% fall in SpQ on exercise =0.6

De novoEIAH definition
(>4% fall in SpQ on exercise
and lowpoint of Sp@<93% =0.55

The area under the curve is greatest for the dieimof hypoxia as Sp, <93% for
>10% study, suggsting that this is a more sensitive and spec#findion than eithe
of the EIAH definitions in identifying chilren with CFwho had required intraveno

antibiotics in the preceding year. This is bornelputhe statistics of Table 3..

Table 3.18
Summary of identification of the need for intravaees@ntibiotics > 1 course per year)
using sleep and exercise hypoxia definiti

De novoSLEEP EIAH EIAH
SpO; <93% for >4% fall in SpO, >4% fall in SpO, on
>10% study on exercise exercise and lowest
exercise SpQ<93%
>1 IV antibiotic course in 8 hypoxic / 6/14 3/17
preceding year 12 normoxic
Zero IV antibiotic courses in 1/20 2/18 1/19
preceding year
Chi-square statistic 7.4 2.5 1.1
p-value p=0.009 p=0.24 p=0.61
(Fisher’'s exact test
Kappa score 0.36 0.20 0.10
p-value p=0.006 p=0.11 p=0.29

* 40/41 subjects had exercise data. Data on antilmasage were available for a
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3.8 Discussion

3.8.1 SpQ in our CF study population compared with healthy ontrols

SpQ during sleep in our CF study population were lothan that reported in a non-CF
population. A home oximetry study of 100 school-apddren (Urschitzet al 2003),

reported a median SpOf 97%, and stated that desaturations below 92% weusual.

3.8.2 Summary of performance of tested definitionef hypoxia in the detection of
measures of inflammation

From the analyses presentedjdeanovodefinition of sleep hypoxia (SpG<93% for>
10% study time) appears to perform best in the atietre of all measures of
inflammation that were considered in this study,aasessed by comparison of ROC

characteristics for a variety of measures of stegmwxia and EIAH.

The definition of Sp@ <93% for> 10% study time appears to show the B&3C
characteristics for detecting abnormal CRP and lesgls, as well as elevated ESR,

white cell and neutrophil counts, and also the rfeethtravenous antibiotics.

The high sensitivity and specificity of this hypaxdefinition in the detection of
elevations in CRP [for which IL-6 is a precursore(kkila et al. 2007)], as well as IL-8
and neutrophil counts would support the hypothess hypoxia is closely associated to

NFkB-mediated inflammation.

3.8.3 Study Limitations

3.8.3.1 Study numbers

The study numbers are small (n=41), and frequeratissme adverse clinical outcomes
within this study sample are too small to allow magful analysis. To confirm these

observations in our study group and to furtherdatk the adopted sleep hypoxia
definition, the study should be repeated in a séquopulation using similar outcome

measures. However, while this is planned, it isobelythe scope of this MD thesis.
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3.8.3.2 Lack of control subjects
A number of tests were undertaken on each of tndystubjects that took a full day’s

testing protocol to achieve. Time constraints amal d@vailability of historical control

data for outcomes including spirometry, respiratang skeletal muscle strength, and
bone mineral density acted as justification for #itsence of a healthy control group.
The reliance on epidemiological control data iswéeer, an acknowledged limitation

of this study.

3.8.3.3 Method of assessment of sleep hypoxia

By relying on time increments with low arterial @an saturations from oximetry
measures alone as our gold standard, an assuniptioade that the desaturation in CF
is not due to obstruction. This assumption appaarasonable one to make. Baseline
SpG are low, with little heart rate variability or dhbgctive (>4% fall in Sp@) dips
seen on analyses of the full studies of each ohipoxic individuals; suggesting that
hypoventilation is occurring throughout sleep (b&®EM and non-REM), although
without EEG monitoring, the sleep phases are unkndmdeed sleep state is unknown,
and it is possible that the children were not gskateall and that no desaturations were
seen due to the subject being awake all night. rBaleeport from parents suggests that
all children were studied during sleep, althougis iknown that inaccuracies may exist

in parental reporting of their children’s sleeptpats (Mindeet al. 1993).

The software package enabled calculation of theomtwyjof desired study parameters,
but the inability to calculate hourly mean Sp@easures was a potential limitation as
this prevented us applying the existing nocturngldxia criteria of Versteeghkt al.

(1990) to our study population. Oximetry-only seslican be associated with false

negative results, for example oximetry alone magsmarousals related to obstruction.

Significant hypoxia is, however, either presentabsent on the study, and oximetry
appears both sensitive and specific in the detectib hypoxia. Indeed continuous
documentation of SpQOover a minimum of 8 hours is the recommended finst-
investigation of hypoxaemia in CF in the Americarhofacic Society (ATS)
recommendations for cardiopulmonary sleep studiehildren Am J Respir Crit Care
Med 1996; 153: 866-878), with full polysomonography (PSG) reserfer those CF

patients in whom snoring or sleep disturbance esegmt.

147



A strength of the study however, is that oximetgswdone in the patient's own home
and they did not have to come into hospital andpsia an artificial environment to

undertake full polysomnography.

A further strength was the timing of the sleep gtwdl patients were studied at a time
of clinical stability, and in each case the sleeplg preceded the measurement of

clinical and inflammatory outcomes.

3.8.4 Adoption of a new sleep hypoxia definition

Based on the ROC characteristics, and ability teadeneasures of inflammation in a
childhood CF population, Sp&93% for> 10% study time is the definition of hyje

to be used for assessing the inter-relationshiphypoxia and measured clinical
outcomes. These inter-relationships will be exglaredetail in Chapters 4 and 5. Study

demographics using this new definition are dispddyelow (Table 3.19).

Table 3.19
Nocturnal hypoxia in our study population using regpoxia definition

Median Sex Mean (sd) Median (IQR)
(IQR) Age Sleep SpQ time spent
with SpO,
<93%
Hypoxic Group 14.9 3M:6F 92.6 49.8
[SpO, <93% for >10% sleep time] | (12.3-14.9) (1.1) (19.6-79.7)
(n=9)
Normoxic Group 12.2 17M:15F 96.1 0.1
(n=32) (10-13.7) (1.1) (0.1-1.8)

Validation of this definition in a second populatiasing similar outcome measures is
planned.
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Hypoxia, defined as Sp&93% for >10% sleep time —the most sensitive aratifip
definition in the detection of measures of inflantima was noted in nine of 41 children
studied. Given that only 1-2% UK children with Céceive oxygen therapy (Balfour-
Lynn et al. 2005, Douglassgt al. 2008), the proportion of children (22%) identified
hypoxic suggests that a proportion of children with may be being under-treated for

potentially clinically significant nocturnal hypai

In 1990, a study of daytime Sp@ 100 children with CF aged 5-16 years, was cdrrie
out at Great Ormond Street (GOS) Hospital (Betaricetual. 1991). The median SpO
of the CF population was 94% (range 75%-99%), caatbavith 97% in a group of 50

age-matched controls.

In the 2005/06 GOS cohort studied for this thesigdian daytime SpOwvere 99%
(range 95-100%). Although the study exclusion dateincluded children already
receiving oxygen therapy, only 2 children were ageld for this reason, and this would
not skew the median resting Spdata. A clear difference in median daytime $p0O
the GOS CF population is evident, with marked impraent noted over a 15-year
period. It is, therefore, suggested that the pened of hypoxia in children with CF has
been falling over the past two decades. This &dlikely to be due to the current cohort
of CF patients having less severe lung diseaseth®npredecessors, as reflected in the

ongoing continued improvement in survival in UK g#&tients (Dodget al.2007).

3.8.5 Implications of measures of exercise inducedterial hypoxia

Hypoxia in CF is reported to occur more frequerdlyring sleep than on exercise
(Bradleyet al 1999, Coffeyet al 1991). Our results (Figures 3.12 and 3.14) beathus
finding, regardless of how EIAH is quantified. Thaplications of this include the
recommendation that a sleep study may be indicitethose with exercise-induced

arterial hypoxaemia.

The mechanisms for sleep hypoxia and EIAH are thotaydiffer, and this is borne out
by the identification of different individuals witkleep hypoxia when compared to
EIAH. Exploration of mechanisms by which differeaceccur will be attempted in

chapter 4. Further research directions may seeketter understand the effects of
EIAH, and help to develop a clinically-relevant inéfon of EIAH that can be used in

the CF population.
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3.8.6 Consideration of a new EIAH definition

The definition of EIAH in CF appears flawed, as% 4dip in SpQ from baseline on

exercise may not result in exercise-induced hypaxiall i.e. a dip from 100% to 96%
would be encompassed by this definition, althougharty a SpQ@of 96% (equating to a
PaQ of 12kPa) would not be considered hypoxic. Sudls fa SpQ are known in elite

athletes, and postulated to be due to intrapulnyosiannting, diffusion limitation, and

ventilation-perfusion mismatching (Prefaattal. 2000).

It was therefore proposed that a more robust definbf EIAH may be that of a fall in
SpG during exercise of 4% and nadir of SpObelow 93%. However, the ROC
characteristics of either existing de novodefinitions of EIAH in the detection of
adverse clinical outcomes (Figures 3.15 to 3.2@eap inferior to thele novosleep

hypoxia definition.

This suggests that the most clinically useful measii hypoxia in children with CF is
SpQ <93% for >10% sleep time, and groups will be dichuged on this basis for
chapters 4 and 5.

3.9 Definition of clinically important hypoxia in childhood CF
The definition to be used for assessing the irgtionship of hypoxia in CF and a

variety of study outcomes in Chapters 4 and 5 9,S93% for >10% sleep time.

Chapter 4 will explore the association between Rigpn children with CF (as defined
by SpQ <93% for >10% sleep time) and various clinical,ioémbical, physiological
and psychological outcome measures, whilst Chapteiill explore the association

between hypoxia and surrogate measures of inflaramat
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CHAPTER 4: Association of hypoxia and clinical outomes in

children with cystic fibrosis

4.1 Introduction
Following on from Chapter 3, wherede novodefinitions of hypoxia in CF has been
proposed, we now seek to apply the suggested tlefirof hypoxia (Sp@ <93% for

10% sleep time) to our study population.

By dichotomising on the basis of hypoxia, we ardeao explore the relationship
between hypoxia in children with CF and variousichl, radiological, physiological
and psychological outcome measures as outlinedvbddas hypothesised that hypoxia
may be associated with deleterious clinical outcgma particular a reduction in
exercise capacity (Figure 1.5).

4.2 Aims

The aim of this chapter was to investigate thetigiahip between measures of hypoxia
and clinical parameters, namely:

Anthropometric data

Spirometry and lung function data

Radiological data (Chrispin-Norman X-ray scores)

Respiratory muscle pressure measurements (SniPaMimMEP)

Cardiopulmonary exercise testing (CPET) data

Quiality of life (CFQ) data

Echocardiographic data

The relationship between measures of hypoxia ant 4énotype, bone densitometry,

skeletal muscle strength, and surrogate measurasflaimmation including exhaled

breath condensate measures will be investigat€hapter 5.
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4.3 Methods

Application of a definition of hypoxia in CF as dmed in section 3.9 allows
dichotomisation of our population into hypoxic andrmoxic groups for statistical

analyses.

4.3.1 Definition of Hypoxia

Following the use of ROC statistics to consider tanber of definitions of both
nocturnal hypoxia and EIAH, a single definition (3p<93% for 10% sleep time) was
chosen as the most clinically useful definitionhgpoxia in our study population. This
definition was used to dichotomise the study pajpaeand allows comparison between
hypoxic and normoxic groups, in order to inveseggtte relationship between hypoxia
and the various study outcome measures describedealand to validate this as a

clinically useful definition.

4.3.2 Anthropometric data and demographics

Briefly, anthropometric measures of height were enading a stadiometer, and body
mass measurements were undertaken on electroniessita accordance with the

methodology of section 2.2.2.1.

4.3.3 Spirometry

Briefly, incentive spirometry was performed (Jaelyrsterscreen 4.65) in accordance
with the ATS/ERS recommendations (Millet al. 2005), as described in section
2.2.2.3.

4.3.4 Plethysmographic data

Plethysmography (see section 2.2.2.3.3) had begeriaken as part of each CF
patient’s annual assessment in the 12 months prectte study. Measures of both
residual volume (RV) and total lung capacity (TLM&re estimated, and from these

measures, an estimate of gas trapping can be maddtie RV to TLC ratio.
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4.3.5 Chrispin-Norman chest radiograph score

Chrispin-Norman scoring (CNS) of a chest radiogrbpd been undertaken as part of
each CF patient's annual assessment in the 12 magotbceding the study. The
modified CNS scoring system (Bendenal. 2005) was used (section 2.2.2.3.4). The
proforma used for CNS scoring is included in Apperrid

4.3.6 Respiratory muscle pressure measurements

Measures of respiratory muscle pressure were wdaTtin accordance with the
methods described in section 2.2.2.4. Briefly thesee:

a) Sniff Inspiratory Pressure (SnIP) — A maximaffsybtained from FRC with the
contralateral nostril occluded.

b) Mouth Inspiratory Pressure (MIP)

— A maximal inspiratory effort from FRC whilst wéag a noseclip.

c) Mouth Expiratory Pressure (MEP)

— A maximal expiratory effort from TLC whilst weag a noseclip.

An accompanying software package (PUMA softwardcrdMMedical Ltd., Chatham,
Kent, UK) allowed real-time quality control assessinfor each manoeuvre, as well as

analysis of pressure-time plots.

4.3.7 Cardiopulmonary exercise testing (CPET)
Incremental cycle ergometer exercise testing withath by breath ventilatory gas
analysis using a metabolic cart (MedGraphics, Sul,PMinnesota, USA) was

undertaken using the methodology of section 2.2.2.8

Briefly, the subject exercises on an investigatetednined ramp protocol that is geared
to the size, age and fitness level of the childstiRg data is collected followed by a
period of unloaded cycling. The incremental exer¢est then takes place, and the
subject is subsequently monitored during their vecp.

Information is collected on heart rate , oxygeraldpt(VQ,), carbon dioxide elimination

(VCOy,), work rate, respiratory rate and tidal volumewad as the monitoring of end-
tidal CO, (etCQ), and arterial oxygen saturations (Sp@roughout exercise.
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4.3.8 Quality of life assessment using the United ikgdom Cystic Fibrosis
Questionnaire [CFQ-UK]

Quality of life was assessed using the CFQ-UK. AARDM package that accompanies
the questionnaire enables various quality of lifeehsions to be assessed. The methods
are described in full in section 2.2.2.10.

Briefly, there are several versions of the quesizire:

- The CFQ-14+ was used for children aged over &drg, and is a self-assessed
questionnaire that takes around 10 minutes to cete@pl

- A self-reporting format was used for 12 and 13ryelds.

- The CFQ child P is a parent-proxy evaluation useahildren aged 6 - 13.

Copies of the various CFQ questionnaires usedttaehed in Appendix)3

4.3.9 Echocardiographic measures
Trans-thoracic echocardiography was undertakenllostualy patients, in accordance
with the methods described in section 2.2.2.7. @arsdtructure and morphology were

first assessed.

Measures of left ventricle (LV) wall thickness abtl interventricular septum and
posterior wall (IVSd and LVPWAd), and right ventacall thickness (RVWd) were
made. LV fractional shortening (%) was assessed, &v ejection fraction (%)

estimated using the methodology of section 2.2.2.7.
Systolic pulmonary artery pressure (SPAP) was esdchfrom the Doppler signal of

tricuspid regurgitation (TR) gradient (if any TRepent) using the modified Bernoulli
equation, described in section 2.2.2.7.
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4.4 Results

Nine out of 41 subjects were classified as hypasing the definition Sp£<93% for
>10% sleep time. Thus the study was adequately @ulvio detect differences in
primary outcome — exercise capacity (section 4.¢h6accordance with tha priori

power calculation outlined in section 2.1.3.

4.4.1 Anthropometric data and demographics

4.4.1.1 Anthropometric and demographic data for stdy population
Table 4.1 displays the age, sex and physical ctarstics of the study population

including average z scores for height, weight ardI.BAlso displayed are CFTR
genotypes, pancreatic status @wkudomonas aeruginosad Staphylococcus aureus
infection status.

Table 4.1
Demographic data for the study population (n=41)

Variable Study population (n=41)
Range Median (IQR)
Age 810 16.2 12.7 (10.4 to 14.6)
Sex 20M:21F -
Height (cm) 123 to 184 147 (136 to 160)
Weight (kg) 22 to 64 40 (30 to 47)
BMI (kg.m ™) 14 to 23 18 (15.7 to 19)
Height SDS -2.1to +1.8 -0.5(-1.1t00.2)
Weight SDS -2.2to +1.7 -0.7 (-k1.4t0 0.1)
BMI SDS -2.21t0 +2 -0.4to (-1.1t00.2)
CFTR genotype
DF508DF508 25 -
DF508/Other 13 -
Other/Other 3 -
Pancreatic status
Pancreatic-insufficient (PI) Pl (n=39) -
Pancreatic-sufficient (PS) PS (n=2) -
Lung function
FEV; SDS -5t0 +2 -1.9 (-3.2,-0.9)
FVC SDS -4to+1.6 -1 (-2.3,0)
Pseudomonas aeruginogafection Ever (n=37) -
Never (n=4) -
Staphylococcus aureusifection Ever (n=33) -
Never (n=8) -
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4.4.1.2Anthropometric and demographic data anc hypoxia

Using the definition of nocturnal hypoxia in CSpG<93% for >10% sleep ti)
suggested in section9, it is apparent that the hypoxic group are olded eelatively
taller (Figure 4.1) but with body mass indices thet significantly lower (Figure 4.:
than their normoxic peers (Table 4

Table 4.2
Comparson of demographic and anthropometric data betwgpaxic ISpQ<93% for
>10% sleep timeand normoxic group

Variable Study population (n=41)
Hypoxic (n=9) Normoxic (n=32) p-value
(SpG,<93% for >10% sleep time)
Age (years) 14.9 (12.4, 15.6) 12.20, 13.7 <0.05*
Height SDS 0 (-0.5, +0.2) -0.8 ¢.2,0.1 0.05*
Weight SDS -0.8 (-1.4, -0.2) -0.6 -3,0.1 0.38*
BMI SDS -1.1 (-2, -0.6) -0.2 0.7, +0.3 <0.01*

All values quoted are median - IQR), *Mann-Whitney U-test

Figure 4.1
Distribution of heigk z scores in normoxic CF patients and those with higp
(SpO<93% for >10% sleep tin)

p<0.05, Mann-Whitney U-test

Medians shown

NORMOXIA HYPOXIA
(Sp0O2<93% for >10%)

Although statistical significance is achievthere is considerable overlap between
heights of hypoxic and normoxic subjects. This rmaggest an artefactual differer

pertaining to small study numbe
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Figure 4.2
Distribution of BMI z scores in normoxic CF patisrand those with hypoxia

(SpG<93% for >10% sleep time)

p=0.01, Mann-Whitney U-test

NORMOXIA HYPOXIA

Medians shown (Sa02<93% for >10%)

BMI z scores appear to be significantly lower ie thypoxic group, although once again
a degree of overlap exists. The catabolic effe€tseing in a pro-inflammatory state
may impact negatively on nutritional status (Gatnal. 2004), providing a potential

explanation for these observed differences.
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4.4.2 Spirometry

4.4.2.1 Demographic data of study population

Spirometry was successfully undertaken in all 4tlgsubjects. Subjects ranged from 8
to 16.2 years of age, with a mean (sd) age of (24 years, and a median age of 12.7
years. Twenty-one subjects were female, and 20.nid&le distribution of spirometry

measures is illustrated in Table 4.3.

Table 4.3
Spirometry of the studpopulation

Variable Subjects (n=41)
Range Median (IQR)
FEV, -5.0to +2.0 -1.9 (-3.2t0 -0.9)
[35 to 128%)] [74 (57 to 88)%]
FVC -4.0to +1.6 -1.0 (-2.3t0 0)
[51 to 123%)] [88 (71 t0100)%]
FEFso -3.8t02.5 -2.4 (-2.9t0 -1.3)
[9 to 159%)] [51 (30-74)%)]
FEFs -3.5t01.8 -1.9 (-2.7to -1.2)
[7 to 156%] [33 (19 to 42)%]

All values are standard deviation score for lungction parameters.

(%opredicted values are given in parentheses [ptfear).

4.4.2.2 Spirometric parameters and hypoxia

The relationship between FEVAnd mean overnight SpQvas explored (Figure 4.3).
Using z scores based on validated reference rafiyesenthalet al. 1993) Spearman

rank correlation coefficient waé+0.38, p<0.001.
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Figure 4.3
Correlation of FEY SDS and mean overnight S,

4 <5)1>/ ?5)552
I # (#(6!%

_______________________________________________________ @ %"'# %

@ Subject meeting criteria for hypoxia (Sp0O2<93%>@0% sleep time

® Normoxic subject

This graph illustrates that all of the hypoxic sdig had abnormal FE;.

Similar correlations were observed for comparisbmean slee|SpC; with FVC and

mid-expiratory flow measures (Table 4

Table 4.4
Correlation coefficients for mean sleep $ and spirometric paramet

FEV, FVC FEF s FEF 75
Z score Z score Z score Z score
Mean sleep r’=0.38 * F=0.25** F=0.24 ** rF=0.38 *
SpO2

* p<0.001; ** p=0.001 (Spearman te

Comparison of spirometric measures of lung functimtween those with nocturr
hypoxia and normoxic controls was carried out, gghrenewly propose (SpG<93%

for >10% sleep timedefinition of hypoxia (Table 4.5
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Table 4.5

Comparison of spirometry data between hypoxic (8193% for >10% sleep time) and
normoxic groups

Variable Study population (n=41)
Hypoxic (n=9) Normoxic (n=32) p-value
(Sp0O,<93% for >10% sleep time)
FEV.SDS -3.9 (-3.3, -4.7) -1.7 (-2.5,-0.4) <0.001*
FVC SDS -2.6 (-3.8, -1.8) -0.6 (-1.8, +0.1) <0.001*
FEFRs0SDS -3.3 (-3.6, -2.8) -1.8 (-2.5,-0.8) <0.001*
FEFs SDS -2.9 (-3.2, -2.3) -1.9 (-2.2, -1.0) 0.002*

Values are median (IQR) of lung function z scorddann-Whitney U test.

All of the above spirometric indices were lowethe hypoxic group when compared to

the remainder of the study population. Figure 4ustrates the distribution of FREV

SDS values across hypoxic and normoxic groups.

Figure 4.4
Distribution of FEV, z scores in normoxic CF patients and those wifioRia
(Sp&<93% for >10% sleep time)

p<0.001, Mann-Whitney U-test

_______________________________________________ @ %"# %

NORMOXIA HYPOXIA

<939 0
Medians shown (Sp0O2<93% for >10%)

It can be seen that if FE\Z score is within normal range (>-2 z scores)n the subject
meets the criteria for hypoxia. Work to delinedtte optimal level of lung function at

which to consider a sleep study will be definedeaation 4.5.3.
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4.4.3 Plethysmographic data

Plethysmography was successfully undertaken idlatudy subjects. Subjects ranged
from 8 to 16.2 years of age, with a mean (sd) dde2® (2.4) years, and a median age
of 12.7 years. Twenty-one subjects were female,zinhthale. The measure considered
to be most representative of gas trapping was RE/Ratio. Across the entire study
population, RV/TLC ratio had a median (IQR) vald®@®6 (0.27, 0.5).

4.4.3.1 Hypoxia and RV/TLC ratio

Hypoxic subjects (Sp£93% for >10% sleep time) had a median (IQR) rafio
RV/TLC of 0.5 (0.45, 0.64), compared with 0.32 @.0.45) in normoxic subjects
(p<0.001, Mann-Whitney U-test).

Therefore it is suggested that hypoxic CF subjleate a greater degree of gas-trapping

than do their normoxic counterparts.

4.4.4 Radiographic data: Chrispin-Norman chest radbgraph score (CNS)

CNS was successfully undertaken in all 41 studyjesi Across the entire study
population, median (IQR) CNS was 11 (7, 14). Gitleat baseline age differences exist
between the groups when classified for nocturngolia (Tables 4.2 and 4.3), age-
corrected CNS was also considered (CNS/Age). Th&/€)¢ measure had a median
value of 0.81 (0.65, 1.19).

161



4.4.4.1 Hypoxia ancradiographic data
A relationship is observed between CNS and meap $p(; (Figure 4.5)showing

negative correlationr{=0.38, Spearman).

Figure 4.5
Relationship of mean sleiSpQ, and Chrispin-Norman Xay scor:

#<5)1>/?5)552> [ # ( (6! %!

‘ " reT "
. " *e7"

Statistically higher CNS were observed in the hypqSp0O2<93% for >10% slee
time) group. These differences were maintained wherCiN& were corrected for ay
(Table 4.6). These findings are of importancehey suggest that lung structure (as \
as function) may be worse in the hypoxic gr

Table 4.6
Comparison of Chrisp-Norman chest radiograph scotegtween hypoxicSpG,<93%
for >10% sleep timeand normoxic group

Variable Study population (n=41)
Hypoxic (n=9) Normoxic (n=32) p-value
(Sp0,<93% for >10% sleep time)
CNS 16 (12,19) 10 (7,13 0.002*
CNS/Age 1.1 (0.8,1.3) 0.8 (0.6,1 0.04*

All values quoted are median - IQR), *Mann-Whitney U-test
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4.4.5 Respiratory muscle pressure measurements

4.4.5.1 Demographic data of study population

SnIP and MEP measurements were successfully ukdartia all 41 study subjects.

Subjects ranged from 8 to 16.2 years of age, witledian age of 12.7 years. Twenty-
one subjects were female, and 20 male. MIP meammsmwere successfully

undertaken in forty of the 41 study subjects. Oradensubject was unable to perform
MIP due to poor technique. He was at the lower @nthe age range studied, at 9.02
years. Respiratory muscle pressure data for thieeestiudy population is displayed

below (Table 4.7)

Table 4.7
Demographics for SnIP/MIP and MEP

Variable Study population (n=41)
Median (IQR) Range Median (IQR) SDS
Pressure (cm H0)
(cm H,0)
SniP 89 (79-108) 29-207 -0.35 (-0.8t0 0)
(n=41)
MIP 81 (65-104) 40-131 -0.12 (-0.7 to +1)
(n=40)
MEP 90 (69-109) 38-149 -0.32 (-1.2 to +0.5)
(n=41)

4.4.5.1.1 Relationship of SnIP and MIP in CF

Limits of agreement for SnIP and MIP were assessety a Bland-Altman plot (Bland
and Altman 1986). SnIP was, on average, higher thighwith a mean (sd) difference
of 10.4 (24.4) cm kD (Figure 4.6).
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Figure 4.6

Limits of agreement for two methods of inspiratprgssure measurement (SniP and
MIP) using a Bland and Altman plot

These mean (sd) differences are similar to thoperted in healthy children [13.5
(21.4) cm HO] (Raffertyet al.2000).

4.4.5.2 Hypoxia and respiratory muscle pressure

Data were considered as absolute measures of matsetgth (cm bD), and also as z
scores using age and sex-specific reference rgi@jefanutti and Fitting 1999). Inter-
group comparisons were carried out (Table 4.8), and statistically significant
differences were noted between hypoxic (3% for >10% sleep time) and

normoxic subject groups.
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Table 4.8
Effects of hypoxia
children with CF

(Sp&x93% for >10% sleep time) on respiratory musclersjth in

a) Absolute values

Variable Study population (n=41)
Hypoxic (n=9) Normoxic (n=32) p-value
(Sp0O,<93% for >10% sleep time)
SnlP 92 (66,103) 89 (81,113) 0.57*
MIP 85 (54,103) 78 (66,109) 0.55*
MEP 91 (83,120) 85 (67,109) 0.41*
b) z scores
Variable Study population (n=41)
Hypoxic (n=9) Normoxic (n=32) p-value
(Sp0O,<93% for >10% sleep time)
SniP -0.2 (-1.3,-0.1) -0.4 (-0.8, 0.2) 0.61*
MIP -0.7 (-1.2,1.2) 0.1 (-0.5, 1) 0.41*
MEP 0.4 (-0.9,0.9) -0.6 (-1.3,0.5) 0.47*

All values are median (IQR) *Mann-Whitney U-tesh=31

A potential explanation for such a lack of effeciyrbe that children with CF have a

relative training effect on their respiratory mescldue to increased work of breathing,

which allows preservation of muscle strength. Tikisupported by Figure 4.12 which

illustrates similar minute ventilation at maximaleecise in both hypoxic and normoxic

subjects, despite reduced lung volumes on forcedawry manoeuvres in the hypoxic

group.
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4.4.6 Cardiopulmonary exercise testing (CPET) paraeters

40 individuals successfully undertook CPET testhgingle individual was unable to

undergo CPET testing, as he was too small for xleecese bike.

4.4.6.1 Demographic data of study population

Displayed below (Table 4.9) are the spread of $ete€PET measures recorded in the

study population across the phases of exercise.

Table 4.9

CPET data for the study population (n=40)

Variable Study population (n=40)
Range Median (IQR)
Age 810 16.2 12.9 (10.7, 14.7)
Sex 19M:21F -
Resting:
HR 66-127 92 (82, 108)
RR 11-45 23 (19, 27)
etCO, (mm Hg) 24-42 34 (31, 36)
Spo, 95-100 99 (97, 100)
VO, at rest (mls.m?.min™) 111-269 184 (168, 216)
AT:
VO, at Anaerobic Threshold
mis.kgt.min™ 11.3-37.3 19.6 (16.6,23)
mis.m2.min™ 357-978 606 (516, 696)
Peak:
Peak VO,
mis.kg™.min™ 21-55 35 (30, 42)
mis.mZmin* 589-1685 1074 (917, 1277)
HR 144-208 180 (170, 191)
RR 26-86 58 (47, 63)
etCO, (mm Hg) 23-47 35 (31, 38)
Ve (L) 22-96 56 (41, 66)
Workload (Watts.m™) 50-184 83 (68, 103)
Lowest exercise Sp@ 85-100 98 (96, 99)
Change in SpQ on exercise -13to +4 -1(-2,0)

4.4.6.2 Hypoxia and CPET testing

Dichotomisation by a definition of Sp€93% for >10% sleep time was used to

investigate the effects of hypoxia on cardiopulmgrexercise (Table 4.10).

166



Table 4.10

Effects of hypoxia (Sp&x93% for >10% sleep time) on CPET in CF

Variable Study population (n=40)
Hypoxic (n=9) Normoxic (n=31) p-value
(SpO,<93% for >10%
sleep time)
Resting:
HR 99 (93, 118) 89 (81, 101) 0.09*
RR 24 (20, 38) 23 (19, 27) 0.22*
etCO, (mm Hg) 29 (28, 33) 35 (32, 36) 0.003*
SpG;, 98 (97, 98) 99 (98, 100) 0.01*
VO,at rest (mls.m?.min™) 193 (175, 214 184 (146, 216) 0.73*
VO,at AT
mis.kg™.min™ 16.6 (15.4, 18.4)  20.6 (17.9,23.8)  0.01*
mls.m2.min 503 (431, 587) 640 (559, 700) 0.01*
Peak:
Peak VO,
mis.kg™.min™ 28.8 (24, 34.2) 35.3(33.3,43.2)  0.01*
mls.m2.min 1138 (906, 1750) 1353 (1126, 1637) 0.04*
HR 170 (164, 178) 182 (174, 192) 0.02*
RR 61 (52, 69) 55 (47, 61) 0.11*
etCO, (mm Hg) 36 (31, 38) 34 (31, 38) 0.92*
Ve (L) 57 (32, 73) 56 (41, 64) 1.0*
(Ve — predicted MVV) (L) 8.8 (-8.4, 15.3) -10.2 (-26, -0.2)  <0.001*
Workload (Watts m™) 64 (57, 89) 86 (74, 106) 0.02*
Lowest exercise Sp@ 97 (93, 98) 98 (97, 99) 0.06*
Change in SpQon -1 (-6, 1) -1 (-2, 0) 0.75*

exercise

All values are median (IQR) *Mann-Whitney U-test

Resting end-tidal COmeasures were lower in the hypoxic group. Theizapbn of

this might be that hypoxic subjects were hypervatitig at rest relative to normoxic

controls. Although no differences in median restiegpiratory rates were noted, this

hypothesis may be supported by the fact that the fi§p respiratory rate varied from

20-38 in hypoxic subjects compared with 19-28 intoals. Early work in exercise and

CF (Godfrey and Mearns 1971) recognised the nagdssiincreased ¥ in children

with CF to maintain alveolar ventilation in the éaof an increased physiological dead

space.

167



4.4.6.2.1 Hypoxia and VQ

It is noted that hypoxic subjects had reduced eseapacity as measured by oxygen
uptake (VQ), at both anaerobic threshold (AT) (Figure 4.7 prak exercise (Figure
4.8), as well as achieving a lower workload (Figi®). A lower peak heart rate was
reached in the hypoxic group, indicative of the that exercise was limited by

ventilation with the presence of some cardiac resat the end of exercise.

Figure 4.7
Effects of hypoxia (Sp&93% for >10% sleep time) on oxygen uptake at aaer
threshold in children with CF

p=0.01, Mann-Whitney U-test

(#." -
T# %7'$ —
$%) ) ( °
NORMOXIA HYPOXIA
Medians shown (Sp02<93% for >10%)

A greater than 10% reduction in Y& AT was seen in hypoxic subjects — the primary
study outcome. V@at AT is a more reproducible measure than peakexygptake, for

it is less likely to be influenced by the volitidrespect of exercise i.e. AT comes on
considerably before peak exercise, and almost aditievery subject will reach AT

with encouragement. This was the case in our gpogylation where AT was attained
in all.

The effect of the suggested increased height imypexic group (Table 4.2) is
controlled for by correcting the units for analysfsoxygen uptake for body surface
area (mls.if.min™) rather than weight (mls.Kgnin™) which is most commonly used

for analysis.
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Figure 4.8

Effects of hypoxia$pC,<93% for >10% sleep timen peak oxygen uptake in childr
with CF

p=0.04, Mann-Whitney U-test
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NORMOXIA HYPOXIA

Medians shown (Sp02<93% for >10%)

Figure 4.10 illustrates that hypo)(SpQ<93% for >10% sleep tin) CF subjects attain
lower peak oxygen uptake thnormoxic ones.

Figure 4.9
Effects of hypoxia$pC,<93% for >10% sleep timen peak workload achieved
children with CF

p=0.02, Mann-Whitney U-test

NORMOXIA HYPOXIA
Medians shown (Sp0O2<93% for >10%)

169



Workload (Watts.if) achieved by hypoxic (Sp@93% for >10% sleep time) subjects
was statistically lower in hypoxic subjects complreith normoxic controls (Figure
4.9).

Subjects with nocturnal hypoxia had a trend towarttsver Sp@on exercise (p=0.06),
and also reached a lower peak heart rate (p=0.GnNMVhitney U test). Potential
explanations for this may be that there is respigalimitation to maximal exercise with
cardiac reserve, or that adaptation has occurregsjponse to nocturnal hypoxia leading
to a reduced peak heart rate on exercise. Analogpughletes who are exposed to
repeated periods of hypoxia whilst training, thedwic stimulus in our hypoxic CF
cohort is repeated every evening whilst asleep.rongd cardiovascular efficiency
following a period of mountaineering training haseh reported (Purkayastled al.
2000), although more recent work found no diffeeeirt heart rate changes between
groups of healthy athletes (n=23) randomised tmRkigpor sea-level training (Truijens
et al.2008).

4.4.6.2.2 Hypoxia and maximal exercise ventilation
No statistically significant differences in minwentilation (M) were seen between
hypoxic and normoxic groups (Figure 4.10), desgitierences in lung volumes as

assessed by spirometry (section 4.4.2).

Figure 4.10
Effects of hypoxia (Sp&93% for >10% sleep time) on minute ventilatiorcimldren
with CF

p=1.0, Mann-Whitney U-test

_ HYPOXIA
NORMOXIA
Medians shown (Sp02<93% for >10%)
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The implication of this finding is that increasesminute ventilation in children with
CF and hypoxia are similar to those of their norra@ounterparts. The reasons for this
remain unclear, but some possible explanationsdeeussed below. First, hypoxic
subjects have statistically lower vital capacityasuwred on forced manoeuvres (section
4.4.2), and one might expect greater incrementateases in respiratory rate on
exercise in the hypoxic subjects, to account fa $similarities observed in minute
ventilation. Previous work (Godfrey and Mearns 19Hhs shown that increasing
disease severity in CF leads to increases in ploggeal dead space and limitation of
tidal volumes that are accompanied by markedlyeased respiratory rate on exercise
to maintain \t. However, no differences in respiratory rate asebae (p=0.22),
anaerobic threshold (p=0.5), or peak exercise (@H0were noted (Mann-Whitney U-
test).

Secondly, an alternative explanation could be ithatoved airway clearance occurs on
exercise leading to an ability to increase tidduwes and maintain rate of increase in
minute ventilation. Similar median (IQR) tidal vohes were noted between hypoxic
and normoxic subjects at peak exercise [0.85(0.B5)1L versus 1.0(0.84, 1.3) L]
(p=0.32, Mann-Whitney U-test), as well as at AT6@(0.52, 0.83) versus 0.6(0.52,
0.78), p=0.92; Mann-Whitney U-test]). This suggekts tidal volumes can increase on
near-maximal exercise in both hypoxic and normo&iE subjects. However, the
percentage increase in tidal volumes between mtpgak exercise showed a trend
(p=0.06, Mann-Whitney U-test) towards a smaller medIQR) % increase in Vin
hypoxic [144(78,189)] subjects compared with normokl79(133,232)] controls
(Figure 4.11).

171



Figure 4.11
Percentage change in tidal volumes from rest tk pearcise in hypoxicSpG,<93%
for >10%)and normoxic children with C

p=0.06 Mann-Whitney U-test

NORMOXIA HYPOXIA
Medians shown (Sp02<93% for > 10%)

Finally, it could be argued that, as the hypoxiougr are taller, this may result
elevated minute ventilation as a result of highéaltvolumes at baseline. Howev
median (IQR) baseline + were 0.40 (0.32, 0.51) L in the hypox(SpO<93% for
>10%) group, compared with 0.36 (0.29, 0.46) L armoxic controls (p=0.4, Mar-
Whitney U-test).

Measures of maximal voluntary ventilation (MVV),egiicted by 35 x FE; (Fultonet
al. 1995, Sexaueet al. 2003) were exceeded by the measured minute véorilan
exercise (maximal ¥) in 14 of our subject group. For the subject gras@ whole, th
maximal & (Vemax) achieved on exercise was a mean (sd) of A.8)litres lowel
than the predicted MVV. Tis is displayed as a Bland and Altman plot belovwgyFe
4.12).
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Figure 4.12
Bland and Altman plot showing the relationship betw predicted maximal volunta
ventilation, and minute ventilation measured at imax exercis

However, if we dichotomise on the basis of hypoxiazan be seen that the hypo
group (SpQ<93% for >10% sleep tin) are, on average, are able to exceed
predicted MVV (Figure 4.3).

Figure 4.13
The relationship between predicted MVV ang on exercise when comparir
normoxic and hypoxicSpQ,<93% for >10% sleep time) subjects

p<0.001 Mann-Whitney U-test

Medians shown

NORMOXIA HYPOXIA
(Sp02<93% for >10%)
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In the hypoxic (Sp&<93% for >10% sleep time) group, maximat Yheasured on
exercise is a median (IQR) of 8.8 (0, 14.6) lithegher than the predicted (35xFBV
MVV. In the normoxic group, predicted MVV was 1Q:25.9,-0.2) litres higher than
measured maximal p/on exercise. A statistically significant differenis seen between

hypoxic and normoxic subjects (p<0.001, Mann-Whjthktest).

This concurs with early work on exercise and CFdiBey and Mearns 1971) which
showed that exercise ventilation exceeded MVV Irttadse with more severe disease
(MVV<50L.min™).

4.4.7 Quality of life measures
The cystic fibrosis questionnaire (CFQ) was sudodigscompleted for 37 of the 41
subjects. In three cases the questionnaire wagreutly completed, or incomplete

making scoring impossible. On one occasion, thet@naire was not carried out.

4.4.7.1 Demographic data for CFQ

Twenty-three caregiver (6-13 years) CFQ questioesavere completed, along with 13
self-assessment questionnaires (14+ years), 1&assdssment questionnaires (12-13

years), and 2 Interviewer format (6-11 year oldsg}siionnaires.

For purposes of standardisation, either caregigbildren aged 13 or under) or aged
14+ questionnaires (children aged 14 or over) veertered into the study database for
analysis. However, for two patients, 12/13 yearssdtl-assessment questionnaires were

analysed in the absence of a parental report.

CFQ score (both average and for individual mods)tiis expressed as a percentage,
whereby a score of 100 represents perfect quafityfeoand a score of zero, abject
misery. The average CFQ score varied between 3®1194.4% with a median (IQR)
quality of life score of 71.4% (58.3 to 86). Funtmere, the CFQ is divided into number
of individual modalities. Median (IQR) scores armhges of scores for each modality

are shown below (Table 4.11).

174



Table 4.11

CFQ data demographics for the study population Th=3

CFQ variable Number of subjects Median (IQR) Range
Age 37 13.1 (10.7, 14.8) 7.98-16.22
Sex 19 Male/ - -
18 Female
CFQ Average 37 71.4 (58.3, 86) 39.1-94.4
CFQ Physical 37 83.3 (53.8, 96.3) 25-100
CFQ School 23 88.9 (55.6, 77.8) 11.1-100
CFQ Role 12 75 (66.7, 97.9) 25-100
CFQ Vitality 35 60 (53.3, 80) 33.3-100
CFQ Emotional 37 86.7 (73.3, 93.3) 53.3-100
CFQ Social 14 75 (70.2, 83.3) 61.1-88.9
CFQ Body 37 66.7 (44.4, 94.5) 11.1-100
CFQ Eating 37 100 (50, 100) 0-100
CFQ Treatment 37 55.6 (33.3, 77.8) 11.1-100
CFQ Health 35 77.8 (66.7, 88.9) 33.3-100
CFQ Weight 35 66.7 (33.3, 100) 0-100
CFQ Respiratory 37 72.2 (50, 88.9) 22.2-100
CFQ Digestion 37 88.9 (55.6, 100) 11.1-100

Maximum score for each modality = 100 (CFQ scom percentage)

Because different scoring components are includeéde CFQ 14+ and parent/caregiver

(6 to 13 year olds) questionnaire, some modal{sebool, role, social) are collated on

small numbers of individuals.

4.4.7.2 Hypoxia and quality of life as assessed BFQ
Data for both sleep studies and CFQ scores wegrenaot on 37 subjects.

Dichotomisation into hypoxic and normoxic groups@éhe following results (Table

4.12).
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Table 4.12
Effects of hypoxia (Sp&93% for >10% sleep time) on CFQ modalities inatah

with CF

Variable Study population (n=37)
Hypoxic (n=8) Normoxic (n=29) p-value
(Sp0O,<93% for >10% time)

CFQ Average 62 (45, 70) 74 (66,88) p=0.03*

CFQ Physical 50 (30, 86) 89 (70,96)  p<0.05*
CFQ Emotional 80 (68, 93) 87 (77, 93) p=0.46*
CFQ Eating 56 (37, 67) 100 (53, 100) p=0.06*
CFQ Weight 33 (0, 92) 100 (33, 100) p=0.17*
CFQ Treatment 44 (14, 78) 56 (44, 83) p=0.35*
CFQ Respiratory)| 58 (44, 85) 78 (61, 89) p=0.19*
CFQ Digestion 94 (67, 100) 89 (56, 100) p=0.53*

All values are median (IQR) *Mann-Whitney U-test

CF children with sleep hypoxia were noted to hatagisgtically significantly lower

average CFQ scores (Figure 4.14) than normoxiwiddals.

Figure 4.14
Effects of hypoxia (Sp&x93% for >10% sleep time) on quality of life (asessed by

the average CFQ-UK score)

p=0.03, Mann-Whitney U-test

Medians shown

NORMOXIA HYPOXIA
(SpO2<93% for >10%)

Additionally, a weak relationship between meangI8pQ and CFQ (r= 0.4, p=0.02

Spearman Rank test) was observed (Figure 4.15).
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Figure 4.15

Relationship between average CFQ score and megmSpQ

# <5)23>/<5)5 >

I # ( (6!%!

® Hypoxic subject

® Normoxic subject

Significant (but weak) relationships were also ddtetween mean sleSpGand the
health (f=0.24, p=0.003), body?=0.12, p=0.04), physical{#0.15, p=0.02), an

respiratory (f=0.17, p=0.01) components of the CFQ sc
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4.4.7.3 Effects of exercise on quality of life assessed by CFQ
CPET testing and satisfactory completion of the @R questionnaire was

successfully undertaken in 37 subjects.

Firstly, aerobic fitness as assessed by peak oxygeke (VQ peak) in mls.nf-min™
shows a significant relationship with average CF@lity of life score ( =0.37,
p<0.001, Spearman rank test), as illustrated béfogure 4.16).

Figure 4.16
Relationship between average CFQ score angp&ak

# <5)C>
I # (# (6! %!

Similar associations were seen between, YW@ak and individual CFQ modalities for
physical (f= 0.42, p<0.001) and emotionaf<£r0.34, p<0.001) well-being, as well as
health (f= 0.46, p<0.001), vitality = 0.37, p<0.001), respiratory’& 0.29, p=0.001),
eating (f= 0.18, p<0.01), and body*& 0.19, p<0.01) scores (Spearman rank test).

The associations between Y& AT in mils.n.min™ and quality of life scores are less
strong than those seen at peak exercise. Howeawatistisally significant associations
were seen between (@t AT and the average CFQ score (0.13, p=0.03), as well as
physical (f= 0.19, p<0.01) and emotionaf<£r0.16, p=0.01) well-being modalities, and
health (f= 0.26, p<0.01), vitality = 0.17, p=0.02) and respiratory<r0.14, p=0.02)
scores (Spearman rank test).
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4.4.8 Echocardiographic measures

Echocardiography was undertaken in 40/41 of theyspwpulation.

4.4.8.1 Demographic data for the study population
Displayed below (Table 4.13) are the spread of eafthographic measures recorded in
the study population. It should be noted that textts had no detectable TR.

Table 4.13
Demography of echocardiogram data for the studyiladion

Variable Study population (n=40)
Range Median (IQR)
Age 810 16.2 12.9 (10.7, 14.7)
Sex 19M:21F -
LV wall thickness (in diastole)
Interventricular septum - IVSd (mm) 39-9 6.4 (5,7)
Posterior wall - PWd (mm) 4-10 6 (5.5, 6.7)
LV dimension #
LVD (mm) 30-56.2 43.4 (40.5, 47)
LV fractional shortening
LVFS (%) 28 - 46 33 (30, 36)
LV ejection fraction
LVEF (%) 42 - 78 62 (58, 66)
RV wall thickness (mm) 2-6.1 4 (3.2, 5)
Tricuspid Regurgitation
TRmax (m.s) 0-28 1.9 (0, 2.2)
Systolic pulmonary artery pressure
SPAP (mmHg) 5-37 19.2 (5, 24.3)

H#n=27

4.4.8.2 Hypoxia and echocardiographic measures
Dichotomisation using the definition Sp®3% for >10% sleep time as denoting
hypoxia in CF, was undertaken and the echocardiogi@a obtained from our study

population was analysed thus (Table 4.14).
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Table 4.14
Effects of hypoxia$pC,<93% for >10% sleep timen the heart in children with C

Variable Study population (n=4l

Hypoxic (n=9) Normoxic (n=31) p-value
(Sp0O,<93% for >10% time)

LV wall thickness

(in diastole)
IVSd (mm) 6.5 (5.5, 7.1) 6.4 (57 0.68*
PWd (mm) 6.5 (6.1, 7.6) 6 (5.3,6.4 0.04*

LV dimension #
LVD (mm) 46 (42.3, 46.9) 42.6 (40.2, 4 0.48*
LVFS (%) 35 (30, 38) 32 (29, 36 0.44*
LVEF (%) 65 (59, 71) 62 (57, 66 0.35*
RV wall thickness 4.3(4.1,5.1) 4(3,4.4 0.04*
(mm)

TRmax m.s* 1.8 (0.5, 2.6) 1.9 (0, 2.6 0.50*
sPAP mmHg 18 (7, 31) 19 (5, 24 0.55*

All values are median (IQR) *Mar-Whitney U-test
# Only 23normoxic and 4 hypoxic patients had LV dimensiorasuge!

Statistically greater right ventricle thickness vgaen in hypoxic subjects (Figure 7).

Additionally, increased LV posterior wall diameteas noted (Figure 18).

Figure 4.17
Effects of hypoxia$pC,<93% for >10% sleep timen RV wall thicknes:

p=0.04, Mann-Whitney U-test

HYPOXIA

NORMOXIA (Sp02<93% for >10%)
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The finding of increase RV wall thickness may suggest that this measuaepigecurso
of pulmonary hypertensioiat a time when no differences in SPAP were notédden

the groups. Indeed no TR whatsoever was recordaloieer ¥4 of patients studie

Figure 4.18
Effects of hypoxia$pC,<93% for >10% sleep timen LV posterior wall thicknes

p=0.04, Mann-Whitney U-test

Medians shown

NORMOXIA HYPOXIA
(Sp02<93% for >10%)

The finding of increased LV geometry is not prewdyureported in CF, but has be
reported in obstructive sleep apnoea, another paeddisorder causing intermittel
repeated hypoxic episodes (Amret al.2002).

Amin and colleagues (Amiet al. 2002) calculated LV mass using a published forn
(Devereuxet al. 1986). This formula allows calculation of LV mass 0.8 {1.04[([LV
dimension + IVSd + PWd® LV dimension %]} + 0.6 where 1VSd and PWd refer
septal and posterior wall thickness in cm. measurediastole, and LV dimension
the enddiastolic dimension (in cm.) of the LV. Division bgnheight>’ is used to
construct the LV mass index (de Simoet al. 1992). Unfortunately, only 27/4
subjects in our study population had a measureVotlimension made, including on
4/9 of the hypoxic group. This makes statisticaparison between the two grot
impossible. No trends were seen, and the 23 nokrsajecs had a median (IQR) L
mass index of 29.6 (23.9, 32.3) (>’ compared with values of 26.2 (18, 30.9) in tt
hypoxic subjects on whom LV dimension were measips®.58, Man-Whitney U-
test).
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4.5 Discussion

4.5.1 Which is more important — sleep hypoxia or etcise hypoxia?

Sleep and exercise hypoxia may represent diffguatitophysiological defects. At the
outset of this work it was unknown which is the maoelevant assessment with the

greatest clinical impact (section 3.2).

Following the analysis of the above results, clddferences can be seen between
children with CF and nocturnal hypoxia and theirmoxic counterparts. Subjects with
sleep hypoxia (Sp&93% for >10% sleep time) in CF have, when compaoetheir
normoxic counterparts:

Reduced exercise capacity

Lower Body Mass Index

Lower FEV,

Lower FVC

Lower mid-expiratory flows

Worse gas-trapping as measured by elevation of RV/f&tio

Higher Chrispin-Norman chest radiograph scores

Greater number of intravenous antibiotic courses

Worse quality of life as assessed by the CFQ-UK

Increased right ventricle thickness

Increased left ventricle (posterior wall) diameter

Such differences were not observed when subjectl exercise-induced arterial
hypoxia were compared with controls (data not shownevious papers suggest the
pathophysiological mechanisms for sleep and exerbigpoxia in CF are different.
Airflow limitation related to increase in physiolegl dead space is reported to be the
mechanism by which exercise hypoxia ensues (GodifngyMearns 1971), although no
evidence for this was found in our study populatwith no differences in resting mid-
expiratory flows between EIAH and normoxic group¥ow-volume loops associated
with exercise were not analysed, however. Alteuedyi dynamic hyperinflation during
exercise has been put forward as a potential mehafor causation of EIAH, but
again, no differences in RV/TLC ratios between ¢éhesth EIAH and the normoxic

group were noted.
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It appears that hypoxia during sleep, a frequerdpeated (daily) and more prolonged
hypoxic insult than EIAH, is associated with greateinical impact in CF. The effect
of sample size cannot however be discounted, abgctunumbers with EIAH were

smaller.

4.5.2 Sleep Hypoxia — definitions and outcomes

Previous authors (Bradlest al. 1999, Coffeyet al. 1991) have noted that hypoxia in CF
is more likely to occur in sleep than on exercissause of changes in muscle tone and
relative hypoventilation, suggesting that assessndeming sleep may be the most

relevant assessment of hypoxia in CF.

Various definitions have been used to define hypaxiCF based on its relationship to
inflammation, as outlined in Chapter 3 and ledaugropose a newefinition of sleep
hypoxia (Sp@<93% for >10% sleep time).

4.5.3 Who needs a sleep study? - Prediction of naotal hypoxia in CF

The American Thoracic Society (ATS) recommendatipablished in 1996 Am J
Respir Crit Care Med1996; 153: 866-878) suggest that sleep studies should be
performed in CF as follows:

1. CF subjects with awake Pa®@70mmHg (or Sp©<95%) should have an
overnight oximetry during a period of disease siigbi

2. Patients with polycythaemia oor pulmonaleand those who complain of
headache on wakening, daytime sleepiness, or deslusieep patterns should

have an overnight oximetry.

3. Patients with CF receiving supplemental oxygen neayiire a full
polysomnography (PSG) to rule out OSA in those itbring and sleep

disturbance.

4. PSG may also help assess potential adverse effieckygen in CF i.e.

promotion of hypercapnia in those with advancedldisease.

Whilst recommendations 3 and 4 are self-eviderdpmemendations 1 and 2 require

closer scrutiny.
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Recommendation 1: Comment

Firstly, daytime Sp@are a poor predictor of sleep desaturation in \C#tsteegh and
colleagues reported Sp&P4% as the best independent predictor of nocturnal
hypoxaemia (Versteegtt al. 1990) in patients with CF. The other referencadat to

in the ATS statement studied daytime blood gasrdaegs in 14 CF patients aged 9-34
years (Montgomeryet al. 1989), and compared these to overnight oximetrya.dat

However, blood gases are not routinely done irdcéii with CF.

Frangolias’ group studied 70 adults with CF in whd0% had significant nocturnal
hypoxaemia (Frangoliast al. 2001). Using resting SpOof 93% as a cut-off for
predicting nocturnal hypoxaemia they found that g8ents with a resting Sp€03%
were hypoxemic at night, but 24/67 with resting $p@3% had nocturnal hypoxaemia
also. These data can be used to construct setsi{il%) and specificity (100%)
values for Sp@ of <93% as a predictor of nocturnal hypoxaemiaCiR. One can
construct Likelihood Ratios (LR+ infinite, LR- 0.89and using a prevalence of
nocturnal hypoxaemia of 40%, post-test probabdittan be calculated. One starts with
a pre-test probability of nocturnal hypoxaemia 0%&in an adult CF patient group. If
resting SpQ@is below 93%, then the probability of nocturnapbyaemia rises to 100%,
whereas if resting SpQs above 93%, the probability of nocturnal hyporéefalls to
37%. Therefore, resting Sp@hen less than 93% (and it rarely is) is a uspfatictor
of nocturnal hypoxaemia, but a sleep study is neddeconfidently rule in/rule out

hypoxaemia in the remainder.

Similarly, an Australian study reported that in Idhren with significant nocturnal
hypoxaemia (average Sp@uring sleep <90%), 19% had resting Sp®1% and
therefore 1 in 5 would have been missed witholgepsstudy (Milros®t al. 2001).

Recommendation 2: Comment

For subjects with polycythaemia aror pulmonale and those who complain of
headache on wakening, daytime sleepiness, or wisturded sleep patterns, an
overnight oximetry alone is an inappropriate antbimplete investigation. Monitoring
of CQO, is required, be it transcutaneous pQ@cording, early-morning arterial or
capillary blood gas analysis, or end-tidal measa®part of a full PSG. Clearly full
PSG may not be available in all centres, but wqulavide the gold standard in such

scenarios, as sleep disturbance can be directiglated with stage of sleep.
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4.5.3.1 Who needs a sleep study? — The role of lufnction in the prediction of
nocturnal hypoxia in CF

Lung function did not feature in the 1996 ATS recoemdations, although an
association between sleep S@E@d FEM has been reported (Pond and Conway 1995).
Our work supports the notion that FEmMay be a potentially important predictive index
for nocturnal desaturation. Using tlde novopaediatric definition of sleep hypoxia
(SpG <93% for >10% sleep time), the utility value ohdu function cut-offs were
assessed using ROC statistics (Figure 4.19). Lungtibn cut-offs [Rosenthal] were

considered thus:

i) FEV; <80% predicted
i) FEV, <70% predicted
i) FEV1 <65% predicted
iv) FEV; <60% predicted
V) FEV; <55% predicted

Figure 4.19
ROC curve of performance of various cut-offs of REM the identification of
childhood CF subjects with hypoxia (Sp@3% for >10% sleep time)

Area under curve:

FEV; <80% predicted = 0.73
FEV; <70% predicted = 0.84
FEV; <65% predicted = 0.89
FEV; <60% predicted = 0.92
FEV; <55% predicted = 0.84
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Previous authors have suggested a cut off of FE&5% predicted to be the most
sensitive and specific predictor of hypoxia (setti@.3.5.2.3.2). Versteegh and
colleagues established that an RE¥65% predicted was 88% sensitive and 50%
specific (positive predictive value [PPV] 47%) detecting hypoxia measured as a
lowest hourly mean Splbelow 90% (Versteegat al. 1990). Frangolias’ group report
93% sensitivity and 44% specificity (PPV 51%) fdf\lR <65% predicted in detecting
SpG<90% for >5% sleep time (Frangoliasal.2001).

If a cut off of FEV, <65% predicted were used to detect hypoxia defae8p@<93%
for >10% sleep time in our study population, thiswd be 100% sensitive and 78%

specific in the detection of hypoxia with a posgtipredictive value of 56%.

The greatest area under the curve is, however,fee&iV; <60% predicted, and this
is the predictive measure with the best sensitsjigcificity trade-off (Table 4.15).

Table 4.15
2x2 table on use of FE\.60% predicted in the detection of hypoxia (Sp0©3% for
>10% sleep time) in children with CF

Hypoxia: Normoxia:
SpQ <93% for >10% sleep time
FEV; <60% predicted 9 5
FEV; >60% predicted 0 27

FEV; <60% predicted
Sensitivity for detection of sleep hypoxia: 100%
Specificity for detection of sleep hypoxia: 84%

Positive predictive value for detection of sleepdia: 64%

It therefore appears that lung function assessmmeayt be useful in the detection of
hypoxia in CF. For example, if we were to study @F children with FEY <60%
predicted, two hypoxic (SpR93% for >10% sleep time) children would be deteécte

for every 3 sleep studies performed.
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4.5.4 Limitations of study
As discussed in section 3.8.2.3, the use of oxyradtie as our sleep study method has

some disadvantages namely:

a) False negative results
Oximetry-only studies may be associated with falsgative results, i.e. subclinical
obstructive events or arousals may be missed. Henvaypoxia is either present or
absent on the study, and oximetry appears bothtsensnd specific in the detection of
hypoxia.

b) Lack of information on sleep state
Sleep state is unknown, to the point that subjeotdd have been awake all night,
although verbal reports from parents confirmedwadte sleeping. Baseline Sp@ere
low, with little heart rate variability or SpQlips seen on analyses of oximetry studies
of each of the hypoxic individuals; suggesting hygrttilation is occurring throughout
sleep (both REM and non-REM). Without EEG monitgrithe sleep phases are

unknown, however.

c) Cause of hypoxia on study remains speculative
Furthermore, an assumption is made that desatosageen in our study population
were not due to obstruction. This appears a red®@ssumption to make, given the
rationale of point b) above, and non-obstructivpdwentilation seems most likely to
explain the study findings. A limitation of the diuis that data on snoring were not
collected.

The strengths of oximetry were the performancehefdtudy at home, and at a time of
clinical stability. Each case was standardised bat toximetry preceded the
measurement of clinical and inflammatory outcom&snumber of the previously
published studies alluded to in this thesis usdthety alone to assess hypoxia during
sleep (Coffeyet al. 1991, Versteeglet al. 1990, Frangoliagt al. 2001) whilst others
(Milross et al. 2001) performed full PSG. Furthermore, oximetryna is the
recommended first-line investigation of hypoxaemia CF in the ATS
recommendations for cardiopulmonary sleep studieshildren as discussed in section
4.5.3.

A further study limitation was in the small numlaérsubjects studied.
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d) Study numbers
Further limitations lie in the study numbers ane tinability to perform multiple
regression analyses to assess for potential codifiogriactors that might have an effect
on outcome measures. For example, the relatiortséiyveen hypoxia, lung function
andPseudomonas aerugino$BA) may be important. However, the fact that ohll
subjects had never grown PA, and these were dalh@mormoxic group made such a
relationship impossible to ascertain. Larger nursbweould have allowed identification

of, and correction for, other factors/confounders.

4.5.5 Adaptation to hypoxia in CF

Our data concur with previous work (Stezh al. 2003), that use of 35 x FE\as a
predictor of MVV (Fultonet al. 1995; Sexaueet al.2003) will underestimate the MVV
in CF. Furthermore, earlier work (Godfrey and Mesal®71) showed thatgmax on
exercise was increasingly likely to exceed MVV iR Subjects as lung disease severity

worsened.

Fourteen of our subject group hag Max on exercise which exceeded their predicted
MVV (Figure 4.13). The degree of underestimatios bhaen reported to be proportional
to the degree of airflow limitation (Stegt al. 2003). Our data do not directly support
these findings, with no significant associationsrseetween ¥ max and z scores for
FEV,;, FVC or mid-expiratory flows. However, the hypoxgcoup had a ¥ max on
exercise that was, on average higher than predidte®, as well as statistically

significantly lower lung volumes and airflows (Takt.5).

Hypoxic and airflow-limited CF patients have anate capacity to increase-\Mwhich

is rate-dependent in the absence of ability tohkrrincrease ¥. Mechanisms for this
may include changes in chemoreceptor sensitivaptral effects on respiratory drive,
as well as the effects of preservation of respiyatouscle strength (Aldriclet al.
1982), a phenomenon seen in the hypoxic subjeatiest. A study of healthy adult
volunteers showed that increases ndh exercise under hypoxic conditions exceeded
the Ve dynamics of exercise in air (Fukoakd al. 2003). Altered carotid body
chemoreceptor sensitivity, as well as the effectmafscle chemoreceptors on the

respiratory centre were considered most likely @xations for this phenomenon.
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Genetic influences such as the known effect of #@E genotype on hypoxic
ventilatory responses (HVR) also are worthy of edestion. Previous work has shown
that increases in p/on exercise under hypoxic condition were signifibagreater in
those with an Il genotype (Pat al. 2003). The effects of ACE polymorphism og V
in our study population will be considered in Cled. There are more questions than
answers, and there is scope for future studiesirtbdr our knowledge of HVR in the

childhood CF population.

4.6 Conclusions

CF subjects with sleep hypoxia were noted to hawen compared to normoxic
controls:

Reduced exercise capacity

Lower Body Mass Index

Lower FEM,

Lower FVC

Lower mid-expiratory flows

Worse gas-trapping as measured by elevation of RV/f&tio
Higher Chrispin-Norman chest X-ray scores

Greater number of intravenous antibiotic courses

Worse quality of life as assessed by the CFQ-UK
Increased left and right ventricle thickness

Such findings serve to verify that an associatietwieen hypoxia and adverse clinical

status exists.

The question of hypoxia being cause or effect iesés associations remains
unanswered. Clearly hypoxia may arise as an endt refssevere CF lung disease, but
the evidence reviewed in the introductory chapiggest also that hypoxia could be an
effector mechanism for perpetual neutrophilic inffaation, leading to a pro-
inflammatory state and deleterious clinical seqeieGhapter 6 describes a setrofitro
experiments designed to assess the effects of lypoxIL-8 mediated inflammation in
CF bronchial epithelial cells, in an attempt toinkehte whether hypoxia can be a direct

cause of inflammation in the CF airway.
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If it is true that hypoxia can be both cause arfdotfof lung inflammation in children
with CF, then trials of mechanisms of restoratibmarmoxia (oxygen therapy and/or
non-invasive ventilation) and their effects on aoration of inflammation and clinical

status appear worthy of consideration.

The role of exercise as an anti-inflammatory thgraepCF is also an area of interest.
Long-term oxygen therapy during exercise in hypoki€ subjects has potential

cumulative benefits (Elphick and Mallory Jr. 2009).

Exercise capacity was chosen as a primary outcomeupo study because of the
purported relationship that exercise and hypoxiay regert on lung disease in CF
(Figure 1.5). It is known that exercise improvesvay clearance, and this may be
beneficial in minimising bacterial load and preventof worsening lung inflammation.
In addition, an immunological mechanism for exercisxerting anti-inflammatory
benefit has been reported (Petersen and Peder8éih &t the CF patient group would

potentially benefit from this.

Hypoxic subjects achieved lower work rates and hdim@nished exercise capacity at
both peak exercise capacity and AT. Quality of $it®res are also lower in the hypoxic
group (Table 4.12, Figures 4.14 and 4.15), anddatat also show that quality of life is
related to exercise capacity (Figure 4.16), withv@, — CFQ association (r=0.61,
p<0.001, Spearman) seen. Therefore, exercise mhy thebring about beneficial
psychological as well as physiological effects. §¢heata suggest exercise prescription

may be a beneficial therapeutic intervention indwip CF subjects.
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CHAPTER 5:
Relationship between hypoxia and surrogate measuresf

inflammation in children with cystic fibrosis

5.1 Introduction

In Chapter 4, the suggested definition of hypo8p@ <93% for 10% sleep time) was

used to dichotomise the study population and astessassociation of hypoxia with

clinical, radiological, physiological and psychoicg outcome measures in children
with CF. Chapter 5 seeks to apply this definitidrhgpoxia to surrogate measures of

inflammation in CF.

5.2 Aims

The aim of this chapter is to investigate the retathip between measures of hypoxia
and inflammatory parameters, namely:

ACE genotype

Exhaled breath condensate inflammatory markers

Skeletal muscle (Quadriceps and hand-grip) stremgt@isures

Bone densitometry data
The rationale for measuring each of the above asumogate marker of lung

inflammation is outlined below:

5.2.1 ACE genotype

The ACE I/D polymorphism described previously codes an insertion/deletion
polymorphism within the ACE gene. Those with DD ggpe have increased serum
and tissue ACE activity (Danset al. 1995) and are thought to be at increased risk of

lung inflammation.
5.2.2 Exhaled breath condensate inflammatory markesr

A full raft of pro- and anti-inflammatory cytokinegere measured including IL-8 which

for reasons above may be central to the processgifing airway inflammation in CF.
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5.2.3 Skeletal muscle (Quadriceps and hand-grip)reingth measures

AND

5.2.4 Bone densitometry data

These measures may be indirect markers of the qoasees of inflammation in CF.
Putative deleterious effects that may arise fromda a pro-inflammatory state in CF
include muscle-wasting (Gaat al. 2003), and CF bone disease (Hawathal. 2004).
The mechanism by which these effects occur is thbtm be due to up-regulation of

catabolic cytokines including TN&-and IL-6.

5.3 Methods

Measures of inflammation (inflammatory markers xha&ed breath), the predisposition
to inflammation (ACE genotype) and the end resoltsinflammation (wasting of
muscle and bone) were made. These are each dekbelmav.

5.3.1 ACE genotype

Briefly, ACE genotype for the I/D polymorphism wastablished using a three-primer
PCR set up with MADGE gel electrophoresis useddoalise the DNA amplification
products (Section 2.2.2.6.7). This work was caraetin conjunction with Dr Christina

Hubbart, Rayne Institute, University College London

5.3.2 Exhaled breath condensate (EBC)

Samples were collected as per the methods of se2t#2.5.1. Oral inhalation-
exhalation for 20 minutes of tidal breathing wasleniaken, using a commercially
available system (ECoScreen, Jaeger, Hoechbergdbg). A nose-clip was worn in
accordance with the ATS/ERS recommendations (Hbmftaal. 2005).

EBC was immediately frozen at -<8Dand used for later cytokine analyses. A human
10-plex kit (BioSource International Inc., CamanjlCalifornia) was used to assay EBC
levels of IL-1b, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IFN-g, GM-CSF and TNRa, using
Luminex technology (section 2.2.2.5.2.2). The mdtlogy is identical to that used for
the analysis of serum by this method. Furthermareultrasensitive ELISA assay for

guantification of interleukin-8 (IL-8) levels in EB(section 2.2.2.5.2.1).
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5.3.3 Skeletal muscle strength measurement
Measures of proximal (quadriceps isometric voluntaimtraction), and distal (handgrip

strength dynamometry) musculature were undertaken:

5.3.3.1 Quadriceps isometric voluntary contraction
Maximal voluntary isometric contractions were meadu using a custom-built
isometric dynamometer (University College [Royal&rCampus] Medical School

Physiology Department), as per the methodologyeofisn 2.2.2.9.1.

Briefly, with the subject sat upright with kneexésl to 9, a clamp placed above the
ankle transmitted knee extensor force via an imestbde chain to a strain gauge bar.
Subjects maintained maximal contraction for 2-3s€s and then relaxed. Forces from
the strain gauge bar were amplified and displayea chart recorder. Maximal forces
achieved by voluntary quadriceps contraction in study subjects were converted to
standard deviation scores (SDS) using validatezteate data (Backmant al. 1989).

5.3.3.2 Handgrip strength dynamometry

Distal skeletal muscle strength was assessed Wy fpese measurements made using a
Jamar hydraulic hand dynamometer (Sammons PreBwimgbrook, IL, USA), in
accordance with the methods of section 2.2.2.9.2.

Briefly, alternate dominant and non-dominant hang@ gtrength measures were made
one minute apart (3 measures per side). The maxoned generated was recorded.
Maximal handgrip strength values from our studyjscis were converted to standard
deviation scores (SDS) using this validated refezadata (Mathiowetet al. 1986).

5.3.4 Bone densitometry

Briefly, children underwent dual energy X-ray alpmmetry (DXA) scans (Lunar
Prodigy, GE Medical Systems). Bone mineral den®@tyiD) measures were calculated
from measures of bone mineral content and bone anelaconverted to z scores.
However, it is known that BMD is underestimatedsimall subjects, and overestimated
in tall subjects (Fewtrelet al. 2003). Therefore, a volumetric assessment — the bon
mineral apparent density (BMAD) was undertakendjst for calculated bone volume

rather than bone area, and again values were deadvierBMAD z scores.
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5.4 Results

First, anthropometric and demographic data foistiidy population has already been
displayed (section 4.4.1), as well as a breakdawigfoups when dichotomised for

sleep and exercise hypoxia.

5.4.1 ACE genotype
ACE genotyping was successfully undertaken in foftihe 41 subjects.

5.4.1.1 Distribution of ACE genotype across studyqgpulation

Subjects ranged from 7.98 to 16.22 years of agt) awimean (sd) age of 12.6 (2.4)
years, and a median age of 12.9 years. Twenty-oinjects analysed were female, and
19 male. The reason that no ACE genotype was edtaldl in 1 subject was due to
insufficient blood being obtained. The distributiai ACE genotype in our study
population was as follows (Table 5.1). The obsergede frequency in our study
population - D allele frequency 56%, | allele 44%o0similar to that reported in the
literature for a UK-based sample population - 49%lBle and 51% | allele (Naet al.
1995).

Table 5.1
Gene frequencies for ACE polymorphism
ACE genotype Study population (n=40)
OBSERVED EXPECTED
ID 19 19.7
DD 8 7.6
Il 13 12.7

c®=0.048, p>0.50

The ACE polymorphism obeys Hardy-Weinberg equilibriin our study population.
The full Hardy-Weinberg equilibrium calculationpsovided in Appendix 5.

5.4.1.2 Hypoxia and ACE genotype

Similar distribution for ACE genotype was seen lboth hypoxic and normoxic groups
when existing definitions of sleep hypoxia were lagap (Table 5.2), with Hardy-
Weinberg equilibrium preserved.
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Table 5.2
ACE genotype and hypoxia defined as $p03% for 10% sleep time

Study population (n=40)

ID Il DD
Hypoxia (n=9) 4 1 4
Normoxia (n=31) 15 12 4

5.4.2 Exhaled breath condensate (EBC) cytokine anales

5.4.2.1 EBC cytokine levels by Luminex analyses

The human 10-plex cytokine assay utilised (BioSeuirtternational Inc., Camarillo,
California) uses Luminex technology to assay lew#l40 different cytokines — IL4,
IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, Interferon gamma (IFNg , granulocyte and
macrophage colony stimulating factor (GM-CSF) aridFa. Using this kit to assay
raw EBC samples (neither concentrated or diluted)cytokines were detected. For
interleukin-8, the range in which IL-8 can be dé&teds from 16.5 to 4000 pg.ritL

5.4.2.2 EBC interleukin-8 [IL-8] levels

An ultrasensitive IL-8 assay was also used to déveer concentrations of IL-8
(Biosource ultrasensitive IL-8 [KHC0084] ELISA ag}arlhis assay will detect IL-8
levels in the range of 0.39pg.Mito 25pg.mL*.

In our hands the KHC0084 ELISA kit detected onlypdsitive EBC sample at a

concentration of 0.4pg.mLThe kit did however correctly pick up a samplekepiwith

a known concentration of IL-8 and variability beemethis sample and standard of
similar concentration was <10%. The subject idexdifwas markedly hypoxic with

78.9% of the night spent with Sp@93%, and a lowest exercise saturation of 85%.
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5.4.3 Skeletal muscle strength

Measures of proximal muscle strength (quadricepxime isometric voluntary

contraction) and distal muscle strength (handgip)presented.

5.4.3.1 Quadriceps maximal isometric voluntary comtiction (MIVC)

Quadriceps force was successfully measured imdif-bne subjects (Table 5.3).

Table 5.3
Quadriceps MIVC for the study population as a whole

Variable Study population (n=41)
Range Median (IQR)
Dominant Leg

Quadriceps MIVC (N) 82 to 498 172 (136, 239)
Quadriceps MIVC (N.i) 63 to 295 144 (112, 173)

Quadriceps MVC SDS -3.6to4.4 -0.7 (-1.5, 0.1)

Non-dominant Leg

Quadriceps MIVC (N) 70 to 447 154 (126, 216)
Quadriceps MIVC (N.i) 61to 274 128 (103, 165)

Quadriceps MVC SDS -3.7t04.1 -1.3 (-2, -0.5)

As a group, our study population had median quagsdcstrength values that are
approximately 0.7 to 1.3 standard deviations belbat of the reference population.
However, there were children within our study p@pioin with stronger than muscles

than healthy subjects.
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5.4.3.1.1 Hypoxia and quadriceps MIVC

No differences in quadriceps strength were obsemrezh either existing ate novo

definitions of nocturnal hypoxia were used to dicimise the study population (Table

5.4).

Table 5.4

Quadriceps MIVC and hypoxia defined as $9€8% for >10% sleep time

Variable

Study population (n=41)

Hypoxic (n=9) Normoxic (n=32) p-value

Dominant Leg
Quadriceps MIVC (N)
Quadriceps MIVC (N.r)
Quadriceps MIVC SDS
Non-dominant Leg
Quadriceps MIVC (N)
Quadriceps MIVC (N.i)
Quadriceps MIVC SDS

185 (129, 280)
146 (109, 170)
-0.6 (-2, -0.1)

166 (138, 232) .59
143 (110, 178) 0.89*
-0.8(-1.6)0.5  0.99*

175 (119, 232)
122 (98, 162)
-1.3(-1.9, -0.9)

151 (126, 208)  .610
129 (103, 166) 0.63*
1.3(-2,0)  0.63*

Figures given are median (IQR) * Mann-Whitney Uttes
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5.4.3.2 Handgrip strength dynamometry
Handgrip strength of the dominant hand was sucelgsheasured in all forty-one
subjects (Table 5.5), but that of the non-domirneamd was only measured in 40

subjects as one child had a fracture of the nonhalemb wrist.

Table 5.5
Handgrip strength for the study population as aleho

Variable Study population (n=41)
Range Median (IQR)
Dominant Hand
Handgrip force (N) 8to4l 17 (14, 23)
Handgrip force SDS -5.1t0 0.7 -1.2 (-1.9, 0.5)
Non-dominant Hand
Handgrip force (N) 7 to 37 17 (12, 21)
Handgrip force SDS -49t00.4 -1.0 (-1.7, -0.5)

5.4.3.2.1 Hypoxia and handgrip strength
No differences in handgrip strength were observednthede novadefinition of

nocturnal hypoxia was used to dichotomise the spapulation (Table 5.6).

Table 5.6
Handgrip strength and hypoxia defined as 8{83% for >10% sleep time

Variable Study population (n=40)

Hypoxic (n=9) Normoxic (n=31) p-value

Dominant Hand

Handgrip force (N) 20 (17, 27) 16 (14, 22) 0.15*
Handgrip force SDS -1.1 (-1.3,-0.4) -1.2 (-2.25)0 0.17*
Non-dominant Hand

Handgrip force (N) 18 (16, 23) 14 (12, 19) 0.18*
Handgrip force SDS -0.9 (-1.8, -0.6) -0.9 (-1.23)0 0.26*

Figures given are median (IQR) * Mann-Whitney Uttes
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5.4.4 Bone densitometry
Thirty subjects out of the total study populatiardarwent bone densitometry within a
year of the date of their exercise test, eithercfoical reasons or as part of a separate

research study.

5.4.4.1 Bone densitometry data for study population

The baseline characteristics of the 30 subjects widerwent bone densitometry are
displayed below (Table 5.7). The baseline chareties are similar to that for the
whole study population (Table 4.1). Bone densitoyndata, in the form of raw (BMD)

and adjusted (BMAD) bone mineral density z scoresdasplayed also.

Table 5.7
Demographic data for the 30 subjects that underlyené densitometry

Variable Study population (n=30)
Range Median (IQR)
Age 81to 15.7 12.4 (10.7, 13.9)
Sex 15M:15F -
Height SDS -2.1to+1.8 -0.4 (-1.1, +0.2)
Weight SDS -2to 1.7 -0.6 (-1.2, +0.4)
BMI SDS -1.9to +2 -0.3 (-0.8, +0.3)
CFTR genotype
DF508DF508 18 -
DF508/Other 10 -
Other/Other 2 -
Lung function
FEV; SDS -5t01.2 -1.7 (-3, -0.9)
FVC SDS -4t01.3 -0.7 (-2, 0)
Pseudomonas aeruginosa Ever (n=26) -
infection versus
(Ever versus never) Never (n=4) -
Staphylococcus aureumfection Ever (n=24) -
(Ever versus never) versus
Never (n=6) -
BMD z score -4.2 to +0.7 -0.8 (-1.4, -0.3)
BMAD z score -2.810 +2.2 -0.4 (-1.2, +0.3)
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5.4.4.1.1Bone densitometn data and hypoxia

Hypoxic subjectqSpC,<93% for >10% sleep timey)ere noted to have statistica
lower size corrected bone density (BMAD), when caneg with normoxic control
(Table 5.8, Figure 5.1

Table 5.8
Bone mineral density and hypo defined as Sp&93% for >106 sleep tim

Variable Study population (n=33)
Hypoxic (n=6) Normoxic (n=24) p-value
(Sp0,<93% for >10% sleep time)
BMD z score -1.1(-2.3,-0.7) -0.6 -4,-0.1)) 0.16*
BMAD z score -1.4 (-1.8,-0.4) -0.3 ¢, +0.7 0.03*

Figures given are medi(IQR) * Mann-Whitney U-test

Figure 5.1
Distribution of BMAD z scores in normoxic CF patients and those with higdefined
as SpR<93% for >10% sleep tin

3.).A = C+ D

NORMOXIA HYPOXIA
(Sp02<93% for >10%)

= +
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5.5 Discussion

The results presented suggest that hypoxia in remldvith CF is associated with
reduced bone density, a potential end result akeamed inflammation. No differences
in skeletal muscle strength were noted betweenig@nd normoxic groups; although

when compared with historical controls, musclerggtke was lower in children with CF.

The results would also question the potential usefs of exhaled breath condensate as

a clinical tool.

5.5.1 ACE genotype

The numbers in our study were too small to as$essftect of genotypic differences in
ACE genotype and effects on clinical parameters known from published data that
subjects possessing Il genotype have improved hgpeentilatory responses (Paet
al. 2003), with larger potential increases in minutetilation (Vg). A phenomenon of
higher \& to MVV ratio was seen in the subjects with slegpdxia (Figure 4.13), and
indeed despite differences in lung volumes as asdeBy spirometry, no statistically
significant differences in minute ventilation /Vwere seen between hypoxic and
normoxic groups (Figure 4.11). It is possible thaddification of hypoxic ventilatory
responses may be a potential explanation for thenpmenon. From our small numbers
however, it is impossible to assess whether tlas@ated with any effects of the effects

of ACE genotype.

Genetic modifier studies in CF are hampered by lsmehbers and inadequate power to
demonstrate outcome differences, as well as dift=® in phenotypic classification of
disease severity (Accurso and Sontag 2003, Daw€sl)2 However, inclusion of a
modifier gene as a study outcome can be justified,f large differences between
groups exist then these might be detected desgitiviely small study numbers. An
example of this lies in the association reportetivben reduced lung function and
mannose binding lectin (MBL) polymorphism in 11 gdbts with MBL polymorphism,
matched with 11 controls from a study total of Bt#bjects (Gaboldet al. 1999).

A note of caution is that a positive associatiotwieen a polymorphism and clinical
phenotype does not prove that the gene studidteisduse for phenotypic differences.
For example other genes may travel with the camelidgne and account for such

differences (Accurso and Sontag 2003).
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5.5.2 Exhaled breath condensate

It was not possible to detect markers of inflamoratin EBC in our study population,
apart from in a single child who was severely hypoReasons for this could be that
there is no inflammation present, or that the Igwélinflammatory markers in EBC are
below the limits of detection for the assays used implausible that inflammation is
absent in EBC, for CF lung disease is characterisgdpersistent neutrophilic
inflammation. Large amounts of circulating inte#teu8 (IL-8) are present in the
inflamed CF lung, leading to neutrophil chemoatitag release of neutrophil enzymes
such as elastase, and resultant parenchymal lungagia Bronchoalveolar lavage
(BAL) fluid taken from CF subjects contains elevhtevels of IL-8, IL-6, IL-b and
TNF-a (Bonfield et al. 1995). BAL is an invasive proceeluand a bedside test such as

EBC, would therefore be beneficial in evaluatingdunflammation.

The ATS/ERS task force reported that IL-8 and llhéve been detected in EBC
(Horvathet al. 2005), although a note of caution was added thabncentrated EBC
samples may have cytokine levels below the loweit$i of detection for conventional
ELISA kits. IL-8 was detectable in only 33% of EB@mples (Cunninghast al. 2000)

in a group of children with CF. However, more recemrk (Bodiniet al 2005) has
suggested that IL-8 can be detected in 90% EBC lesnip CF. A wide discrepancy in
EBC IL-8 levels detected in CF was noted betweeasdhstudies. Cunninghaet al.
detected IL-8 in seven of 21 CF patients studiett wiedian (range) concentration of
49 (8 to 90) pg.mt. Bodini’s group studied thirty CF patients and ddhtrols. IL-8
was undetectable in only 4 patients due to inseficEBC volume. The mean (range)
IL-8 level detected in CF patients witbseudomonas aeruginosafection was 0.73
(0.58-0.87) pg.mt: compared to 0.34 (0.29-0.43) pg.thin healthy controls.

There are methodological differences between the. thirstly, the mechanism of
collection for Cunningham and colleaguess to collect EBC using Teflon tubing
immersed in ice, whereas Bodini’s group used a eosikhg device made of 2 glass
chambers. Secondly, the assays were different@uttmingham using an in-house IL-8
ELISA that had a lower limit of detection of 0.5pd.™, and Bodini using the same
ultrasensitive 1L-8 ELISA kit as ourselves (Bioscerultrasensitive IL-8 [KHC0084]

ELISA assay), but presumably with an extra standhhation to achieve a standard

curve running from 0.18-25 pg.ritL
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In our hands, the Biosource ultrasensitive IL-8 [BBD84] ELISA assay yielded a
solitary positive EBC sample at a concentratiorD@fpg.mL}. Reasons for failure to
detect IL-8 in our EBC samples may include thedwihg:

a) Collection and storage problems

b) Inhibition of cytokine detection due to salivampteases

c) True IL-8 concentration lay below detection lisnof the assay

a) Collection and storage

The use of a commercially available device forexibn of EBC (ECoScreen, Jaeger,
Hoechberg, Germany) clearly differs from the twdlmhed papers on EBC in CF
noted above. The method is, however, a validatethadefor EBC collection. In
addition, the rapid freezing of samples (sectioh.25.1) is in accordance with the
handling recommendations for EBC of the ATS and ER&vathet al. 2005), and is
unlikely to explain the negative findings in oundy population.

b) Cytokine inhibition due to salivary proteases
This appears unlikely, as the kit correctly detdcte sample spiked with a known
concentration of IL-8. The variability between ttsample and standard of similar

concentration was less than 10%.

c) True IL-8 concentration lying below the detectio limits of the assay

To summarise, Cunningham'’s grodptected IL-8 in EBC in 33% of the CF patients
that they studied with median concentrations ofpgdnL*, whereas Bodini detected
IL-8 in 90% CF patients and controls but with camtcations that were all below 1
pg.mL™. The EBC IL-8 concentrations detected by Bodiniravé0-fold lower than
those reported by Cunningham. The assay appedtsetion correctly, for a spiked
sample was correctly identified. The only positpagient sample occurred in one of our
most hypoxic patients, and one might surmise thawas in a pro-inflammatory state as
a result of hypoxia, with up-regulated IL-8, thetedigion of which, at 0.4 pg.mtwas
only just possible with the ultrasensitive IL-8 @ags The remainder of the study
population may have varied levels of IL-8 expressalbeit below the lower limit (0.39

pg.mL?) of detection of the assay.
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It is noted that the sole subject with elevate-8 in EBC, also had an elevated sel
IL-8 (@) —Figure 5.2,

Figure 5.2
Serum IL8 levels and hypox defined as Sp§&93% for >10% sleep tin

9.).-'= C+ D
Al ? 9#D25B
+
® Subject with elevated EBC -8, ® Remaining subjects

IL-8 concentrations lying below the detection limifstlee assayseems a plausible
explanation for the lack of detection of-8 in our EBC samplesAs a clinical tool,
therefore, measuring -8 in EBC appears fraught with difficulty and of lied
usefulness. Techniques such as lyophilisation hweotrate the EBC segple may have

improved the yield of cytokine detection (Weet al.2005).
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5.5.3 Skeletal muscle

Median quadriceps strength and also handgrip dfteage each approximately 1
standard deviation below the strength values ofréfierence population. The CF lung
and its’ pro-inflammatory state and consequent lag up-regulation may provide an
explanation for the observed reduction in skeletakcle strength in CF. Alternative
explanations could include the use of corticosttspalthough the pattern of wasting
associated with steroid use would tend to be arasptionate wasting of proximal

muscle (quadriceps) compared with distal (handgepyl this was not observed in our
study population.

However, it should also be noted that within ouudst population, there were
individuals with stronger quadriceps than referemqmgpulation (one child had a
quadriceps strength that was 4 standard deviatabw/e the mean). A potential
explanation for this may be that exercise promoirCF has led these children to
undertake more exercise than their peers, withighddl work suggesting that children
with mild CF undertake greater exercise than hgate-matched controls (Selvadurai
et al.2004).
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5.5.4 Bone mineral densit

Subjects with nocturnal hypoxia were noted to hstaistically lower size correcte
bone density (BMAD), than normoxic contr (Figure 5.1) CF bone disease
multifactorial (Figure 5.3), and the various potahtauses of Cibone disease are

considered.

Figure 5.3
Aetiological factors for CF bone dise¢(adapted from Urquhaet al.2007)

E F$1

7

Vitamin D status:

The reduction iRBMAD observed in hypoxic subjects appears to bespesdent o
vitamin D status. No differences median (IQR)vitamin D levels recorded at annt
assessment were observed between norn[47 (37,62) nmol.L}] and hypoxic [44
(30, 52)]subjects (p=0.5, Mann-Whitney U test).

No correlation was seen between BMAD and vitamireizels (Figure 5.4)Also of
note is that only 2/40 patients in whom Vitamin &véls were measured had lev
above those recommended by the UK CF Trust guigelfdK CF Trus2007).
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Figure 5.4

Vitamin D levels and BMAD z scor i 2

t///// :=DH ;;,

CFTR:

No differences in BMD (p=0.66) or BMAD (p=0.23) beten CFTR genotype
(considered a®F508DF508, DF508/Other and Other/Other) were observed (Kri-
Wallis test).

Vitamin K status, Calcium intake, Steroid therapy:

No data were collecte

Exercise:

In our study populatio BMD was statistically significantly lower (Table 9. in
subjects with reduct exercise capacity denoted by M®@ak <32 mis.k>.mint as
exercise capacity below this level has been shawelate to mortality in children wit
CF (Pianosiet al. 2005), echoing a previously reported associatidwden VCmax
and BMD (Frangoliaet al. 2003). Statistical significance was however losewlsize
correction (BMAD) was carried out. It is known traibjects with nocturnal hypox

had lower exercise capacity than normoxic contfege section 4.4.t
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Table 5.9
Exercise capacity and BMD

VO,peak VO peak p-value
<32 mls.kg*.min™ >32 mls.kg.min*
BMD -1.2 (-1.5, -0.8) -0.5(-1.3,-0.1) <0.057
Z scores
BMAD -0.8 (-1.5, -0.3) -0.1(-1.1,0.1) 0.14*
z scores

Figures given are median (IQR) * Mann-Whitney Uttes

CF lung disease:

It therefore appears plausible that the pro-inflatory lung status associated with
hypoxia, and the consequent up-regulation of cykekithat promote wasting of bone
may provide an explanation for the finding of reelddone density in this hypoxic CF
patient group. However, no differences in BMD or BD were observed when the
groups was dichotomised on the basis of FBWC or MEF, <-2 z scores; and no
correlation between IL-8 levels and BMAD z scorés@.02, p=0.46, Spearman) were

observed.

Further work to evaluate the cause of reduced ld@msity in hypoxic CF subjects is
required, and may include collection of longitudibane density data as well as more

detailed profiling of pro-inflammatory cytokines.
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5.6 Conclusions

The results described in Chapter 5 suggest a pgesssisociation between hypoxia and
bone mineral density. Deleterious effects are repoto arise from being in a pro-

inflammatory state in CF including muscle-wastiiga6iet al. 2003), and progression

of CF bone disease (Haworthal.2004).

Additionally, the data presented on exhaled breatidensate would suggest that this is
not a useful bedside or clinic technique for asegsfluctuations in the levels of

inflammatory markers in children with CF.

Similar to the associations described in chaptet & unclear whether the observed
relationship between hypoxia and bone density lcasreed because hypoxia is simply
a mere endpoint of severe CF lung disease andatlstiste of increased inflammation,
or whether hypoxia may be a contributor to a piftainmatory state and progression of
bone disease. Chapter 6 describes a st witro experiments designed to assess the
effects of hypoxia on IL-8 mediated inflammationGf bronchial epithelial cells, in an
attempt to delineate whether hypoxia can be a toaase of inflammation in the CF

airway.

Following on from the conclusions of chapter 4alsiof mechanisms of restoration of
normoxia (oxygen therapy and/or non-invasive vatibh) and their effects on
amelioration of inflammation and clinical statuspepr worthy of consideration.
Furthermore the effects of exercise as a therapy alay be beneficial due to the
promotion of new bone formation, as well as thesereation of skeletal muscle

strength.
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CHAPTER 6:
Effects of hypoxia on inflammation in CF airway epthelial

cells

6.1 Introduction

The results of Chapters 4 and 5 suggest an assoclag¢tween hypoxia and adverse
clinical status in hypoxic CF subjects. The effagftiypoxia on adverse clinical status
in CF may be causal, but it is also possible thgiokia is consequent to disease

severity.

There isin vitro evidence that hypoxia may exert a direct pro-infizatory effect
(Koonget al. 1994, Leeper-Woodford and Detmer 1999, Taylor @achmins 2009) in
non-CF disease states, and in this chapter a sekmdriments were undertaken to
directly investigate the effects of tissue culture an hypoxic environment on

inflammation, as assessed by interleukin-8 (IL&)rstion in CF airway epithelial cells.

6.1.1 Inflammation and the CF lung

Briefly (as this area is covered in detail in Cleaptl), perpetual neutrophilic

inflammation is found in the CF airway which mayntdbute to parenchymal lung

damage. Neutrophils are attracted to the airwal.8; a chemokine released as part of
the innate immune response to infection. IL-8 Isvate regulated by transcription

factors of the NkB family.

The NFKB signalling pathway may be key to inflammationtive CF airway, and is
activated by a number of factors including bactdn@polysaccharide from organisms
such as®>seudomonas aeruginofidajjar et al. 2002), cytokines, endoplasmic reticulum
(ER) stress (Hershenson 2004) and possibly dirdgtlCFTR itself (Schroedest al.
2002). The potential effects of hypoxia as an attiv of this cascade are of interest
also. The activation of N results in increases in pro-inflammatory cytokine
including IL-6 and IL-8, with resultant neutroplthemo-attraction, as well as the

initiation and propagation of chronic airway inflavation (Figure 6.1).
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Figure 6.1
Simplified mechanisms for NdB signalling and the CF airway
(from Urquhartet al.2005)
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6.1.2 Hypoxia and CFTR

Evidence exists that CF patients with 508 mutation (85%K CF patients) have
ongoing NKkB-driven inflammationdue to cell stress caused by overload 508
CFTR in the endoplasmreticulum (ER) (Bauerle and Baltimore 1995), implyithat
neutrophilic inflammatiomn the CF airway may be associated with CFTR dysfon
aswell as infection - 38/41 (93%) of our study pogptigda carry theDF508 mutationin
vitro work has shown increased KB activation inDF508CF cell lines (Webeet al.
2001); whilstin vivo studiegeport increased IL-8 levels in BAL fluid of yourdildren
(Baloughet al. 1995, Noahet al. 1997) and infants (Khaet al. 1995) withCF in the
absence of infection. Thus, if CFTR protein funetmould be improved (by improving
trafficking to the cell surface), inflammation migbe reduced.

In vitro work suggestethat cell surface CFTR protein expression in armarkidney
cell lineis impaired by hypoxia (Bebokt al. 2001), and hypoxia is also reported to
reduce CFTR mRNA, protein expression and functrohuman cell lines (Guimbellot
et al. 2008). This is backed by animal work that has shoeduced CFTR mRNA
expression in the airways, gut and liver of mickjscted to hypoxia when compared
with normoxic control mice (Guimbell@it al.2008).

Furthermore,in vivo human data exist to suggest that hypoxia may i@dbTR
function. In mountaineers with high altitude pulmoyoedema (HAPE), CFTR mRNA
levels fell by 60% at altitude, (Mairbauet al. 2003). It is possible that a trafficking
deficit could account for such CFTdysfunction due to hypoxia. Additionally, levels of
CFTR mRNA expression were observed to be lowenening epithelia of hypoxaemic
lung transplant recipients at the time of transgaon, when compared to of non-
hypoxaemic donors (Guimbellet al.2008).

Thusin vitro, rodent andn vitro work support a role for hypoxia having deleterious
action on CFTR function, and a novel therapeutle for oxygen in CF is suggested:
CF disease severity correlates with the amountnétionalCFTR protein expression
on airwayepithelial cells, and research into molecuthaperoning has studied the
ability of a number of agents in facilitating CFTRfficking — guidingDF508 CFTR
protein from the endoplasmic reticulum to tedl surface. As yet, the traffickirgjfects

of oxygen in @F508 CF cell line remain undocumented.
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6.1.3 Hypoxia and NKkB

As previously discussed abowe,vitro evidence suggests that hypoxia increasesBNF
activation (Koonget al. 1994, Leeper-Woodford and Detmer 1999) leading to
proinflammatory cytokine expression, neutrophilrogitnent and consequent CF airway
inflammation. The role of supplemental oxygen indulating CF inflammation would

be both of interest and also of great potentialapeutic benefit.

Although addressing the interaction of hypoxia aitgkB, the above studies focused on
acute hypoxia, over periods of 2 (Kooeigal. 1994) to 48 hours (Leeper-Woodford and
Detmer 1999). The work discussed in 6.1.1 regarthegpotential inhibitory effects of
hypoxia on CFTR trafficking, and the potential fmutant CFTR to activate NB,
provide another potential mechanism by which hyaoray propagate inflammation in
the CF lung.

As a counterbalance to the above evidence, theaésasn vitro work reporting that
hyperoxia too is an activator of MB (Horowitz 1999), along witln vivo work noting
an increase in NfB-mediated inflammatory markers in exhaled breathdensate
(EBC) of chronic obstructive pulmonary disease (OpPatients treated with oxygen
(Carpagnoet al. 2004). Of note however, are the difficulties amtonsistencies

reported when measuring inflammatory cytokinesBCHsection 5.5.2).

6.2 Aims

This aims of this chapter were to assess the sffgdctariable degrees of hypoxia upon
NFkB-mediated inflammation (as assessed by cellule8 production) in both CF and
non-CF cell lines. Furthermore, the effects of hyipan inflammation in CF and non-
CF cell lines was compared and contrasted to tfextsfof a known stimulus of the
NFkB cascade, namely bacterial lipopolysaccharide JLR®m Pseudomonas
aeruginosa and in addition variable lengths of incubationden the given
environmental conditions were studied up to a maxmof 96 hours. The study
hypothesis that hypoxia exerts iarvitro effect on NlkB-mediated inflammation in the

CF airway was thus tested.
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6.3 Methods

The methodology is discussed in detail in secti@ & précis is given below.

6.3.1 Tissue Culture

Tissue culture was undertaken using immortalised (CFBE416) and non-CF
(1HAEOQ) cell lines (courtesy of Dieter Gruenert, Universof Vermont, USA). The
cells were grown in a standard tissue culture iatub(Galaxy-R, Wolf Laboratories
Limited, Pocklington, UK) maintained at constannferature (37C), CQ (5%) and
humidity levels. Hypoxia was controlled by a Pro-@ontroller (Biospherix Limited,
Redfield, NY13437, USA), regulating oxygen conceatitn within a two-shelf tissue
culture chamber (Biospherix Limited), housed in itheubator as illustrated previously
(Figure 2.15b). Carbon dioxide within the cell cué chamber was maintained at 5%
using a Pro-C@controller (Biospherix Limited, Redfield, NY1343USA).

In order to maintain a control environment, cellsergv incubated simultaneously in
normoxic conditions (incubator) alongside hypoxanditions (tissue culture chamber)
— see Figure 2.16.

Three sets of experiments were carried out. Firsy and non-CF cells were

simultaneously incubated in air and variable deg@&ehypoxia (0.1%, 1%, 5%, 10%)

over a 48 hour period. Counting of cells and sangpbf cell supernatant was carried
out at time zero, and then at 8, 24 and 48 hoarediter, according to the methodology
of sections 2.3.3 and 2.3.4.

In order to compare hypoxia to LPS as a stimulugndmmation, and to assess the
potential augmentation of inflammation by LPS ie fbresence of hypoxia, the above
experiments were repeated in the presence of BigigmL™* media) or low (10pg.mL
) levels of LPS derived fronPseudomonas aeruginogh9143 Sigma-Aldrich, St
Louis, MO, USA), and in the absence of LPS, fohbell lines and with simultaneous

incubation in both air and at variable (0.1%,1% &6#bo) levels of hypoxia.

To assess the impact of time, a further set of ex@ats were carried out comparing
extreme hypoxia (0.1%) with normoxia over a 4-dayiqd. In this experiment, cells
were incubated with either high-dose LPS (50 pg'mmedia) added or no LPS at all,
enabling comparison of cell lines with and with&RS under extreme hypoxic and

normoxic conditions at each timepoint.
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At each timepoint in each of the experiments, sajpernatant was sampled from the
T25 flask, and stored in cryovials (Nalge-Nunc tntgional, Roskilde, Denmark) at —

80°C for later cytokine analyses.

6.3.2 Interleukin-8 (IL-8) enzyme-linked immunosorkent assay (ELISA)

Given the hypothesis that hypoxia will upregulatekB, and that NkB activation in
turn leads to IL-8 production, then direct measwethof IL-8 appears an appropriate
surrogate measure by which to test this hypoth@sisiman IL-8 ELISA kit (ELH-IL8-
001, RayBiotech Inc., Norcoss, GA, USA) was useth&asure IL-8 concentration in
tissue culture cell supernatant for both human ayrepithelial cells and CF bronchial
epithelial cells. The kit detects IL-8 levels irettange of 2.74 to 2000 pg.mL

Prior to ELISA, cell supernatant was centrifugedtiRa 46-R, Wolf Laboratories
Limited, Pocklington, UK) to allow debris to sint the bottom of the tube, then diluted
to 1 in 100 using assay diluent. The protocol wased on manufacturer’s instructions.
A 96-well plate pre-coated with capture antibodyswaed with standards generated by
1:3 serial dilutions from 2000 pg.ritidown to 2.74 pg.mt. The assay is summarised
in Figure 2.17.

Optical densities of each well were read using BISE plate reader (Revelation 4.02,

Dynex Technology, Chantilly, VA, USA) at 450nm, acytokine concentrations in the

unknown samples were read from the standard curve.
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6.4 Results

Results for each set of experiments are summailmddw. The three groups of

experiments undertaken were as follows:

1. Effects of variable degrees of hypoxia on imftaation in CF and non-CF cell lines
(Section 6.4.1).

2. Effects of variable degrees of hypoxia with athwut exposure to lipopolysaccharide
on inflammation in CF and non-CF cell lines (Settto4.2).

3. Effects of prolonged extreme hypoxia and exposio lipopolysaccharide on

inflammation in CF and non-CF cell lines (Sectio.8).

6.4.1 Effects of hypoxia on inflammation in CF andon-CF cell lines
The effects of varying degrees of hypoxia (10%, 3%, and 0.1%) on cell growth and
IL-8 production were considered.

6.4.1.1 Cell Counts at experimental time-points

These are displayed below in Table 6.1.

It should be noted that only live cells were codntesing the Trypan blue dye
exclusion method described in section 2.3.4.

Growth patterns appeared broadly similar for eaeh kne at varying degrees of
hypoxia. This is demonstrated in Figure 6.2 (a &hdThere is a suggestion of a
reduction in CFBE cell growth at extreme (0.1%) ¢wip (Figure 6.2 b).

However, when repeatability measures were appbtetkll growth across the entire set

of experiments, no significant differences in growgatterns within cell-lines and
between cell-lines were seen (Section 6.4.4).
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Figure 6.2
Growth of cells at variable levels of hypo
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6.4.1.2 IL-8 levels aiexperimental time-points

Having established survival of cells despite exgehypoxia, it was decided not
assay each sample for-8 levels, as the same experiments were in effeloe teepeate
as part of the next stage of wc— namely, incubation ithe presence or absence
lipopolysaccharide (LPS) at varying degrees of kygoAn ELISA was howeve
carried out to establish the optimum dilution toused for subsequent assays. Fic
6.3 shows the standard curve, and the optimumiaiilu$ seen t be that which gives &
optical density within the limits of detection diet assay. Table 6.2 lists the opiti

densities for each dilutic

Figure 6.3
Standard curve for -8 ELISA

3.)84
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Table 6.2
Establishing optimum dilution

[Optical densities]

NORMOXIA 1% HYPOXIA
HAE CFBE HAE CFBE
1:10 1:50 1:100 1:10 1:50 1:100 1:10 1:50 1:100 01:1 1:50 1:100
0 0 0 0 0 0 0 0 0 0 0 0
1 03 02 06 01 01 06 02 01 1.3 04 0.2
241 1.2 03 01 16 04 0.2 1.4 03 0.1 14 05 03
481 1.4 05 0.2 14 05 03 18 05 04 18 09 06

Extrapolation of these optical densities to th@déad curve suggests that an optical
density below 1 might be desirable, so a dilutibd:60 or 1:100 appears most likely to
provide optical densities within this range (askeahen unstimulated by LPS).

Using the data available from the 1 in 50 dilutioihs8 levels for each time-point and

for each condition could be plotted (Figure 6.4hsAlute concentrations in pg.mi(a)
as well as concentrations corrected for cell coimtsy.10° cells.mL* (b), are shown.
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This experiment was only undertaken on one occasbut suggests that IL-8

production increases with time in both normoxic &ggoxic environments, and in both
cell lines. Hypoxia may augment such an inflammafmocess, and this is particularly
noted for the CFBE cell studies. It would be neagss$o repeat this experiment on a
number of occasions to assess the reproducibilithese results, and clearly this is a

limitation in our study findings.

Aspects of this initial experiment were, therefareorporated into the next stage of
experiments, which was designed to compare varidé{gees of hypoxia to a known
stimulus of NKkB activation (and hence IL-8 production), namelyp@sure to LPS
derived fromPseudomonas aeruginas@ahe LPS preparation used was the L9143
preparation from Sigma-Aldrich (St Louis, MO, USAyhich is phenol-extracted
Pseudomonas aeruginosarotype 10.

6.4.2 Effects of variable degrees of hypoxia with rowithout exposure to

lipopolysaccharide on inflammation in CF and non-CFcell lines

6.4.2.1 Cell Counts at experimental time-points

These are displayed below in Table 6.3.

For this set of experiments, LPS was added to #iarin high (50 pg.mt) or low (10
ng.mLY) concentrations, or standard media (no LPS added) used. Sampling was

carried out at time zero, 24 and 48 hours.

Growth patterns appeared broadly similar for eaeh lkne at varying degrees of
hypoxia, with and with each concentration of LP8isTis demonstrated in Figure 6.5 (a
and b). Of significance is that the best growind@3EFeell conditions were normoxia in
the absence of LPS, and similar to Figure 6.2 @BE cells at 1% hypoxia appear to

grow more slowly than do their normoxic counterpart
Again, however, when repeatability measures wemdiex to cell growth across the

entire set of experiments, no significant differemnén growth patterns within cell-lines

and between cell-lines were seen (Section 6.4.4).
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6.4.2.2 IL-8 levels at experimental time-points

The first stage of this second round of experimem&s to compare the effect of a
known stimulus for IL-8 production (LPS) with théfext produced by hypoxia (1%
hypoxia arbitrarily chosen), and to assess for synergy between the two — section
6.4.2.2.1.

Secondly, the effects of variable degrees of hygpma this process were analysed —
section 6.4.2.2.2.

6.4.2.2.1 Comparison of IL-8 production in the presence or abence of LPS under
normoxic and hypoxic (1%) conditions

This work was undertaken at the same time as th&Alstudy described in section
6.4.1.2. The standard curve for this assay is shaviigure 6.4. The conditions studied
were the effects of high LPS concentrations (5amLd) versus no LPS, in HAE and
CFBE cells under both normoxic and hypoxic (1%) dibons. Both absolute
concentrations in pg.mt (a) and concentrations corrected for cell countsg.10°
cells.mL* (b) are shown (Figure 6.6). A dilution factor afl@0 was needed for LPS

stimulated samples to achieve optical densitiekiwthe desired range.
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Figure 6.6
IL- 8 production by CF and n-CF airway epithelial cells undeormoxic and 1%
hypoxic conditions, and in the presence or abseht®S (50pug.m™)
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b) IL-8 concentrations in ng.1® cells.mL™
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These data would appear to bear out the findingsxpériment 1 (Figure 6.5), namely
that IL-8 production is increased under hypoxic dibans when compared to
normoxia. Furthermore, the effect of hypoxia on 8lLproduction appears to be
considerably lower than that of stimulation with&.Frinally a synergistic effect on IL-

8 production is suggested by hypoxia and LPS inlgoation.

It should however also be noted that the IL-8 catre¢ion seen in HAE cells when
stimulated with LPS is greater than that observedthie CFBE cell population.
Although there is evidence that baseline IL-8 s|mmemay be lower in CF cell lines
when compared with wild-type (Massengaleal. 1999), reduced IL-8 secretion when
stimulated with LPS is an unexpected finding, foisiknown that the innate immune
response to PseudomonBBS within the CF airway is exaggerated and pradohg

compared with normal individuals.

It is reported thaPseudomonas aeruginosdnanges its configuration within the CF
airway from a penta-acylated to a hexa-acylated td?@ (Hajjaret al. 2002). Human
TLR4 recognises this change in configuration, aotivation of NKB is 100 times
greater with the hexa-acylated form of LPS tharhuhie penta-acylated form (Hajjer

al. 2002). It is postulated that it is this differehttecognition of LPS in the CF airway
which leads to massive activation of innate immuesponse. The above experiment
was performed with penta-acylatedeudomonakPS (L9143 Sigma-Aldrich, St Louis,
MO, USA), which may explain why levels of IL-8 pnaction were similar for the two
cell lines. This differs from the vivo situation, where a change in LPS configuration

would take place in the CF airway leading to défaral cytokine activation.

Having shown that 1% hypoxia in combination with S.Rexerts an effect on
inflammation as measured by IL-8 production, tHfeas of varying degrees of hypoxia
on this inflammatory process (in the presence &serce of LPS) were then studied.

6.4.2.2.2 Effect of variable hypoxia (10% v 1% v 0%) on IL-8 production in the
presence or absence of LPS

The next stage of analysis was to compare thetsftdazarying degrees of hypoxia on
IL-8 production in the presence or absence of LEIBQUELISA. The effects of 10%,
1% and 0.1% hypoxia were compared to time-matcloechoxic control cells over a

48-hour culture period. The findings are illustchbelow in Figure 6.7.
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IL-8 production by CF and n-CF cellsunder variable degrees of hypoxia wt
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b) 1% Hypoxia

i) Absolute concentrations (pg.r)
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Although the data are less clean than the restittseqorevious set of experiments, the

following trends are seen:

Lipopolysaccharide (LPS) appears to act as a grestimulus of IL-8
production than does hypoxia with a dose gradientlfPS concentration
being observed

IL-8 production appears to still be rising at 4&it®i.e. a peak may not have
yet been reached

Some evidence to support the findings from the et of experiments that
hypoxia acts a stimulus for IL-8 production, andyreaert a synergistic action
with LPS.

Bearing these findings in mind, the third set ghemments was devised.

6.4.3 Effects of prolonged extreme hypoxia and expore to lipopolysaccharide

on inflammation in CF and non-CF cell lines

The final experiments were designed to comparetieets of extreme hypoxia (0.1%
hypoxia) on IL-8 production in the presence or albseof LPS over a prolonged (96-
hour) time course. In this set of experiments omhe concentration of LPS (50

ng.mL?) was used.

6.4.3.1 Cell Counts at experimental time-points
These are displayed below in Table 6.4.
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There is an observed reduction in growth of HAHscehder hypoxic conditions, whic
only becomes apparent at 96 hours (0.1%), as deératets in Figure 6.8 (a), althou
for the CFBE cells growth patterns appear unaftebtehypoxie- Figure 6.8 (b).

Figure 6.9
Growth of cells over S-hour exposure to extreme hypoxia

a) HAE cells b) CFBE cells
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Both CFBE41o- and 1HAEccells appear to adapt to prolonged periods ofeexgr
hypoxia and survive. Previous work has shown thratay cells (human epithelial-like
cell line A549) can survive extreme hypoxia, anéreanoxia (0%) for up to 24 hours
(Ahmadet al. 2003); whilst exposure of the CF cell line usedhe above experiment
(CFBE410-) to hypoxia (1% £pover a 48 hour time-course experiment (Guillerabel
et al. 2004) resulted in a reduction in CFTR mRNA leveleew compared with

normoxic CFBE41o0- cells although no report on glokihetics was however, made.

6.4.3.2 IL-8 levels at experimental time-points
The next stage of analysis was to study the effeti prolonged period of extreme

hypoxia on IL-8 production in the presence or abeasf LPS using ELISA.
The effects of 0.1% hypoxia with and without LPSreveompared to time-matched

normoxic control cells over a 96-hour culture pdridrhe findings are illustrated

overleaf in Figure 6.9.
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Figure 6.9

IL- 8 production by CF and n-CF cells at extreme hypoxi@.(%) wher
incubated in the presence or absence ol
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To summarise the effects of prolonged hypoxic ceallure of CF and non-CF airway

epithelial cells, the following trends were noted:

The largest stimulus for IL-8 production in both BAnd CFBE cells was
incubation in the presence of both hypoxia and BRS.

The stimulus from LPS alone is much higher tham ¢lean with hypoxia alone.

A potential erroneous IL-8 level was noted at 96rsdor HAE cells incubated at 0.1%
hypoxia in the absence of LPS, as this appears mmigtler than would be expected
from the value obtained at 72 hours, and from meviexperiments. The sample was
run in duplicate and co-efficient of variation w&ag% only. Adjacent wells were from
96 hour samples exposed to LPS under normoxic tondiwhich had very similar IL-
8 concentrations making contamination in the fofroverspill from adjacent wells a

possibility.
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6.4.4 Experimental repeatability
The sample size was small and therefore limitedefaalyses, with experiments under

the same conditions being replicated on two to tmaasions.

6.4.4.1 Cell counts

The repeatability of cell counts was assessed usirgpeated measures ANOVA test.
As expected, cell counts significantly increasethviime over the 48 hour incubation
period (Wilks’ Lambda, p<0.001). No evidence offeiénce in cell counts were seen
within cell lines exposed to the same environmeaotaiditions on repeated occasions
(Wilks’ Lambda, p=0.10). However, the sample sizasvemall and these data could

lack the power to detect a difference.

After adjustment for repeated experiments, nostesl differences between cell lines
and/or environmental conditions over time were oles® (p=0.17). The small sample
size precluded meaningfpbst hocanalysis (Bonferroni) to detect differences between
the groups, although on visual assessment of tiegse CFBE cells exposed to extreme
(0.1%) hypoxia and coincubated with LPS had lovetr @ounts.

6.4.4.2 IL-8 measures

A significant increase in IL-8 levels with time owvhe 48 hour incubation period was
noted (Wilk's Lambda, p<0.001), as well as a trémdards a difference in IL-8 levels
(Wilk’'s Lambda, p=0.06) within the same environnamondition (cell line, Fi@ LPS
concentration) on repeated occasions. The effédaaressive passages of cells on IL-
8 production (i.e. cells with higher passage numlmeay be more stressed) appears to
be the most likely explanation for these findingdthough affecting the ability to
compare IL-8 levels from separate experiments & amother, in each experiment the
test conditions (variable hypoxia +/- LPS co-indidr@ were matched with a
contemporaneous normoxic control of the same passagnber allowing direct

comparison of each test condition with a normoxictool.

After adjustment for repeated experiments on tmeeseell line, there was a difference
observed for IL-8 production between environmem@anbinations - cell line, Fi&
LPS concentration (p=0.05). However, once again gfmall sample size precluded

meaningfulpost hocanalysis (Bonferroni) to detect differences betwiengroups.
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When IL-8 levels were adjusted for cell count, elifnces were again noted over time
(Wilk's Lambda, p<0.001), and similar within-grotiends were noted for tests under
the same environmental conditions (Wilk's Lambda0.,05). After adjustment for
repeated experiments on the same cell line, thasealso a difference in observed IL-8
production per cell (p=0.007Rost hocanalyses suggested that the greatest differences
were between extremely hypoxic (0.1%) HAE cellsasqul to LPS which produced

greater amounts of IL-8 per cell than normoxic Hédatrols (p=0.02).

Whilst such trends are interesting, and may sugdest hypoxia (especially in
conjunction with LPS) can exert an effect on inflaation, the work would need to be
repeated on multiple occasions, ideally at the stame (same cell passage, atmospheric
pressure, etc.) to accurately assess the biologex@bility and repeatability of the
experiments.
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6.5 Discussion

To summarise the overall results for this seriesxpleriments, the following trends

were apparent.

1. Cell growth appears largely preserved, even on &xgoto extreme hypoxic

conditions.

2. Hypoxia alone may exert an effect on IL-8 produttiio both CF and non-CF
airway epithelial cells. This finding was howewveot consistent across the range

of experiments undertaken.

3. Lipopolysaccharide (LPS) stimulation of airway @piial cells exerts a several-
fold effect on IL-8 production in both CF and noi-@irway epithelial cells
when compared to baseline levels of IL-8 produciiothe absence of LPS.

4. The highest levels of IL-8 production are notedhia presence of both hypoxic
incubation conditions and LPS stimulation suggestiossible synergy between

the two.

These results would support the notion that hypmag exert a pro-inflammatory
effect in CF, supporting the vivofindings of Chapter 5, where elevated WBC,
neutrophil counts, and IL-8 levels were seen inaxyp CF subjects, along with a
reduction in bone density that may be related th supro-inflammatory (and therefore

catabolic) state.

This experimental work has some limitations, andumber of potential sources of

experimental error need to be acknowledged.
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6.5.1 Methodology and data acquisition

Firstly, pipetting error may have led to differeade seeding densities between each of
the tissue culture flasks. Although attemptinggedsat a given density (0.7 or 0.3 %10
cells per flask) based on cells counted after a p@ssage from stock cell culture flasks,
errors in seeding densities are perhaps less ianors cell counts were undertaken at
each timepoint, enabling IL-8 levels to be exprdsseng per million cells per mL of

culture media.

Second, the use of a haemocytometer to undertdlkeocemts may be a source of error
at two points in the experiment. Cell counts at $keding stage may be inaccurate,
leading to inaccurate seeding densities. More itaotlly, however is the potential
source of inaccuracy at the counting stage at eapbrimental time point. Because the
numbers of cells being counted within the haemouwter field were small, then a
clump of cells within the counting field could leamlan overestimation of cell numbers,
and an underestimation of IL-8 production (ng@lls.mL?). There was no readily
available alternative to count cells however, aathdave been expressed throughout as
absolute IL-8 concentrations as well as those ctdefor cell numbers.

In experiments 1 and 2, anpriori assumption was made that time zero readings for IL
8 production would be zero. This hypothesis watetealong with the ELISA that was
run for experiment 3. Time zero readings for ILn&lank media were of the order of
150pg mL*, and for HAE and CFBE cells placed in media, tremoved and stored,

the time zero readings were between 250 and 3530Lpg.The 24-hour readings for
unstimulated (normoxia, no LPS) HAE and CFBE wed26land 1415 pg.mt

respectively.

A further question to address may have been toystinel implications of exposing a
sample of blank media to both hypoxic and normaoaditions for the 24/48/72/96
hour time period, and carry out analysis of IL-8gction. This could be undertaken to
assess whether cellular contamination of the methg be exerting a role in IL-8

production, and may be useful to be performed fareuwork.

The effects of successive passages of cells on pke8uction (i.e. cells with higher
passage numbers may be more stressed) were hgpafadlicated by each experiment

being done with a simultaneous normoxic control.

241



Additionally, a new batch of LPS was used in thedtset of experiments, but running
alongside cells simultaneously incubated in theeabs of LPS should have ensured

that any confounding effect of this new reagent eraslicated.

Therefore, although the work has limitations - @rtgular, statistical analyses were
hampered by the lack of repeatability for each erpental stage, the work was
undertaken as a feasibility study for setting upyaoxic tissue culture environment
which was successful. Furthermore, the work shawsessupporting evidence for the
proof of the principle that direct activation of @Fway inflammation may occur in the
presence of hypoxia. Thm vitro work was not the main aim of the thesis, but
nonetheless has proved an interesting aside, glale&in vivo findings in context, and

generating a number of future research directions.

6.5.2 Interpretation of results

The combination of both hypoxia and LPS was chdmsrause of tha vivo effects of
Pseudomonas aerugino$BA) on the lungs of a child with CF, whereby leaictl LPS
from PA coupled with hypoxia may cause damage eéduhg of a CF child.

The potential synergy of LPS and hypoxia is theeefaof huge potential importance to
the care of patients with CF. This may lead to deselopment of future research

directions to examine this interaction.

These should include:

a) Repeated experiments to examine the effects oémeihypoxia in the presence
or absence of LPS on production of IL-8 in CF awmah-€F airway epithelial
cells. This is essential to assess for potentialogical variability in the

experiments described above, and also to verify fimelings.

It should, however, be noted that cells may diffetheir morphology and behaviour
with time and number of passages (divisions), ag emxironmental conditions.
Therefore, whilst some repeatability data is prestnacross the series of experiments;
if designing the experiments again, it would beirdéd¢e to run each set in duplicate
such that repeatability could be assessed withHmifpbtential confounding effects of

time, environmental pressure and cell passage numbe
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b) In an experimental model similar to that describea) to analyse not just the
effects on IL-8 production, but also on other aspef the NKkB cascade. This
may include work to study downstream signallingutatprs within the NFkB
family, in a bid to tease out the signalling medban that is activated by

hypoxia in the CF airway.

c) To examine the effects in primary cell lines fronfF Gubjects rather than
immortalised cell lines, and undertake translaticeaearch on the effects of

hypoxia and LPS stimulation in animal models suelC& and non-CF mice.

d) To study the effects of extreme hypoxia on CFTRfitleng by estimation of
CFTR protein reaching the cell surface. This magdn& be undertaken in
primary cells in order that the apical cell surfazen be identified. This could
hopefully be achieved by selecting an optimal adibto stain for CFTR
protein (Mendest al. 2004, Farinhaet al. 2004) in conjunction with confocal
microscopy to evaluate trafficking to the cell sué using similar techniques to
those described previously by Dormer and colleagDesmeret al. 2005). This
series of experiments in a CF cell line may helpdadineate whether up-
regulation of inflammation in CF airway cells undeypoxic conditions is
mediated by CFTR dysfunction.

e) Finally, the effects of oxygen therapy with and hemt aggressive anti-
pseudomonal treatment, and their effects on lufignmmation appear worthy of

evaluation in animal models, and perhaps lateumdm subjects.

Although preliminary, these research findings amveh and not without clinical
application. Further research will hopefully confior refute their importance.
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6.6 Conclusions

The results discussed in Chapter 4 suggest thatuBfects with sleep hypoxia have a
reduction in clinical well-being with reductions exercise capacity, anthropometric
measures (BMI), lung function (lower FE¥nd FVC), and quality of life, as well as
increased gas trapping (elevated RV/TLC ratio),sthadiograph (Chrispin-Norman)

scores, number of intravenous antibiotic coursesraaasures of ventricular wall (LV

and RV) thickness. Chapter 5 proposes an assatibgbween hypoxia and reduced
BMAD z scores.

The paradigm exists of whether hypoxia is simply edfect of, or whether also a
possible contributor to CF lung inflammation rensagontentious. However, the results
of chapter 6 would suggest that hypoxia may indesért a direct effect on
inflammation (as assessed by IL-8 production) inEH&nd CFBE cells. Furthermore,
the greatest levels of IL-8 production were seermwhypoxia was combined with a
known stimulus of IL-8 production in the CF airwayamely bacterial LPS from

Pseudomonas aeruginasa

Therefore, this thesis provides some supportinglendge that hypoxia may directly
contribute to a pro-inflammatory state in the Clwvaly. Further research should,

however, require to be undertaken to assess tleatapulity of these findings.

If hypoxia can be both a contributor to, and a eguence of, decline in clinical status
and pro-inflammatory state in CF, then strategieanbeliorate hypoxia and its sequelae

should be evaluated. Chapter 7 (Discussion) willstaer this in detail.
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Chapter 7: Hypoxia in children with cystic fibrosis —

Conclusions and future directions

7.1 Definition of hypoxia in CF

At the beginning of this thesis, no unifying defion of hypoxia in CF was available,
and one of the principal study aims was to selat#fanition of hypoxia in CF that best

correlates with measures of inflammation.

The most sensitive and specific definition for déteg measures of inflammation in
children with CF was that of nocturnal Sp@93% for >10% sleep time. This is
proposed as the optimal definition of hypoxia indten with CF.

7.1.1 Predicting hypoxia in CF - Recommendations

The work presented in this thesis concurs withfithéings of previous authors (Coffey
et al. 1991, Bradleyet al. 1999), in suggesting that hypoxia during sleep xcoore
commonly than exercise hypoxia. It is proposed thktsubjects with exercise-

associated desaturation should undergo overnightetiy.

A further recommendation from this thesis is ththtGF subjects with FEY <60%
predicted should undergo an overnight oximetry &iree of clinical stability (100%
sensitive, 84% specific and positive predictiveuealof 64%) in the detection of

nocturnal hypoxia using the above definition.
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7.2 Future research directions for hypoxia and chdhood CF
Future research hypotheses can be generated madlied to bothn vivoandin vitro
aspects of the research presented in this thesiall /or randomised, controlled trials

of restoration of normoxia is made.

7.2.1 Mechanisms of hypoxia - Human work

Follow-up of the 41 subjects in the thesis cohoihtervals throughout later childhood
and into adulthood would be of immense value. Irtipalar, delineating the time of
onset of measurable pulmonary hypertension, anzbitelation with hypoxia would be
important, as it would confirm whether the increhsght ventricle wall thickness seen
in our hypoxic subjects was indeed a true precugopulmonary hypertension.
Evaluation of the longer term effects of hypoxialde expectancy, rate of decline in
lung function, exercise capacity, bone density, gudlity of life would also be both

interesting and informative.

Replication of the study findings in a second papah would be vital to future
research into both the causal mechanisms of, attapt@, and potential treatment of

hypoxia in CF.

7.2.2 Mechanisms of hypoxia i vitro work

The preliminary data in this thesis suggest that ithtial hypothesis that hypoxia is
associated with inflammatory changes was correue data were limited by the small
numbers of experiments but demonstrated ‘proofrofgple’. Some strategies for

futurein vitro research are outlined in section 6.5.2.
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7.2.3 Therapeutic trials of restoration of normoxiain hypoxic CF children

If, as suggested, clinically important nocturnalpbyia is more prevalent than is
estimated from the numbers currently receiving @xygthis may act as a call for
research into the effects of restoration of norraoXihe adverse effects observed in
hypoxic CF subjects in this study, and the putatieéeterious effects that may arise
from existing in a pro-inflammatory state in CF (ule-wasting, CF bone disease,
ongoing neutrophilic lung inflammation, etc.) supp@search into strategies to restore

normoxia.

The effects of restoration of normoxia on inflamimatare important to measure not
only because of the associations seen between tty@#x subjects and markers of
inflammation in this study, but because in othdtdtiood disease models of nocturnal
hypoxia (namely OSA), restoration of normoxia ipaged to be associated with a
reduction in inflammation (Gozai al.2008). If hypoxia can be both contributor to, and
consequence of decline in clinical status and pflaanmatory state in CF, then

strategies to ameliorate hypoxia and its sequélaeld be evaluated.

7.2.3.1 Restoration of normoxia using oxygen thergp

A randomised, controlled trial of oxygen therapyQ#& with entry criteria including a
definition of hypoxia as Spx93% for >10% sleep time may be a reasonable rsgarti
point. It is essential that night-time oxygen tsatied to provide the amount required to
restore normoxia at night — a major limitation lo¢ tstudy design of the randomised trial
of oxygen in CF undertaken by Zinman and colleagwas that nocturnal oxygen
therapy flows were decided by the flow requiredntormalise daytime PaO Since
daytime measures are poorly sensitive indicatorsledgp hypoxia (section 4.5.3), it is
possible that patients in the oxygen arm of theystmay have remained hypoxic and

any treatment effect may have been underestim@iachénet al. 1989).

Outcome measures should include exercise capdaity, function and quality of life
data, as well as markers of inflammation includiegitrophil counts, CRP, measures of
NFkB-mediated inflammation (IL-8, and possibly diretsay of NkB). Monitoring
for side-effects is important, and should includeasurement of transcutaneous,@®

view of the theoretical effects on blunting of rieafory drive.
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7.2.3.2 Restoration of normoxia with non-invasive entilation (NIV)

An alternative strategy to restore normoxia wouédtb use non-invasive ventilatory
pressure support driven with air. When comparedh wither oxygen or placebo, NIV
alone (without supplemental oxygen) had beneficieffects on nocturnal
hypoventilation and daytime functioning includingeecise capacity in 8 CF subjects
with both hypoxia and hypercapnia (Youeigal. 2008). Additionally, NIV alone led to
a change in mean (95% CI) Spaf +3% (+0.7, +6.7) from baseline. This was simila
to the order of increase in Sp®een in the oxygen arm of this cross-over tria(ivg

et al. 2008). Although encouraging, these data act adl ocdurther research into the
effects of NIV in CF, echoing the need for adeqlyapowered randomised trials of
NIV in CF highlighted in the 2007 Cochrane revidMofanet al.2007). Larger studies
with adequate power may also be useful to compgageetfects of NIV with oxygen
therapy utilising similar measures of clinical anflammatory status to that described

above (section 7.4.3.1).

7.2.3.3 Restoration of normoxia using Heliox21™

A further approach to consider in the future iste of Heliox™ - a mixture of helium
and air. Use of heliox in CF is confined to twoglencase reports (Stuckt al. 2002,
Henchey 2003). Heliox has a density that is onedtbf that of air, and the lower
density of heliox, when compared with air enhanfte in obstructed airways by
decreasing the pressure gradient across theseyajrwesulting in reductions in both
dyspnoea and work of breathing (Levine 2008). Farrtiore, heliox reduces turbulence
in the airways, restores laminar flow and enharkcesdeposition of aerosolised agents
to the distal lung spaces (Piea al. 2002), which may be of benefit to those with CF
who receive mucolytic, antibiotic, bronchodilat@nd corticosteroid therapy via a

nebulised or inhaled route.
Various helium/oxygen mixtures are available inahgd Heliox 21™, which is a

mixture of 79% helium and 21% oxygen that provittessame Fi@as air, which may

offer the restoration of normoxia without hyperaoxia
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7.3 Summary: The proposed circular relationship of hypoxia,
inflammation and lung disease in CF

An association between hypoxia in CF and clinicafjiological, psychological and

immunological outcome measures is demonstrated. adeerse clinical outcomes

associated with the hypoxia could be argued teecefincreased disease severity for
lung function, radiological evidence of lung diseasiumber of antibiotic courses,
exercise capacity, and measures of inflammatiomalakeorse in the hypoxic subjects.

Hypoxia may, however, be both ‘cause’ and ‘effectthis sequence. As discussed in
section 1.5, there aim vitro, rodent andn vivo data which support a causative role for
hypoxia as an effector mechanism of perpetual pphtlic inflammation, leading to a
pro-inflammatory state and adverse clinical seqelthe case for hypoxia acting
directly on lung inflammation in CF is strengthermsdthein vitro work of Chapter 6 of
this thesis, whereby hypoxia is a potential stirmulor NFkB mediated inflammation

and IL-8 production in a CF airway epithelial cglbdel.

Quality of life was lower in children with sleep pgxia, which too may simply be

because children felt bad as a result of severdu@§ disease. However, published
evidence suggests that hypoxia may have an indepg&ndhegative impact on

psychological well-being in CF, as, in the only determ study of oxygen therapy in

CF, it is reported that 83% of those in oxygen rteaned school/work attendance at 12
months compared with only 20% of the air group (P40 (Zinmaret al. 1989).

Therefore, whilst advancing lung disease undenigbiynotes hypoxia, it appears also
to be the case that hypoxia exerts an effect omy Idisease (via upregulation of
inflammation), thus perpetuating a downward patlyspdiogical spiral. Further
research is needed to tease out the effector sigahechanisms (including effects on
the NFkB signalling cascade and CFTR trafficking) by whigipoxia may mediate CF
lung inflammation, and also the extent to whichtaesgtion of normoxia may impact on
inflammation in the CF lung. The proposed circukdationship is illustrated in Figure
7.1.

A uniform approach to defining hypoxia needs tabepted by paediatric specialist CF
centres, along with guidelines for utilising oxyg#terapy in children with CF. Any
change in practice must be evidence-based and ¢kd for adequately-powered
randomised, controlled trials of oxygen therapy /andNIV in CF is apparent.
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The Institute of Child Health
30 Guilford Street

London
WCIN 1EH
15 March 2005
Dr Donald S Urquhart
Cystic Fibrosis Research Fellow
Great Ormond Street Hospital for Children
Cystic Fibrosis Office, Level 8 Nurses Home,
Great Ormond Street Hospital,
London
WC1N 3JH
Dear Dr Urgquhart
Full title of study: Definition of hypoxic phenotyg in childhood cystic fibrosis
REC reference number: 05/Q0508/19
Protocol number: Research proposal, not dated

Thank you for your folder of extra information ingport of the above project,
responding to the Committee’s request for furthésrmation on the above
research and submitting revised documentation.

Confirmation of ethical opinion

On behalf of the Committee, | am pleased to confirfavourable ethical
opinion for the above research on the basis destiibthe application form,
protocol and supporting documentation as revised.

Conditions of approval
The favourable opinion is given provided that yomely with the conditions

set out in the attached document. You are advsstudy the conditions
carefully.

271



Approved documents

Dr Urquhart, R&D number 05AR03, 15 March 2005

The final list of documents reviewed and approvedhie Committee is as

follows:
Document Type: Version: Dated: Date Received
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Information Sheet Information
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Information Sheet Information
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Response to Answers to 25/02/2005
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Further
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Response to Information 14/01/2005
Request for about peer
Further review
Information
Other Minutes from a 02/03/2005
Statistics
meeting
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Management approval
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Please quote this number on all correspondence

With the Committee’s best wishes for the succeghisfproject,

Yours sincerely,

Taki Austin (Mrs)

Research Ethics Coordinator

E-mail: t.austin@ich.ucl.ac.uk

Enclosures Standard approval conditions

Site approval form (SFL
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APPENDIX TWO

MODIFIED CHRISPIN-NORMAN X-RAY SCORING SYSTEM
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Patient's name Review date / /
Hospital Number Scoring date / /
D.O.B. Scored by

Chrispin-Norman X-ray score

Feature Not present Present but Marked
not marked

Overinflation

Diaphragmatic depression 0 1 2

Chest wall shape 0 1 2

Lung fields 0 1 2

Bronchial Line Shadows

Right upper zone
Left upper zone
Right lower zone
Left lower zone

©SCooo
H"‘Hl—\
NN N

Ring Shadows

Right upper zone
Left upper zone
Right lower zone
Left lower zone

SCooo
H|—\|_\|_\
NN N

Mottled Shadowing
Right upper zone
Left upper zone
Right lower zone
Left lower zone

OCooo
I—‘l—\|_\H
NN NN

Large Soft Shadows
Right upper zone
Left upper zone
Right lower zone
Left lower zone

SCooo
l—‘H|_\|_\
NN N

TOTAL

Instructions

The frontal and lateral x-rays are inspected ferttipical abnormalities seen in CF. These include
increases in lung volumehyperinflation, which result in forward bowing of the sternum apihal
kyphosis (lateral film) and the degree of diaphratgpression (frontal and lateral films). Each indiinal
item is given a score of: 0 - not present; 1 —g@mébut not marked; 2 — marked; depending on tigeege
of change. The lung fields are thainided into four zones on the PA film right upper, left upper, right
lower, left lower. Each field is then reviewed fmarenchymal lung changes which are a consequence of
bronchial mucus plugging and infection. These aensas bronchial wall thickening, ring shadows,
mottled shadowing and areas of confluent consatidat large soft shadows. A score of 0, 1 or 2vgg
according to severity for each zone in relatiothiese changes. The increasednchial line shadowing
indicates thickening of the walls of the airwaysge are usually seen as longitudinal shadowsawith
straight line branching pattern and also as enlironchi.Ring shadowsare formed by a central area of
increased radiolucency circumscribed by a disgktelow of lesser radiancy. These shadows are about
5mm in diameter and are predominantly seen in pergd areas of the lung; they represent bronchsecta
at the lobular leveMottled shadowsindicate sputum collection at the microlobulardeand show as
small rounded opacities with ill-defined edges vahgze seen as confluent areas of increased
radiolucencylarge “soft” shadowsare areas of more generalised lung collapse argbtidation
affecting a lobe or segment within a lobe. A saafré), 1 or 2 is given for the presence and seyefit
each of these signs in the four quadrants. Thegaaph is best reviewed by two observers
simultaneously in order to reduce inter-individagdor. In clinical practice a score of 20 or more
indicates advanced disease.

Ref. Chrispin AR, Norman AP. The systematic evatuabf the chest radiograph in cystic

fibrosis.Pediatr Radiol1974;2: 101-5.
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APPENDIX THREE

CYSTIC FIBROSIS QUESTIONNAIRES [CFQ-UK]

Pages
Adolescents and adults [CFQ 14+] 279-282
Parents and caregivers [CFQ-child P] 283-286

Self-completion format for children aged 12-13 yeaa 287-290

NB: Interviewer format for children aged 6-11 yismavailable
(not used in data analyses for this study)
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CysTIC FIBROSIS QUESTIONNAIRE - REVISED

CFQUK Adolescents and AdultgPatients 14 Years Old and Older)

Understanding the impact of your illness and trestis on your everyday life can help your healthtaaen
keep track of your health and adjust your treatsieior this reason, this questionnaire was spadii
developed for people who have cystic fibrosis. nikhgou for your willingness to complete this form.

Instructions: The following questions are about the current sthtgour health, as you perceive it. This
information will allow us to better understand hgowu feel in your everyday life.

Please answer all the questions. Therenanéght or wrong answers! If you are not sure how to
answer, choose the response that seems closesirtsituation.

Section |I. Demographics

A. What is your date of birth?

Please fill-in the information or tick the box indiating your answer

F. What is the highest level of education you have
completed?

Date | | | [ [ [ |

Day Month Year

B. What is your gender?
Male Female

C. During thepast two weeks have you been on holiday or

Some secondary school or less
GCSEs/ O-levels

A/AS-levels

Other higher education

out of school or work for reasoMNOT related to your University degree

health?
Yes No

D. What is your current marital status?

Single/never married

Professional qualification or post-graduate study

G. Which of the following best describes your cutremrk
or school status?

Married Attending school outside the home
Widowed Taking educational courses at home
Divorced Seeking work
Separated Working full or part time (either outside the
Remarried home or at a home-based business)
With a partner Full time homemaker
E. Which of the following best describes your racial Not attending school or working due to my health
background? Not working for other reasons
White - UK
White - other

Indian/ Pakistani

Chinese/ Asian
African
Caribbean

Other [not represented above or people whose
predominant origin cannot be determined/ mixed

race]

Prefer not to answer this question
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Adolescents and AdultgPatients 14 Years Old and Older)

CyYsTIC FIBROSIS QUESTIONNAIRE - REVISED

Section Il. Quality of Life

Please tick the box indicating your answer

A lot of Some A little No
During the pastwo weeksto what extent have you had difficulty: difficulty difficulty difficulty difficulty
1.Performing vigorous activities such as running layimg
SPOMS..uvieeeiiiiee e,
2. Walking as fast S Others ............uiicceceao i
3. Carrying or lifting heavy things such as books,m#ing, or school bags.........
4. Climbing one flight of StairS...........ooie e
5. Climbing stairs as fast 8s Others ...
During the past two weeksndicate how often: Sometime
Always Often S Never

0TV (=] L= | T
TV (=] | 1Yo T 1 =To TR

R 1V (=] | 0 1= (1T

© 00 N O

o TV IR (=] | A (=10
10. You felt full Of ENEIGY ...t
11. You felt @XNAUSIEA .......covee e e e a e aas

R o 10 I (=11 A=Y= To [T

Please circle the number indicating your answerleBse choose only one answer for each question.
Thinking about the state of your health over thet t&o weeks

13. To what extent do you have difficulty walking?

You can walk a long time without getting tired

You can walk a long time but you get tired

You cannot walk a long time because you get tingidkdy

You avoid walking whenever possible because itstbong for you

PowobdpE

14. How do you feel about eating?
1. Just thinking about food makes you feel sick
2. You never enjoy eating
3. You are sometimes able to enjoy eating
4. You are always able to enjoy eating

15. To what extent do your treatments make your dé#yrhore difficult?

1. Notatall

2. Alittle

3. Moderately
4. Alot
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CF UK Adolescents and AdultgPatients 14 Years Old and Older)

CyYsTIC FIBROSIS QUESTIONNAIRE - REVISED

16. How much time do you currently spend each day amr y@atments?

1. Alot
2. Some
3. Alittle

4. Not very much

17. How difficult is it for you to do your treatments¢luding medications) each day?

1. Notatall

2. Alittle

3. Moderately
4. Very

18. How do you think your health is now?
1. Excellent

2. Good
3. Fair
4. Poor

Please select a box indicating your answer.

Thinking about your health during the pasb weeksindicate the extent to which  Very  Somewhat Somewhat Very
each sentence is true or false for you. true true false false

19. I have trouble recovering after physical effort............cccccciiiiiiiiiiiiiiiiiiee
20. | have to limit vigorous activities such as rurmir playing sports.....................
21. I have to force myselfto @at ........coooriiiiiiiii i
22. | have to stay at home more than | Want t0..........coeeeeeiiiiiiiiieeiicee e
23.1 feel comfortable discussing my illness with ofer...........ccccoeiiiiiiiiniiie,
24, 1think 1 am t00 thiN......ocviieiie e
25. I think | look different from others my age ....ccc..oovvvviiiiiniiiiicieiceccee e,
26. | feel bad about my physical appPearanCe....ccceeeeeeeeeeeeiieeiiicceeeee e
27. People are afraid that | may be contagious ......cc....eeeieeiiiiiiiieiieee,
28. | get together with my friends @ lot ........oeeeeveieieiiiee e,
29. | think my coughing bothers others..........cooeeer i,
30. | feel comfortable going out at NIGNt ... eeeeeiiii e
31. 1 often feel IONEIY ..o e ————
32. 1feel healtNy.......ccooi e

33. Itis difficult to make plans for the future (for@mple, going to college, getting
married, getting promoted at WOrk, €tC.) ...occcoeeeei oo

34, 11lead anOrmal lIfE ....cooueiiie e

2000, Quittner, Buu, Watrous and Davis. Revise@220CFQ Teen/Adult, English Version 1.0
2005, Bryon and Stramik. CFQ-UK Teen/Adult, UK-EsplLanguage Version 1.0 Page 279



CF UK Adolescents and AdultgPatients 14 Years Old and Older)

CyYsTIC FIBROSIS QUESTIONNAIRE - REVISED

Section lll. School, Work, or Daily Activities

Questions 35 to 38 are about school, work, or otdeily tasks.

35. To what extent did you have trouble keeping up witlyour schoolwork, professional work, or other dailyactivities
during the pasttwo week®

1. You have had no trouble keeping up

2. You have managed to keep up but it's been difficult

3. You have been behind

4. You have not been able to do these activitieslat al
36. How often were you absent from school, work, orhledo complete daily activities during the lasbtweeks because of
your illness or treatments?

Always Often Sometimes Never

37.How often does CF get in the way of meeting younost, work, or personal goals?
Always Often Sometimes Never

38. How often does CF interfere with getting outlué house to run errands such as shopping or goitigetbank?

Always Often Sometimes Never

Section IV. Sympom Difficulties

Please select a box indicating your ans..
Indicate how you have been feeliuhgring the pastwo weeks A greatdeal Somewhat Alittle  Not at all
39. Have you had trouble gaining weight?.......o e

40. Have you been congested? ........uuuuiiiiiieiieiieeiieee e

41. Have you been coughing during the day? ...

42. Have you had to cough Up MUCUS?.........eteeeeriiieee e

. Goto
. Question |
L A4
43. Has your mucus been mostly: Clear Clear to yellow Yellowish-green Green with traces of blood Don't
know

How oftenduring the pastwo weeks: Always Often Sometimes Never
44. Have you been Wheezing? .........cuuiiiiiiimeeeeeiee e

45. Have you had trouble breathing?...........ccccoviiiiiiiiiiii e
46. Have you woken up during the night because you weoghing?..........

47. Have you had problems with Wind? ...,
48. Have you had diarrh0€a? ...........uuvvuviiieieeeie e
49. Have you had abdominal Pain? ...........ccccceeeriiiiiiieiiniiiicee e

50. Have you had eating problems? ..........oo e

Please make sure you have answered all the question

| THANK YOU FOR YOUR COOPERATION I
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Parents/Caregivers(Children Ages 6 to 13)
CFQUK CYSTIC FIBROSIS QUESTIONNAIRE - REVISED

Understanding the impact of your child’s illnesslareatments on his or her everyday life can helpry
healthcare team keep track of your child’s heatith adjust his or her treatments. For this reasenmhave
developed a quality of life questionnaire speclfickor parents of children with cystic fibrosisVe thank you
for your willingness to complete this questionnaire

Instructions: The following questions are about the current sttgur child’s health, as he or she perceives
it. This information will allow us to better und#and how he or she feels in everyday life.

Please answer all the questions. Therenanéght or wrong answers! If you are not sure how to
answer, choose the response that seems closesirtahild’s situation.

Section I. Demographics | Please fill-in the information or tick the box indiating your answer
E. What isyour date of birth?
A. What is your child’s date of birth? pate [ | [ 1T T 1T T T |

Date [ | 1 [ | [ | [ ] Day Month Year
Day Month Year

B. What is your relationship to the child? F. Whatis your current marital status?

Single/never married

Mother

Father Married

Grandmother Widowed

Grandfather Divorced

Other relative Separated
Remarried

Foster mother
Foster father With a partner
Other (please describe) G. Whatis the highest level of educatipou have completed?

Some secondary school or less

C. Which of the following best describes your childisial
GCSEs/O-levels

background?
White - UK A/AS-levels
White - other Other higher education

Indian/ Pakistani University degree

Chinese/ Asian Professional qualification or post-graduate study

African

. H.  Which of the following best describes your currantk status?
Caribbean 9 y

. Seeking work
Other [not represented above or people whose priedat
origin cannot be determined/ mixed race] Working full or part time (either outside the hooweat a
home-based business

Prefer not to answer this question
Full time homemaker

D. During thepast two weekshas your child been on holiday or Not working due to my health
outof school for reasondOT related to his or her health?

Yes No

Not working for other reasons
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Parents/Caregivers(Children Ages 6 to 13)
CFQUK CysTIC FIBROSIS QUESTIONNAIRE - REVISED

Section Il. Quality of Life

A lot of Some

A little

To what extent has your child had difficulty: difficulty  difficulty  difficulty

1. Performing vigorous activities such as runninglarying Sports........................
2. Walking as fast as Others ... ocmeeii e
3. Climbing stairs as fast as others .........ccccoei i,
4. Carrying or lifting heavy objects such as booksg¢hool bag, or rucksack ........

5. Climbing several flights Of StairS.........c.uuuuuiiiiiiiiineeeee e

Please tick the box matching your response.
During the pastwo weeksindicate how often your child: Always Often

6. SEEMEA NAPPY ..evreieeiiiiiii et
7. SEEMEM WOITIEA.....cciiiiiiiiii ittt st srae e e
8. SEEMEA tIrEA......oiiiiiiiiii et
9. Seemed ShOr-tEMPEred ..........vvviiiiii e
10. SeeMEA WEIL ...
11, SEeMEd GrOUCKHY ..ovvviiiiiiii it e e ettt e eenaan e e e e e e
12. Seemed full Of ENEIGY ....cccvveiieiiiie e

13. Was absent or late for school or other activitiesaduse of his/her illness
treatments

Please circle the number indicating your answerleBse choose only one answer for each question.

Thinking about the state of your child’s health otfe pastwo weeksindicate:

Sometimes

14. The extent to which your child participated in $p@nd other physical activities, such as P.E. gjalay education)

1. Has not participated in physical activities

2. Has participated less than usual in sports

3. Has participated as much as usual but with sonfiewalify

4. Has been able to participate in physical activiti@hout any difficulty

15. The extent to which your child has difficulty watkj
1. He or she can walk a long time without gettingct
2. He or she can walk a long time but gets tired
3. He or she cannot walk a long time, because sd@gets tired quickly
4. He or she avoids walking whenever possible, iie#’s too tiring for him or her
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Please indicate how your child has been feelingidg the past
two weeks by ticking the box matching your respanse

No

difficulty

Never
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Parents/Caregivers(Children Ages 6 to 13)
CFQUK CysTIC FIBROSIS QUESTIONNAIRE - REVISED

Please tick the box that matches your responséhtzse questions

Thinking about your child’s state of health durithg pastwo weeksindicate the extent to which each
sentence is true or false for your child:

Very Somewhat Somewhat Very
true true false false

16. My child has trouble recovering after physical €ffa.............ccccociiieiniininnn,
17. Mealtimes are a Struggle ...........coooi i ee e e et s
18. My child’s treatments get in the way of his/hetiaties.................cccccviiiiineerenn.
19. My child feels small compared to other kids the 8&ge .............eeeeieiieeeiiiiiiiiiiinnes
20. My child feels physically different from other kidlse same age............ccccccvvvveeerenn.
21. My child thinks that he/she IS t00 thin ... ..eeeeeii e
22. My child feels healthy ..........uuuiiiiiii e
23. My child tends to be WItRArawn .............ommmeeee e
24. My child leads a NOrmal life..........ccooiiiiieriii e
25. My child has [ess fun than USUAL ............omeeeenineneeeee e
26. My child has trouble getting along with OtherS...........ccccooeiiiiiiiiviiiii e,
27. My child has trouble concentrating ..........ccceeeeiiieeeiiiiiee e
28. My child is able to keep up with his/her school Wwor holiday activities ...............
29. My child is not doing as well as usual in schooholiday activities........................

30. My child spends a lot of time on his/her treatmeasryday ...........ccccceeeeeeeiiiiiinnnns

Please circle the number indicating your answerleBse choose only one answer for each question.

31. How difficult is it for your child to do his/herdatments (including medications) each day?
1. Not at all
2. Alittle
3. Moderately
4. Very

32. How do you think your child’s health is now?
1.Excellent
2. Good
3. Fair
4. Poor
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Parents/Caregivers(Children Ages 6 to 13)
CFQUK CysTIC FIBROSIS QUESTIONNAIRE - REVISED

Section Ill. Symptom Difficulties

The next set of questions is designed to deterntiveefrequency with which your child has certain neisatory difficulties,
such as coughing or shortness of breath.

Please indicate how your child has been feelingrduthe pastwo weeks. Agreat Somewhat A little Not at all
deal

33. My child had trouble gaining Weight ...
34. My child was CONGESLEd ...........ccoiiiiiiieeeer i

35. My child coughed during the day............cceeeeeiiiiiiieii e

36. My child had to cough Up MUCUS ........c.oeiieeeeemee e

. Goto
. Question 38

37. My child’s mucus has been mostly: Clear Clear to yellow Yellowish-green

Green with traces of blood Don't know
During the pastwo weeks: Always Often Sometimes  Never
38. My Child WheezZed ..........ccooiiiiiiiii ettt aeaa e

39. My child had trouble breathing ..............cmcereeine e,
40. My child woke up during the night because he/she eaughing..................
41. My child had WINd .........cocciiiiiiii e e
42. My child had diarrho€a ..............uveeiiii e e e e e e e eeeccce e s senens
43. My child had abdominal PaiN...............evmmmm e

44. My child has had eating problems...........coum e ieiieie i

Please make sure you have answered all the question

THANK YOU FOR YOUR COOPERATION!
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Children Ages 12 and 13Self-report Format)
CFQUK CYsTIC FIBROSIS QUESTIONNAIRE - REVISED

These questions are for children like you who haxatic fibrosis. Your answers will help us undenstavhat
this disease is like and how your treatments help $0, answering these questions will help youathdrs
like you in the future.

Please answer all the questions. Therenanéght or wrong answers! If you are not sure hovatswer, choose
the response that seems closest to your situation.

Please fill in the answer or tick the box that mates your response to these questions.

. o _
A. What is your date of birth? E. What year are you in now at school?

Date| | | [ | [ [ | |
Day  Month Year (If summer, year you just finished)
Year 6
B. Are you? Year 7
Year 8
Male Female Year 9
Year 10
C. During thepast two weeks have you been on Year 11
holiday or out of school for reasondOT Not in school

related to your health?

Yes No

D. Which of the following best describes your
racial background?

White - UK
White - other
Indian/ Pakistani
Chinese/ Asian
African
Caribbean

Other[not represented above or people whose
predominant origin cannot be determined/ mixed]race

Prefer not to answer this question
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Children Ages 12 and 13Self-report Format)
CFQUK CysTIC FIBROSIS QUESTIONNAIRE - REVISED

Please tick the box matching your response.

Very Mostly Somewhat Not at

In the pastwo weeks True True True all True
1. You were able to walk as fast as Others. ... .o
2. You were able to climb stairs as fast as others..........cccccvvvvivivei e,
3. You were able to run, jump, and climb as you wanted..................cccuvvvveeenen.

4. You were able to run as quickly and for as loNQ@®ers ..............ccceeveeiiiiinns

5. You were able to participate in sports that yowgrig.g., swimming, football,
danCing OF OtNEIS).....coiiiiiiiiie e

6. You had difficulty carrying or lifting heavy thinggich as books, your school
Dag, OF @ FUCKSACK.........cooiiiiiit e et e e e e e e e e e e eeeeaees

Please tick the box matching your response.

And during these pasivo weeks indicate how often: Always Often Sometimes  Never

A o U (=1 198 11 (=T T

LT o LU (=1 A 110 F= T T

9. YOU eIt grOUCKY ...cooeeiiiee e

O 01U (=11 ALY 0] <Y [T

T 01U B (=] | A=Y= T TR

12. You had trouble falling asleep .........c..ooeeerieeiiiii e,

13. You had bad dreams or NIGhtMAreS ..........coeeeeeeiiiiiiiiieee e

14. You felt good about YOUISEIf............oii e e oo e e e eeaeeens

15. You had trouble ating ...........uueeiiiiiiiiiiiiee e

Please tick the box matching your response.
And during these pasivo weeks indicate how often:

Always Often Sometimes  Never
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Children Ages 12 and 13Self-report Format)
CFQUK CysTIC FIBROSIS QUESTIONNAIRE - REVISED

16. You had to stop fun activities to do your treatnsent...............cccccccvvvvvvvennnnn.

17. YOU WEre fOrCed t0 @Al .....uuiiveiiii ittt e e e s e eees

Please tick the box matching your response.

Very Mostly
During the pastwo weeks True True
18. You were able to do all of your treatMents .. .eeeeeeeeeiieiiiiieeaeaeeeeees
19. YOU €NJOYEA ALING ...evvvriiiiiiiiiiiiiee e eeee ettt e e e e e
20. You got together with friends @ l0t.........ccmm e

21. You stayed at home more than you wanted t0 ...........cceeeeeiiiiiiiiiiiiiiiiiiiiens

22. You felt comfortable sleeping away from home (&iend or family
member’'s house Or eISEWNEIE) ...t

A T o 10 IR (=1L 1Y 11U N

24. You often invited friends t0 YOUr hOUSE .....ccccviiiiiiiiiiiiiiii e

25. You were teased by other children........ccceeeeeeeiiiiiiii e

26.You felt comfortable discussing your iliness witthers (friends, teachers)

27. You thought you Were t00 ShOIM..........ooierreciiiiiee e

28. You thought you were to0 thin...........ooi i ceceeee e,

29. You thought you were physically different from othgour age......................

30. Doing your treatments bothered YouU .........ccceeeeviiiiiiiiiiiieecei e,
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Somewhat
True

Not at
all True

Page 287



Children Ages 12 and 13Self-report Format)
CFQUK CysTIC FIBROSIS QUESTIONNAIRE - REVISED

Please tick the box matching your response.

Always Often Sometimes Never
Let us know how often in the pasto weeks
31. You coughed during the Ay ...........ccoeescmmmceeveeemeeeeeeeeeree e e e e s s sssneenereee e
32. You woke up during the night because you were BIgQ.............oeeveeeeieeiiiiieeeanannn.
33. You had to COUgh UP MUCUS .......cooii et e e e e e e e e e e e ennnnnnnnes

34. You had trouble Breathing ............ooo i

IS 0101 gy (] 0 0 1= o1 a1 o 0|

Please make sure all the questions have been anster

THANK YOU FOR YOUR COOPERATION!
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APPENDIX FOUR

CARDIOPULMONARY EXERCISE TESTING (CPET) PROTOCOL
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Cardiopulmonary Exercise Testing (CPET) Summary ofProtocol

Equipment

Cycle ergometer Stadiometer
MedGraphics metabolic cart Digital scales

SpQ ear probe/temporal probe Breath by breath galyser
Pneumotachograph Sphygmomanometer
Stethoscope

General Instructions

Subjects asked to refrain from eating at least hwoars before test and avoid
strenuous exercise for at least 24 hours beforelCPE

Subjects asked to wear comfortable clothing anding shoes suitable for
exercise.

It should be made clear to subjects that sensatiool as shortness of breath,
tiredness and muscle fatigue are ‘normal’.

Subjects should be informed that the CPET will @@ninated at any such time
that they choose not to continue.

However, it should be emphasised that data collettteughout the test will be
of ‘most’ use if the participant works to near nraai capacity by the end of the
CPET.

The CPET should be terminated at the point of \alynexhaustion, when the
participant is unable to continue despite stronpaleencouragement.
Experienced technicians should monitor the subfectany undue signs of
distress including severe wheezing, chest paik, dédcoordination, and marked
decrease in SpQhroughout the CPET.

Protocol

Subjects currently taking bronchodilators should bdministered usual
bronchodilator i.e. 200g Salbutamol or 500g Terbutaline at least 10 minutes
prior to CPET.

[NB: Cold air may precipitate bronchospasm (Coesition at altitude)].
Spirometry and direct measurement of Maximal VaumytVentilation (MVV),
i.e. 12 seconds of maximally deep and rapid bregtshould be made prior to
CPET

Predicted peak workload (Watts) calculated as ®dytveight (in kg) for girls,
and 3.5 x bodyweight (in kg) for boys. This may ahee be adjusted for
subject’s fitness level, and if any reduction iedlicted lung function.

The target cadence should be approximately 60rp@0
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Ergometer ramp protocol adjusted to reach the predlipeak Watts within 8 -
12 minutes of exercise.

Example for a 50 kg girl. 3 x 50 =150 Watts.

150/10 = 15 Watts/minute for an estimated 10-mimxiercise test.

Therefore, a 15 W workload could be selected, dremtise the closest
appropriate option offered by the software.

NB: The predicted workload should be lowered ifatignt's diagnosis suggests
impaired aerobic fithess.

The exercise test should include:
5 minutes at rest (while connected to the 12-le@&End breathing through the
PNT or mass flow sensor)
3 minutes of load-less cycling
8 — 12 minutes of exercise, or until volitional existion
4 minutes active recovery (slow pedalling)

Blood pressure measurements should be made e&miifiutes at rest, throughout the
test and during active recovery.

Analysis

The fulfilment of at least three of the followingur criteria should be required to meet
the definition of a ‘maximal’ exercise test: 1)naaximal heart rate similar to the
theoretically predicted maximal value i.e. >85%lué participant’'s predicted maximal
heart rate, where predicted maximal heart ratalsutated as 210 — (0.65*age) (Spiro
1977); 2) a peak ¥close to the predicted target; 3) a plateau ingeryuptake despite
an increasing workload (i.e. final increase in 2v©200 mls.mift for an increase in
work of 5 to 10%); 4) an inability of the particiato maintain cadence despite
encouragement (Crapat al, 2000, Wassermaet al, 2004).

Key measurements

Heart Rate Blood Pressure
Respiratory Rate Tidal volumes
Oxygen utilisation (VQ) Carbon dioxide elimination (VCp
End-tidal CQ (etCQ) Oxygen saturations (SppD
Work Rate (Watts)
Qutcomes
VO,max/ VOpeak Anaerobic thresh-hold
Exercise desaturation Maximal exercise ventifaigmax

201



APPENDIX FIVE

HARDY-WEINBERG CALCULATION FOR
ACE POLYMORPHISM
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The ACE polymorphism — Hardy Weinberg equilibrium calculation

| allele frequency= 0.5625
D allele frequency = 0.4375

p=0.5625, g=0.4375

I ID DD Total
Observed 13 19 8 40
Expected p° 2pq d
0.31 0.49 0.19 1
Number expected p°N 2pgN dN
12.6562 19.6875 7.6562
Deviation 0.3438 0.6875 0.3438
Chi-Squared 0.009 0.024 0.0154 0.0484

[Deviation squared
divided by number
expected]

c2=0.0484

With 1 degree of freedom, p>>0.50.
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Appendix 6

Publications arising from this thesis

-Review articles (3)
-Book Chapters (1)
- Abstracts (8)

Review articles:

1. Urquhart DS, Narang |, Jaffé A.

Assessment and interpretation of arterial oxygeurations in children with CF.
CF Worldwide2008;10: Published online January 2008

2. Prasad SAUrquhart DS.
Exercise and Cystic Fibrosis.
HealthEx Specialis?006;10: 9-14.

3. Urquhart DS, Montgomery H, Jaffé A.
Assessment of hypoxia in childhood cystic fibrosis.
Arch Dis Child2005,90: 1138-1143.

Book Chapters:

1. Urquhart DS, Montgomery H, Jaffé A.

Assessment, definition and treatment of hypoxiehitdren with cystic fibrosis.

In: 2008 Yearbook of respiratory care clinics ampleed technologies. Ed€squinas A, Volsko T.
Tipografia San Francisco S.A., Murcia, Spain. ISBNX8-84-612-5901-4. ps. 769-774.

Abstracts:

1. Urquhart DS, Laverty A, Stanojevic S, Odendaal D, Derrick GraSe E, Bryon M, Montgomery H,
Narang | , Jaffé A. Association of nocturnal hymoaind clinical status in childhood cystic fibrosis.
Thorax2009;64 (Supplement 4):A114.

2. Urquhart DS, Stanojevic S, Laverty A, Montgomery H, Naranglaffé A.
Selection of an optimal definition of clinicallyegiificant hypoxia in children with cystic fibrosis.
Pediatr PulmonoR009;44 (S10):348-349.

3. Urquhart DS, Laverty A, Stanojevic S, Odendaal D, Derrick Greé8e E, Bryon M, Montgomery H,
Narang | , Jaffé A.

Association of nocturnal hypoxia and adverse clihgtatus in children with cystic fibrosis — cawse
effect?Pediatr PulmonoR009;44 (S10):349.

4. Urquhart DS, Field B, Bryon M Jaffé A.
Effects of lung function and exercise capacity oaliy of life in CF using the United Kingdom Cycsti
Fibrosis Questionnaire [CFQ-UKThorax2007;62 (Supplement 3):A103-A104.
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