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Abstract
Lung disease is thought to occur early in children with cystic fibrosis (CF) and it is 

recognised that nutritional status relates to prognosis, however the natural history of lung 

disease and how it might relate to nutritional measures and particularly energy 

expenditure require further evaluation. Methods to objectively evaluate lung disease are 

required so that interventions may be planned and assessed. Intervention studies in 

infancy will also require assessment in the toddler years through to school age when 

spirometry may be more reliable. Therefore methods of measuring lung function, 

particularly non-invasive methods, need to be developed.

Seventeen infants with CF diagnosed through neonatal screening and 9 healthy control 

infants were enrolled in a prospective, cohort study and lung function and energy 

expenditure were measured from shortly after birth every three months until aged two 

years. Lung function was measured using the SensorMedics pulmonary function cart. 

Respiratory system resistance was higher and specific respiratory system conductance was 

lower in CF infants than control infants from three months of age until 18 months and 

there was a trend for this to continue to two years of age. There was no difference in 

FRCn2 between the groups. Resting energy expenditure expressed per gram of total body 

potassium (REE/TBK) was higher in CF infants than controls and was highest in infants 

who were homozygous for AF508 mutation. There was no detectable relationship 

between measurements of lung function and REE/TBK.

Young children with CF aged between 6 months and 5 years of age had lung function 

measured using the same technique to assess the suitability of the methods for toddlers. 

The method was not found to be suitable in children over the age of two years.

Tidal breathing flow- volume curves (TBFV) are non invasive and the shape of the 

expiratory TBFV may change with obstructive airways disease. Thirty nine subjects took 

part in a study to examine the stability of a new index based on the shape of the expiratory 

flow- volume curve called Ai compared with the widely used index of shape tpygp/tg with 

change in respiratory rate (RR). Eight tidal breathing flow volume loops were stored at



resting RR and then RR was increased by 10 breaths per minute and 8 loops stored at each 

rate until a rate of 60 breaths per minute was reached. Subjects also performed spirometry 

and lung volumes were measured by whole body plethysmography. Neither of the indices 

varied much with RR, but Ai had less than one third of the variability seen in tp̂ Ep/tg The 

correlation between FEV, and both indices was very similar.
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Chapter 1. The evolution of lung disease in cystic fibrosis: a 

review of the literature^

Cystic Fibrosis (CF) is one of the most common, lethal inherited diseases in Caucasians 

with around 1 in 2500 newborn infants affected. Although there are important 

gastroenterological manifestations contributing to morbidity and mortality, it is the lung 

involvement which is the primary cause of 95% of the mortality (Boat et al. 1989). 

Infants who die from meconium ileus shortly after birth do not have macroscopic lung 

disease although histological abnormalities can be detected within a few days of life 

(Bedrossian et al. 1976). Lung disease develops over the first few years of life and leads 

to death on average in the third decade from chronic suppurative lung disease (Phelan et 

al. 1979). Since the CF gene was discovered in 1989 (Riordan et al. 1989), enormous 

progress has been made in the understanding of the basic defect and the changes that 

occur in CF. However, there is still much debate about how different genotypes, infection 

and inflammatory responses interact and the exact process by which the genetically 

determined defect leads to extensive damage and irreversible failure of the lungs is not 

yet known.

1.1 Genetic Defect

The cystic fibrosis transmembrane conductance regulator (CFTR) is a low conductance 

cyclic adenyl monophosphate activated (cAMP-activated) chloride channel which is 

abnormal in CF. CFTR is widely distributed in varying amounts in the secretory 

epithelial cells of the pancreas, lungs, liver, kidney, sweat ducts, salivary glands, 

intestines, uterus and testis.

L L l CFTR function

The basic defect at the respiratory epithelium appears to be a decrease in chloride 

permeability across the apical membrane of the airway epithelial cell. CFTR is also 

concentrated in the mucus secreting glands and the decrease in chloride permeability is 

thought to lead to an increase in chloride concentrations inside the cell driving sodium and 

water into the cell which can result in the drying out of respiratory mucus (Boucher 1994).
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The lung acts as a secretory organ with respect to the secretion of mucus but must also 

absorb water and electrolytes or we would drown in our own secretions. CFTR is 

expressed in the secretory epithelium in the mucus secreting glands and is also expressed 

at the airway epithelial surface where it may act to facilitate chloride uptake into the cell 

and thereby regulate the chloride concentration at the airway epithelial surface. Smith et 

al recently determined chloride concentrations in the airway surface fluid at the apical 

surface of the airway epithelium in cell cultures (Smith et al. 1996). Chloride 

concentrations were higher in the airway surface fluid in CF cells than healthy controls 

and this increase in chloride concentration inhibited the antibacterial properties of the 

airway surface fluid. Subsequently the lower chloride concentration and antibacterial 

properties of the airway surface fluid were restored by expressing CFTR in the CF 

epithelia using a recombinant adenovirus.

Cystic fibrosis may therefore cause abnormalities of both secretion of abnormal mucus 

and also lead to higher than normal chloride concentrations at the airway epithelial surface 

leading to inactivation of the antibacterial properties of the airway surface fluid which 

allow colonisation and persistence of infection with bacteria.

Mutations in CFTR may also lead to abnormal regulation of other channels. CFTR also 

appears to have a role in regulating other chloride channels such as the outwardly 

rectifying chloride channels (ORCC). Mice with normally functioning ORCC in the gut 

epithelium lose this function when CFTR is knocked out (Egan et al. 1992). Reisin et al 

used patch clamp techniques and observed single-channel currents in the presence of 

asymmetrical chloride and adenyl triphosphate (ATP) concentrations (Reisin et al. 1994). 

They concluded that the movement of both chloride and ATP was through the same 

conductive pathway, CFTR. Schwiebert et al determined that CFTR regulates ORCCs 

by triggering the transport of ATP out of the cell (Schwiebert et al. 1995) which then 

stimulates the ORCCs through a purinergic receptor-dependent signalling mechanism. 

However the role of CFTR in transporting ATP out of the cell has recently been 

questioned by Reddy et al who pointed out that the ATP anion is larger than the estimated 

size of the CFTR pore (Reddy et al. 1996). They found that ATP was not conducted 

through CFTR in intact organs, polarised human lung cell lines, transfected mammalian
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cell lines, or planar lipid bilayers reconstituted with CFTR. Chloride transport is 

abnormal in CF but it has been known for some time that there is also abnormally high 

absorption of sodium through an amiloride sensitive sodium channel on the apical surface 

of airway epithelial cells (Boucher et al. 1986). CFTR has recently been shown to 

regulate an epithelial sodium channel (ENaC) although the exact mechanism by which 

CFTR regulates ENaC is not known (Stutts et al. 1995). The recent work of Smith et al 

(Smith et al. 1996) was unfortunately unable to shed light on the sodium concentration 

in the airway surface fluid due to the technical difficulty of measurements in such small 

volumes of fluid. This presents something of a quandary. If chloride concentrations are 

higher than normal in the airway surface fluid in CF, but CFTR by abnormal regulation 

of ENaC leads to sodium hyperabsorption, what happens in the airway surface fluid to the 

sodium concentration and how is electrical neutrality maintained? CFTR appears to be 

a multi- functional protein but its exact physiological role in different cells is not yet clear.

The pH of secretory granules and endosomes is dependent on chloride transport and 

CFTR can cause the defective acidification of intracellular organelles (Barasch et al. 

1991). Vacuolar alkalinisation in CF leads to a number of changes including a decrease 

in protein sialytion, an increase in fucosylation and sulphation and an increase in asialo- 

gangliosides which are putative Pseudomonas aeruginosa binding sites. This leads to 

abnormal glycosylation of mucus glycoproteins and altered rheological properties of 

mucus which also has an increased affinity for P. aeruginosa. Vacuolar alkalinisation 

may also cause the inappropriate release of lysosomal enzymes with neutrophil 

chemotactic factors but the role of this in the early inflammatory changes seen in CF is 

as yet unknown.

LI,2 Structure of CFTR ( see fig  1)

In normal CFTR it is thought that ATP binds to the first nucleotide binding domain 

(NBDl), hydrolysis then causes a conformational change resulting in the R-domain 

retracting from the channel pore. NBDl is folded on itself so that any change in the 

structure due to mutation will have some effect on its function. The second nucleotide 

binding domain (NBD2) also binds ATP to control closure of the channel. The majority 

of CF mutations alter NBDl while some alter NBD2 (Cutting et al. 1990). The CF
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mutations which alter NBDl will affect how the chloride channel opens. Mutations of the 

NBD2 are rare and lead to an abnormally open channel (increased open probability) so 

that the chloride current is present but abnormal (Carson et al. 1995). No homozygotes 

for NBD2 mutations have been described. When two mutations, one in the NBDl and 

the other in NBD2 are carried and there is processing of the abnormal CFTR, the NBDl 

mutation is dominant so that there is a decreased open probability and the chloride 

channel is closed more than it should be. Some mutations in NBDl or NBD2 may cause 

abnormal processing of CFTR so that there is no active CFTR at the apical membrane of 

the airway epithelial cell.
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Figure 1. Structure of CFTR
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LL3 Mutations in CFTR

Over 400 different mutations in CFTR have been identified, although only about 20 of 

these are relatively common and one mutation, a deletion of phenylalanine at amino acid 

number 508 (AF508), accounts for about 70% of CFTR allelles in Europe and the U.S.A. 

(1992). The frequency of particular mutations varies between different ethnic groups, for 

example W1282X accounts for 60% of CFTR allelles in the Ashkenazi Jewish population 

(Shoshani et al. 1992) and G551D for 4.5% of CF chromosomes in population of Celtic 

origin such as Brittany, Ireland and Wales (Cutting et al. 1990). No deletions of large 

parts of the gene have so far been detected. There appears to be two basic mechanisms 

to produce a CF phenotype, either by formation of an abnormal protein which gets to the 

respiratory epithelial apical membrane but does not function properly, or by production 

of a protein which cannot be processed normally so inadequate amounts of CFTR are 

present at the apical membrane. Four classes of mutation causing CF have been described 

(Welsh and Smith 1993).

•  Class 1 mutations cause defects in protein production such as nonsense mutations, 

which create a termination codon and so cause CFTR synthesis to cease before the 

complete protein is made. Frameshift or splice mutations are caused by base 

insertions or deletions which upset the gene frame following the mutation and 

create a completely different or shortened protein which cannot be processed or 

does not function.

•  Class 2 mutations are defects in protein processing. Deletion of a single amino 

acid AF508 causes a defect in protein processing and failure of the protein to 

reach the apical membrane.

•  Class 3 mutations are defects in regulation with protein present at the plasma 

membrane but with abnormal function. Several of these mutant proteins have 

abnormalities in the nucleotide binding domains. Intracellular ATP regulates the 

opening of CFTR by binding to the nucleotide binding domains and consequently, 

like G551D may cause severe alteration of function.

•  Class 4 mutations are defects in conductance such as R117H mutation where the 

protein is correctly processed and there is generation of chloride currents though 

the current is reduced.
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There have been attempts to link particular types of mutation with clinical phenotype but 

this has not been straightforward. Some genotypes, such as homozygotes for AF508, are 

associated with severe disease (Kerem et al. 1990) while others, like compound 

heterozygotes for AF508 and R117H, are associated with mild disease and pancreatic 

sufficiency. A retrospective cohort analysis looked at a number of clinical parameters in 

G551D/AF508 heterozygotes compared with homozygotes for AF508 in nine centres in 

Europe and North America (Hamosh et al. 1992). There was no difference for any clinical 

parameter except that there was less meconium ileus and a trend for later diagnosis of 

pancreatic insufficiency in G551D/AF508 heterozygotes. In general, it is difficult to 

predict the phenotype of any individual and the accompanying genetic influences (such 

as genes regulating immune function) and environmental influences (such as exposure to 

tobacco smoke and aggressive medical intervention) may be the more important 

determinants of outcome. Genotype does however appear to determine pancreatic 

function with homozygous AF508 genotype being strongly associated with pancreatic 

insufficiency (Kerem et al. 1990).

What is beyond doubt is that the CF airway epithelial cells have altered transepithelial 

potential difference but how exactly the genetic defect leads to the clinical manifestations 

of cystic fibrosis in the lung is not understood. It is probably the result of abnormal ion 

transport across the apical membrane of the airway epithelial cell due to no CFTR or 

CFTR which does not function normally and/or an effect on the control of other ion 

channels and mucus with altered rheological properties and an affinity for Pseudomonas 

aeruginosa. This sets up an environment in the lungs in which there are ineffective 

mucosal defences which allow chronic bacterial colonisation. Whether inflammatory 

changes occur as a result of the basic defect even in the absence of bacterial infection is 

not yet known.

1.2 The Role of Infections

Respiratory infection with a number of bacteria occurs from an early age (Armstrong et 

al. 1995). In the terminal stages of CF lung disease there are widespread suppurative
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changes. Exactly how and when colonisation of CF lung occurs and why infection 

persists and progresses to cause end stage lung disease is the subject of much conjecture. 

The recent publication by Smith et al showing that a high chloride concentration in the 

airway surface fluid in CF reduces the antibacterial activity in the airway surface fluid 

provides the first direct evidence of a link between CFTR and bacterial infection (Smith 

et al. 1996).

Viral infections are very common in the first few years of life and may have a significant 

role in the progression of lung disease. There is a growing body of literature implicating 

respiratory viral infections in acute pulmonary exacerbations in CF and in the progressive 

deterioration of lung function (Wang et al. 1984). It is recognised that severe respiratory 

viral infections can lead to major deteriorations in pulmonary function (Abman et al. 

1988) and CF children hospitalised for exacerbations of their lung disease often have 

respiratory viruses isolated from the respiratory tract.

Viral infections in infancy may lead to vascular engorgement in the airway wall with 

mucosal and submucosal oedema which will contribute to obstructive airways disease. 

Luminal contents will be increased with cellular sloughing and there is increased mucus 

which, in CF is tenacious and has a predilection for P. aeruginosa. There may be an 

increased adherence of bacteria to the respiratory epithelium due to a number of different 

mechanisms including stripping of fibronectin from the airway epithelium and exposing 

bacterial adherence receptors. Some viral infections can affect ciliary function and if viral 

infections lead to delayed mucociliary clearance this will increase contact between 

bacteria and exposed bacterial adherence receptors and increase the chance of bacterial 

colonisation of the airways. Direct irritation of airway receptors and increased bronchial 

reactivity may also occur and exacerbate the resulting obstructive airways disease.

It is also postulated that viral infections may allow colonisation by bacterial pathogens 

to occur and therefore infants who have frequent viral infections would be at particular 

risk. The question of colonisation with P.aeruginosa being linked to viral respiratory 

infection was addressed by Peterson et al who followed 116 patients with CF every month 

for 8 months (Peterson et al. 1981). Blood for respiratory viral antibodies and sputum 

bacteria were obtained at the onset of respiratory exacerbations and 15-30 days later.
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Patients who became colonised for the first time with Pseudomonas aeruginosa often had 

a concomitant viral infection.

One of the few studies to address the role of respiratory viral infections in infants was 

published by Abman et al in 1988 (Abman et al. 1988). This study prospectively 

examined the morbidity caused by respiratory syncytial virus (RSV) in 48 infants 

diagnosed with CF from a neonatal screening program. Follow up was for two years and 

four months and during this time, 18 infants required admission a total of 30 times. Viral 

pathogens were found in 12 out of 30 hospital admissions and RSV accounted for 33% 

of the admissions. In this study, there was a particularly severe clinical respiratory course 

but all the infants who had required admission with RSV infection had respiratory signs 

at around 2 years of age and were more likely than other infants diagnosed on screening 

to have lower chest radiograph scores. While respiratory viral infections appear to have 

an important effect in infants there is conflicting evidence in older children that viral 

infections contribute significantly to lung function. A recent study from Collinson et al 

demonstrated an association between viral upper respiratory tract infections and acute 

deterioration in clinical scores and forced expiratory volume in one second (FEV,) and 

also an association between more frequent viral upper respiratory tract infections and 

disease progression with a greater drop in FEV, per annum (Collinson et al. 1996). 

Ramsey et al published a prospective study in 1989 which examined the frequency and 

effects of viral infections on 19 school age children with CF compared to 19 non CF 

siblings over a two year period (Ramsey et al. 1989). The study was unable to 

demonstrate a difference in susceptibility to viral infections between children with CF and 

sibling pairs and no significant effect of viral infections on lung function was 

demonstrated. If viral infections in CF lungs lead to increased colonisation of bacteria, 

the greatest effect would be seen in infants and young children who have frequent viral 

infections. Further studies are required to determine the exact role of viral infections in 

the progression of CF lung disease.

It is common practice to use antibiotics to prevent the problems of bacterial colonisation 

and infection but the effectiveness of this strategy is not knowm and the use of 

prophylactic antibiotics has shown conflicting results. In one study flucloxacillin has been
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shown to be associated with improved clinical progress in the first two years of life when 

jfrequent viral infections are normal (Weaver et al. 1994) but in another prospective study 

of 42 infants with newly diagnosed CF there was no difference in infant lung mechanics 

or in clinical score between the group on continuous flucloxacillin and the group 

receiving episodic antibiotics as clinically indicated (Beardsmore et al. 1994) . 

Cephalexin given for between 5 and 7 years from diagnosis resulted in no clinical 

differences between the group on cephalexin and the group on placebo (Stutman HR, 

unpublished work, presented at the North American Cystic Fibrosis Conference, 1995). 

The cephalexin group had a lower isolation rate of S.aureus in the sputum but a higher 

isolation rate of P. aeruginosa at the end of the study. While prevention of airway 

colonisation with pathogenic bacteria would seem to be a valid goal, the role of 

prophylactic treatment with antibiotics to prevent colonisation of the airways remains 

unclear.

There is little doubt that bacterial infection in the airways plays an important role in the 

progressive pulmonary deterioration (Hoiby and Koch 1990)(Govan and Nelson 1993). 

Colonisation with mucoid, alginate producing strains of Pseudomonas aeruginosa is 

associated with pulmonary deterioration (Elbom et al. 1993). Armstrong et al in 1995 

found a positive culture with >10^ CFU/ml of bacterial pathogens from bronchoalveolar 

lavage fluid (BAL) indicative of bacterial infection in 47 of 150 (39%) BAL samples in 

49% of a group of 90 infants with CF at a mean age of 18 months (Armstrong et al. 1995). 

Of note, about half the group had respiratory symptoms and all those with a significant 

growth of P. aeruginosa had respiratory symptoms. Particular bacterial pathogens have 

long been recognised to play a major role in the pathogenesis of CF lung disease. In 1946 

it was discovered that Staphylococcus aureus was one of the main sputum pathogens and 

it used to be thought that viral infections, by stripping fibronectin, may expose bacterial 

receptors for S. aureus and facilitate colonisation (Di SanfAgnese and Anderson 1946). 

Haemophilus influenzae is also found quite commonly in early childhood and is known 

to be capable of producing exoproducts which are ciliotoxic and may cause mucosal 

injury. P. aeruginosa is the organism found with a frequency which increases with age. 

Armstrong's study showed an increase in frequency of colonisation with P. aeruginosa
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with age but the other organisms were equally distributed across the age range of the study 

group from 1 to 44 months (Armstrong et al. 1995). There is some evidence that 

anaerobic bacteria may be present in large numbers in the sputum of some patients with 

CF secondary to the impaired mucociliary clearance (Thomassen et al. 1984). Anaerobe 

species are known to contribute to abscess formation in abdominal sepsis and also to 

secrete proteolytic enzymes. The role of anaerobe species in CF lung disease is currently 

unclear. There is considerable concern relating to the acquisition of multiple resistant 

organisms such as B. cepacia and mycobacteria.

Colonisation of the airways with bacteria is related to the ability of bacteria to bind to 

receptors on the epithelial cell surface. Any process which damages the epithelium or 

causes prolonged contact between the epithelium and bacteria will increase the chance of 

colonisation (Niederman 1994). The persistence of P. aeruginosa and resulting damage 

in CF airways is unique to CF. The abnormal, viscous mucus produced in CF with an 

increased affinity for P. aeruginosa and delayed mucociliary clearance and the ability of 

P. aeruginosa to evade the immune system contributes to this persistence. P. aeruginosa 

is a highly immuno-evasive organism (Buret and Cripps 1993). It is able to develop a 

mucoid phenotype and large exopolysaccharide - coated colonies are formed which, 

because of their size present a formidable challenge for efficient phagocytosis. Alginate 

in these mucoid P. aeruginosa interact with mucin glycoproteins and calcium and the 

resulting sputum has increased viscosity. In CF a cycle is set up of P. aeruginosa 

infection, exuberant inflammatory response and subsequent persistence of the infection 

because of impaired immune responses and ongoing inflammatory change. Both mucoid 

and non mucoid strains of P. aeruginosa release many bacterial proteases such as 

elastase and alkaline protease which cleave immunoglobulins and split C3b complement 

receptors thereby helping to disarm the immune response to the infection. Secretion of 

bacterial proteases contributes to the delayed mucociliary clearance by slowing ciliary 

beat frequency (Suter 1994). There may be direct damage to the respiratory epithelium 

due to degradation of tissue proteins such as elastin and basement membrane laminin. 

Intercellular junctions may be affected by the basic defect in CFTR but there is also 

evidence that P. aeruginosa elastase may increase epithelial permeability by damage to 

one of the main proteins involved in tight junctions between cells (Carson et al. 1990).
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The proportion of lung damage due to host immune responses and that due to bacterial 

proteases is unknown. Because the infection is persistent there is ongoing stimulation of 

the immune system and the normal mechanisms for controlling inflammation are 

swamped. There is undoubtedly a complex interaction between host and bacterial parasite 

with aspects from both contributing to the immune evasiveness of P. aeruginosa and long 

term lung damage.

1.3 Inflammatory response

In general, infection is localised to the lungs in CF and the vigorous immune response 

to chronic infection guards against the infection becoming systemic. Despite this 

vigorous and partly successful immune response, organisms such as P. aeruginosa persist 

in the lungs and cannot usually be eradicated once established. The inflammatory 

response in CF is recognised as causing lung damage and anti-inflammatory therapies 

have been successfully trialed in the treatment of the lung disease (Konstan et al. 1995) 

(Eigen et al. 1995). It appears that early use of anti-inflammatory therapy is required if 

it is to be successful. Therefore it may be that inflammation contributes most to lung 

damage early in the course of the disease before bronchiectasis and lung disease is 

established (Konstan et al. 1995). Immune responses appear normal in CF and it is the 

persistent immune stimulation, probably due to ongoing infection, which leads to 

unopposed immune mediated damage.

Alveolar macrophages are the first line of defence against invading bacteria. There are 

subpopulations of macrophages in the lungs including alveolar macrophages, interstitial 

macrophages and intravascular pulmonary macrophages but the role of the subtypes is not 

yet known. Phagocytosis leads to activation of the cell with a range of signals which 

affect other inflammatory cells. Neutrophil chemotaxis and activation is stimulated by 

release of cytokines such as interleukin 8 (ILS) and tumour necrosis factor- a (TNF-a), 

both of which are found in large amounts in CF sputum (Konstan et al. 1995). Primed 

macrophages show surface expression and presentation of HLA class 1 and 2 antigens and 

they release interleukin 1 (ILl) which leads to T-cell activation. T-cell activation then 

leads to more cytokine stimulation of neutrophil chemotaxis and activation of B cells with 

differentiation to plasma cells. Antibody formation occurs leading to immune complex
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formation and further stimulation of neutrophils. P. aeruginosa organisms themselves 

release chemotactic factor which attracts neutrophils (fMLP) (Warner 1992). The end 

result of this immune cascade is the influx of neutrophils which are found in very high 

numbers in CF sputum. While the concentration of neutrophils seems related to infection, 

there may be some evidence that neutrophils are present in higher concentrations even 

before infection is apparent (Khan et al. 1995). There are conflicting BAL data 

concerning the relationship between inflammation and infection in the lungs of CF 

infants. Khan et al lavaged from one side of the lungs only and demonstrated that there 

were inflammatory mediators in the BAL from CF infants without a positive bacterial 

culture (Khan et al. 1995). Armstrong et al pooled lavage fluid from both sides of the 

lungs and demonstrated that inflammation was associated with infection (Armstrong et 

al. 1995). Guterras et al (personal communication) looked at BAL from each side of the 

lungs processed independently and found that with a heavy growth of bacteria, both sides 

gave a positive bacterial culture, but with lesser growth, one side could give a positive 

bacterial culture and the other a negative culture.

Neutrophils are recruited to the site of infection from the systemic circulation and have 

a half life of about 6 to 8 hours after leaving the bone marrow. Neutrophils contain potent 

enzymes such as neutrophil elastase and they produce superoxide anion via the NADPH 

oxidase system in the cell membrane. Superoxide in the presence of myeloperoxidase and 

halide ions will produce highly reactive and toxic metabolites which can cause extensive 

tissue injury (Doring 1994). Neutrophils present at the scene of infection attempt to 

phagocytose the invading bacteria. Unfortunately in CF, this process is inhibited by an 

inability to complete phagocytosis, the so called "frustrated phagocytosis", and neutrophils 

die releasing their toxic contents or spill their contents while attempting phagocytosis, all 

of which lead to tissue injury. The DNA from dead neutrophils contributes to the 

increased viscosity of sputum and as mucociliary clearance is delayed, this will further 

exacerbate the ongoing cycle of infection and inflammation. There are mechanisms in 

place to protect tissues from the proteolytic effects of neutrophils. Some neutrophils are 

engulfed by macrophages so that their contents are disposed of safely (apoptosis) but the 

main protease inhibitor in the lungs is a 1-antitrypsin. There is usually enough a l-  

antitrypsin to mop up free neutrophil elastase, but in CF these mechanisms for reasons
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which are not altogether clear are overwhelmed. Free neutrophil elastase which can cause 

extensive damage is found in large amounts in CF sputum and the degradation products 

are detected in the urine (McElvaney et al. 1991).

In addition to inflammatory damage due to large numbers of neutrophils in the lungs, 

lymphocytes are likely to play a significant part in lung injury seen in CF. Cell mediated 

tissue injury by T-lymphocytes may occur in the mucosa. There is a large antibody 

response to infection with P.aeruginosa in CF. Immunoglobulins have no effect on the 

alginate coated organisms and opsonisation is further reduced by the bacteria stimulating 

the production of IgG2 immunoglobulins which have a low opsonic capability. Both 

bacterial and neutrophil elastase vsdll cleave the Fc fragments from immunoglobulins 

which reduce opsonic capacity. Free FC fragments do not stimulate the oxidative burst 

of neutrophils so this may have a modulating effect on this vicious immune cycle.

The inflammatory changes that are seen in CF are the result of the complex interaction of 

infection, host response and possibly other factors which may contribute to CF lung 

disease. Some studies have suggested that gastro-oesophageal reflux (GOR) may be 

important in respiratory disease either through aspiration of gastric contents or by neural 

mediated reflex bronchoconstriction (Orenstein and Orenstein 1988). It has been noted 

that the incidence of GOR is high in the CF population and this is thought to be due to 

transient inappropriate lower oesophageal sphincter relaxation (Cucchiara et al. 1991). 

In infants GOR is common but may have increased significance in CF infants because of 

the inflammatory consequences and increased bronchial reactivity caused by GOR.

1.4 Nutrition and energy expenditure

An important link between poor nutrition and a decline in lung function has been 

demonstrated (Shepherd et al. 1986) and relative malnutrition contributes to increased 

mortality and is a poor prognostic factor in CF (Kraemer et al. 1978). Theoretically, 

malnutrition could lead to diminished pulmonary function through impaired pulmonary 

muscle function, but this has been difficult to prove (Marks et al. 1986). Malnutrition is 

likely to have a more profound effect during childhood when rapid linear and lung growth 

is occurring. The stunting of linear gro’wth is well recognised in CF and this may also
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have consequences for lung growth. It is known that malnutrition may change the hosts 

ability to deal with inflammation. However there is also interest in the anti-inflammatory 

properties of vitamins and it is well known that in pancreatic insufficiency the absorption 

of fat soluble anti-oxidant vitamins such as vitamin A and E is reduced. There may be 

some contribution from abnormal levels of p-carotene seen in CF patients to the ongoing 

inflammatory cycle (Homnick et al. 1993).

There appears to be a problem of energy imbalance in CF. Contributing factors include; 

a reduced intake due to the anorectic properties of swallowing large amounts of purulent 

sputum; exocrine pancreatic insufficiency with fat malabsorption in around 90% of 

patients, which can usually be effectively managed with pancreatic enzyme 

supplementation, and a high energy expenditure, the exact cause of which is not known 

(Buchdahl et al. 1988) (Shepherd et al. 1988a). Despite ensuring a high caloric intake and 

good control of malabsorption, malnutrition and growth retardation continue to affect a 

substantial number of CF patients.

Measurements of energy expenditure, either resting energy expenditure (REE) or total 

energy expenditure (TEE), have been hampered by the difficulty of non invasive and 

reproducible measurement in a child. Few studies have related energy expenditure to the 

metabolically active cell mass (BCM) which is altered in CF. Furthermore, studies which 

have used weight or fat free mass (which include non-metabolic and highly variable 

components such as body water) need to be interpreted with caution.

There is evidence of increased REE in infants with CF and one study has shown a higher 

REE in infants who are homozygous for the AF508 mutation compared to infants with 

other genotypes (Thomson et al. 1996). In this study lung inflammation and infection 

diagnosed by BAL, while present in many of the infants, was not apparently related to 

REE. There is some debate in the literature about TEE in CF with some investigators 

finding that TEE is raised (Shepherd et al. 1988a) and others finding no evidence of an 

increase (Bronstein et al. 1995). In older subjects there may be some compensation for 

the increased REE by reducing physical activity and thereby normalising the TEE 

(Spicher et al. 1991).
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The reason for an increase in REE is not known. Although there was no correlation found 

between the presence of respiratory infection or inflammation and REE in the study by 

Thomson et al, the BAL was not done at exactly the same time as the energy 

measurements and it is possible that this could affect the findings (Thomson et al. 1996). 

If REE was increased because of lung disease it is likely that it would be related to 

abnormal pulmonary mechanics leading to changes in respiratory rate and the work of 

breathing. There are no studies to date which have looked prospectively at the 

relationship between REE and lung function in CF infants but in older children there are 

conflicting data with some studies showing poor correlation between REE values and 

spirometric indices (Tomezsko et al. 1994) and others showing an increase in REE with 

declining lung function (Fried et al. 1991). There are many other possible reasons for the 

increased REE. Intercurrent infections (Steinkamp et al. 1993), bronchodilators such as 

salbutamol (Vaisman et al. 1987), and nutritional refeeding (Shepherd et al. 1986) can all 

increase metabolic rate. There is some evidence that the basic genetic defect itself 

increases energy expenditure. One of the unusual aspects of the high REE in CF is that 

unlike other malnutrition states there is no adaption to malnutrition by a reduction in REE. 

This maladaption is difficult to explain unless the basic genetic defect itself contributes 

to some extent. Support for this hypothesis comes from work showing that cells from CF 

patients have increased oxygen consumption (Fiegel and Shapiro 1979) and that cellular 

energy levels are important in the regulation of CFTR chloride conductance (Bell and 

Quinton 1993).

1.5 Altered Lung Structure and Function

The presence of infection and inflammatory mediators on the bronchial walls leads 

inexorably to bronchial tissue destruction. Bronchiectasis is the predominant finding in 

necropsy studies and is found increasingly as lung disease develops (Bedrossian et al. 

1976). Bronchiectatic airways occupy a larger proportion of the lung volume which will 

lead to increasing deadspace and decreased available lung parenchyma for gas exchange. 

The proportion of bronchial volume is about 4% of lobar volume in health while this 

increases to 10-20% in CF and can occupy up to 50% of the whole lung volume (Sobonya 

and Taussig 1986). Damage occurs predominantly in the upper lobes although it is seen 

throughout the lungs (Tomashefski et al. 1986). The reasons for this are not clear
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although it is thought that regional differences in ventilatory excursion may be responsible 

for removing smaller amounts of infected secretions from the upper lobes and thereby 

increasing contact between purulent secretions and the bronchial walls in these regions 

(Zach 1990).

Abnormalities in spirometry are recognised in CF (Zapletal et al. 1979) and prognosis is 

related to spirometric values. However, it is also recognised that considerable lung disease 

as determined radiographically, may be associated with preservation of spirometric 

values. In particular measures which reflect large airway function like forced expiratory 

volume in one second (FEV,) may be preserved while forced expiratory flows averaged 

between 25 and 75% expiration (FEF 25-75%) which tend to reflect small airway 

function may be reduced earlier. Lamarre et al in 1972 proposed that the earliest lesion 

in CF may be in the smaller airways since abnormalities of gas exchange are detectable 

before abnormalities in tests of large airway function (Lamarre et al. 1972). Older 

children and adults with CF are reported to have increased residual volumes (RV) with 

an increase in the ratio of residual volume to total lung capacity (TLC) reflecting 

hyperinflation and air trapping (Desmond et al. 1986).

The large airway damage seen as lung disease progresses will cause instability of the large 

airways which is readily demonstrated by bronchography (Mellins et al. 1968). The 

maximal expiratory flow volume (MEFV) curves are abnormal in advanced disease 

reflecting the destabilised central airways. With maximal inspiration there is distension 

of the central airways which then contribute to reasonably rapid initial expiratory flows. 

As expiration continues, there is collapse of the unstable airways because of increasing 

intrathoracic positive pressure and terminal flows decline rapidly and may actually be 

lower than those during tidal breathing at the same lung volume. This instability will also 

contribute to ongoing gas trapping. Infants have unstable airways which increase in 

stability over the first few years of life (Mansell et al. 1972) and it is possible that CF 

infants are further disadvantaged by these normal developmental changes contributing to 

obstruction and hyperinflation. By the time the infants have become toddlers their 

airways may be more stable and therefore less symptomatic. However as lung disease 

progresses, the central airways become involved and there is again a combination of small
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airways obstruction and unstable central airways.

Young children are unable to cooperate with spirometry and so alternative techniques to 

measure lung function have been developed. An objective, sensitive, reproducible and non 

invasive measure of lung function in infants with CF would enable outcome measures to 

be used to assess different therapeutic interventions and assess prognosis. Unfortunately, 

no one method has fulfilled the requirements outlined above and consequently the 

literature reflects the use of different methodologies in different centres and at different 

ages. Furthermore, few studies have used control data from healthy infants recruited 

prospectively and tested by the same investigators using the same equipment. However, 

what is clear is that CF infants do have evidence of abnormal lung function early in life 

and that abnormalities may be present in asymptomatic infants.

1.5,1 Review of inf ant pulmonary function in cystic fibrosis

The first published report of lung function in CF infants was from Matthews and 

Doershuk in 1967 (Matthews and Doershuk 1967). Using whole body plethysmography 

they found a reduced airway conductance (Gĝ : the reciprocal of resistance) with variable 

increase in thoracic gas volume at functional residual capacity (FRCpiĝ J in their group of 

CF infants, some of whom were asymptomatic. However they did not describe their 

methodology in detail. Phelan et al in 1969 looked at FRCpieth, airway conductance and 

dynamic compliance in 18 CF infants who were less than 9 months when first seen and 

carried out repeated studies to examine the effect of inhalational therapy over the 

subsequent months (Phelan et al. 1969). They found an increase in FRCpî th in infants 

presenting with meconium ileus prior to the institution of chest therapy. In slightly older 

asymptomatic infants an increase in airways resistance was found and in symptomatic 

infants airways resistance was increased with a variable increase in FRCpî th- 

Abnormalities in lung function improved with time which was attributed to reversibility 

with treatment. FRCpî th for weight was increased in 8 out of 9 infants with previous 

respiratory infection but when related to body length cubed only 4 out of 9 had increased 

values. Choosing the appropriate anthropomorphic index to relate values to can be 

complicated in CF by relative undemutrition and consequent lower weight. Height is more 

often used in older children because it has a predictable relationship to spirometric values
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and lung volumes. In infants, weight may be used because it can be accurately and 

reproducibly measured while length may also be affected by undemutrition and in the past 

was more difficult to measure accurately and reproducibly. With the introduction of 

stadiometers it is now possible to measure length accurately and this is preferable 

especially in growth retarded neonates.

Similar results were obtained by Godfrey et al who in 1978 published a study in which 

they measured dynamic compliance using an oesophageal balloon technique and FRCpietj, 

and airway conductance in 8 CF infants in the first 7 months of life, 5 of whom had follow 

up radioisotope lung scanning at age 5 years (Godfrey et al. 1978). Their results indicated 

a tendency for specific airways conductance to fall with mild symptoms and a low 

dynamic compliance and hyperinflation with raised FRCpî th to occur with more severe 

symptoms. Asymptomatic infants had normal lung function. At 5 years all the ventilation 

perfusion scans were abnormal.

In the next decade different techniques became available and were used to investigate lung 

function in young children with CF. Tepper et al (1987) used a weighted spirometer to 

measure total respiratory system compliance (Ĉ )̂ and Helium dilution to measure 

functional residual capacity (FRC^J and derive a mixing index (MI) (Tepper et al. 1987). 

This study had 11 CF infants and 36 prospectively enrolled, healthy, control infants at the 

same mean age but with a higher proportion of females to males in the CF group. There 

was a slightly higher respiratory rate with a lower MI in the CF group and specific 

compliance of the respiratory system (sC,, = C„/FRC) was lower in the CF group. There 

was no difference between the groups for FRC^g. It was thought unlikely that the lower 

sCfs in CF infants was due to differences in the chest wall and lung parenchyma. At both 

extremes of life, closing volume occurs at a higher lung volume. This is exacerbated in 

infants with a highly compliant chest wall, poor collateral ventilation and smaller airway 

size. An increase in airway pressure of 2.9 cmH^O was used to measure C.̂ , and this was 

not thought to be enough to open atelectatic lung units because of the small airway size. 

FRChc was the same in both groups so that if the CF infants had atelectasis which was not 

detectable radiographically, the non atelectatic units would have been at a relatively 

higher lung volume which could have accounted for the lower Ĉ  ̂ seen. Tepper et al
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described their group of CF infants as asymptomatic with normal chest radiographs but 

their definition of asymptomatic was infants with no acute respiratory symptoms for the 

previous three weeks. Subtle changes on CXR are easily missed and CXR scoring 

systems are often not sensitive to early changes. These infants were not diagnosed 

through a screening program and may well have had significant respiratory infections, so 

accounting for their low sC„. In addition, FRC measured by Helium dilution measures 

gas volume communicating with the large airways and trapped gas would be missed.

In 1988 Beardsmore et al published their data on 28 CF infants in the first year of life 

(Beardsmore et al. 1988). Repeated measurements were made on 17 infants. These 

investigators measured FRCpî th and specific airway conductance (sG^ :̂ airway 

conductance divided by FRC) and they also derived maximal forced expiratory flow at 

functional residual capacity (V’maxFRC) values from partial forced expiratory flow 

volume curves. Values of sG^  ̂were expressed as percentages of predicted values based 

on historical control data obtained using the same methodology in 103 healthy infants. 

Values of V’maxFRC were expressed as percentage predicted based on a historical 

control group of 11 healthy infants much younger than the study group. There was good 

correlation between values for V’maxFRC and sĜ w and these indices correlated well with 

clinical score both being reduced in the group of infants with the worse clinical scores. 

These investigators did not find any evidence of reduction in V’maxFRC before reduction 

in sGg  ̂and therefore concluded that there was no evidence of small airway involvement 

occurring before larger airway disease. Since conductance is related to the fourth power 

of the airway radius it should be closely related to airways obstruction. In adults, 

obstruction of the small airways contributes much less to airway resistance (less than 

20%) and therefore to sĜ .̂ By contrast, in infants with higher chest wall compliance and 

comparatively smaller and floppier airways, increased resistance in the smaller airways 

would have a correspondingly larger influence on airway resistance and conductance 

(Hogg et al. 1970). These data are therefore consistent with obstruction occurring in the 

smaller airways and quite consistent with previous findings.

Kraemer et al assessed ventilation inequalities in children with CF using 

plethysmographic measurements and a multi-breath nitrogen washout (Aebischer and
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Kraemer 1993) . In patients with abnormal gas exchange the best predictors of 

ventilation inequalities were the degree of bronchial obstruction as judged by and the 

amount of trapped gas. Previous studies from this group had demonstrated evidence of 

early hyperinflation and gas trapping in infants with CF (Kraemer 1989).

Tepper et al measured V’maxFRC and FRC by helium dilution and compared chest 

radiographs using the Brasfield scoring system at diagnosis and one year later in 32 CF 

infants, 14 of whom had respiratory symptoms at diagnosis and 18 who did not have 

respiratory symptoms at diagnosis (Tepper et al. 1993). These infants were not diagnosed 

through newborn screening but were diagnosed under 2 years of age because of 

gastrointestinal symptoms, failure to thrive and or respiratory problems. There were 

lower values for V’maxFRC in the group with respiratory symptoms at diagnosis and this 

group, while they demonstrated improving V’maxFRC values over the year, still had 

lower forced expiratory flows at one year compared with the group who did not have 

respiratory symptoms. There were no differences between the groups for CXR scores or 

FRChc values highlighting the lack of sensitivity in the Brasfield CXR scoring system in 

young children. It was not surprising that there was no difference between the groups for 

FRCjje as the helium dilution method measures gas in communication with the large 

airways and would miss trapped gas. The basis of the partial forced expiratory manoeuvre 

is that flow limitation is achieved and V’maxFRC is recorded as the highest value 

obtained. In practice it is far easier to achieve flow limitation in infants with severe lung 

disease but more difficult in healthy infants. This method may detect those infants who 

had severe lung disease but may not be sensitive or reproducible enough to pick up infants 

with mild changes.

In 1993 Mohon et al published their lung function data on 18 CF infants diagnosed 

through a neonatal screening program and 18 healthy control infants using a 

commercially available system, the model 2600 Pediatric Pulmonary Function Laboratory 

(SensorMedics Corp.,Yorba Linda, calif.) (Mohon et al. 1993). Infants were tested at a 

mean age of two months for the CF group and 2.7 months for the control group. 

Respiratory system resistance (R^J was higher and specific respiratory system 

conductance (sGJ was lower in the CF infants homozygous for the AF508 mutation and
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only this group of infants responded to inhaled salbutamol with a decrease in There 

was no difference in lung function between the CF infants with other mutations and 

control infants. These data were the first attempt to look at the effect of genotype on 

infant lung function. These investigators felt that their results were consistent with the 

review of 293 older CF patients by Kerem et al which demonstrated more severe lung 

disease in CF patients homozygous for the AF508 mutation (Kerem et al. 1990).

All the studies have used different approaches and methodologies in small numbers of 

infants and have mostly been cross-sectional studies in infants at different ages, with 

different clinical status. This makes the interpretation extremely difficult, although most 

studies of lung function in CF infants have found some abnormalities which have usually 

correlated with respiratory symptoms. The abnormalities described reflect increased 

airways or respiratory system resistance with decreased conductance and low flows at low 

lung volumes, variable findings with respect to FRC and hyperinflation and decreased 

compliance values. These findings are all quite consistent with the known 

pathophysiology of CF which is exacerbated by the normal developmental disadvantages 

of the infant respiratory system. Respiratory infection and /or inflammation will increase 

airway wall thickness due to oedema, inflammatory exudate etc and increase airway 

resistance in both adults and infants. However in the infant, the effect will be much 

greater both in terms of symptoms and lung function indices such as airways or respiratory 

system resistance. In addition the mucus in CF is viscid and if mucociliary clearance is 

abnormal, as it is in adults with CF, this will contribute to increases in resistance and to 

air trapping.

1.6 Summary

From the first few days of life, histological abnormalities are seen in the lungs. Prior to 

any infection, the primary biochemical defect sets up an environment of abnormal mucus 

which leads to submucosal gland hypertrophy, duct obstruction and mucus cell 

hyperplasia. In addition, mucus plugs may form which contribute further to early 

obstructive airways disease. Abnormal mucus and mucosal damage leading to delayed 

mucociliary clearance with added viral infection allows colonisation with bacteria. The 

possible increase in chloride concentrations in the airway surface fluid leads to loss of its
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antibacterial effects and in particular leaves the airway epithelial surface susceptible to 

P. aeruginosa and S. aureus. The unrelenting cycle of infection and inflammation occur 

and lead to progressive lung damage with bronchiectasis which may be seen as early as 

two months post birth (Bedrossian et al. 1976). Although we cannot yet be certain exactly 

what role is played by genotype, infection, inflammation and nutritional status in CF lung 

disease, therapeutic intervention and research are based on modifying their effects. By 

aggressive treatment of recognised disease, morbidity and mortality have improved 

dramatically, but to improve clinical outcome further, a window of opportunity before 

lung disease is established will need to be identified and exploited. Before undertaking 

large intervention studies in infants, the role of respiratory infection and inflammation and 

the mechanical problems of viscid mucus need to be elucidated. It will be important to 

have a non invasive and sensitive outcome measure to assess intervention and the natural 

history of early lung function changes which will need to be interpreted in the light of a 

complicated disease process with multiple confounding variables such as genotype and 

nutritional status.

Nearly all methods of measuring lung function in infants and young children require 

sedation and specialist equipment. The need for sedation limits the availability of good 

control data, and the need for specialist equipment reduces the numbers of infants which 

may be studied and limits the studies to laboratories that have a special interest in 

measuring infant pulmonary function. Tidal breathing indices however can be collected 

relatively easily, without sedation and require little cooperation making them ideal for 

lung function assessment in young children. The shape of the expiratory tidal breathing 

flow volume (TBFV) curves appears to differ in those with obstructive airways disease. 

The normal curves are rounded in shape while the curves in subjects with obstructive 

airways disease tend to have a more rapid rise to peak tidal expiratory flow (PTEF) and 

then a drop in the flows post PTEF with some exhibiting flow limitation in the tidal range 

and even becoming concave. Morris and Lane in 1981 showed that the proportion of the 

expiratory volume expired before peak tidal expiratory flow, (dV/dt) and the closely 

related and more easily calculated, time to PTEF over expiratory time (tp̂ Ep/tE)» were 

related to the % predicted forced expiratory volume in one second (FEV,) in adults with 

obstructive airways disease and healthy controls. Other investigators since, have also
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found that the shape of the expiratory TBFV curve differs in obstructive airv^ays disease 

and the index tp̂ Ep/tg has been used vvddely in research studies, however the variability of 

tpTEp/tE» makes interpretation difficult. This index is subject to variability for a number 

of reasons: it is based on a single point on the flow /time curve and small movement 

artefacts can affect the measurement, when the curve is somewhat flattened around PTEF, 

the exact PTEF point can be difficult to pick, also tg varies strictly with respiratory rate 

(RR) and tp̂ gp/tg will be likely to vary with RR although the exact relationship with RR 

has not been previously determined. Infants have higher respiratory rates compared to 

older children and adults and as RR may contribute to the variability in the ratio tp̂ gp/tg, 

the relationship between tpjgp/tg and RR is potentially of importance if this index is to be 

used in infants and young children.

1.7 Hypotheses to be tested

1.7.1 Lung function in infants with CF

Infants with CF have increased respiratory system resistance, decreased specific 

conductance of the respiratory system and an increased functional residual capacity when 

compared with healthy controls.

1.7.2 Resting energy expenditure in infants with CF

Resting energy expenditure is elevated in CF infants either because of increased work of 

breathing associated with increased respiratory rate or abnormal pulmonary mechanics, 

or due to inflammation and infection.

1.7.3 A new area index of tidal breathing

An index in tidal breathing based on the area of the expiratory flow volume curve is less 

liable to variability due to respiratory rate than the measure tp̂ gp/tg that is now widely 

used.
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1.8 Summary of aims and objectives of chapters 2 to 6.

L8.1 Chapter 2

This chapter describes the methods and equipment used in the studies described in this 

thesis.

1.8.2 Chapter 3

This chapter addresses the longitudinal changes in pulmonary function and resting energy 

expenditure and the possible relationship between them in CF infants compared with 

control infants over the first two years of life. During infancy, the combination of 

obstructive airways disease due to CF and small airways which are more liable to collapse 

might lead to abnormal pulmonary mechanics with increased R^, decreased sĜ s and 

increased FRC when compared with a group of healthy control infants. Resting energy 

expenditure is thought to be raised in CF but the cause is unknown.

1.8.3 Chapter 4

The techniques described in chapter 3 to assess lung function in infants will be applied 

in a small, cross-sectional, feasibility study of young children under 4 years of age with 

CF to examine whether these methods are also applicable to toddlers as they are not 

cooperative and may be difficult to sedate and manage once sedation has been 

administered. Furthermore, methods applicable in infancy may no longer be feasible in 

older children. A simple, non-invasive method of measuring lung function which could 

be used in both infants and awake toddlers would be of great use in longitudinal 

assessments of young children with CF.

1.8.4 Chapter 5

A new mathematical index derived from expiratory tidal breathing flow volume indices 

(Ai) will be examined with the aim of determining whether Ai correlates with standard 

spirometric and lung volume indices of lung function in older children and adults (both 

healthy and with obstructive airways disease) and is less affected by respiratory rate than 

tpTEp/tE which has been widely used to date. An index which incorporates a measure of 

the shape of the expiratory TBFV curve and which is not based on a single point is likely
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to be less variable. The expiratory TBFV curve is divided into two by a line perpendicular 

to the volume axis at the mid expiratory volume. If the area under the curve corresponding 

to the first part of expiration is called A and the second area bounded by the curve is B 

then Ai is the ratio of A/B.

1.8.5 Chapter 6

This chapter will summarise and discuss the results from these studies.
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Chapter 2. Methodology

The three separate studies which are described are connected by a common theme of 

measurements of lung function in young children with cystic fibrosis and as the types 

of measurement and methodologies overlap, the methodologies are described and 

critiqued in this chapter.

2.1 General conditions

2.1.1 Subject groups studied

2.1.1.1 Chapter 3

Eighteen infants with cystic fibrosis consecutively diagnosed through the neonatal 

screening program in Queensland and ten control infants recruited from staff, parents of 

siblings of patients attending the Cystic Fibrosis Clinic and Well Baby Clinics in the 

community.

2.1.1.2 Chapter 4

Seventeen children with cystic fibrosis aged between 6 months and 42 months were 

enrolled from families who were coming to Brisbane for a routine cystic fibrosis clinic 

or being hospitalised for treatment. Symptomatic children were specifically targeted. 

Patients enrolled in the longitudinal study of lung function and energy expenditure (see 

2.1.1.1) were not eligible for inclusion in this study population.

2.1.1.3 Chapter 5

Fifteen children aged over 8 years with obstructive airways disease (6 with asthma and 

9 with cystic fibrosis) and 24 healthy subjects aged between 8 and 50 years were enrolled.

2.1.2 Investigator 'blinding*

Lung function measurements were made and analysed by the chief investigator (CW) 

who was not blinded as to subject group as CW was involved in the clinical care of
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patients with cystic fibrosis and responsible for the recruitment of all subjects. Repeat 

analysis of a random sample of lung mechanics measurements from the longitudinal 

study of lung function and energy expenditure was performed by an investigator blinded 

as to subject group for the assessment of possible investigator bias. Measurements of 

energy expenditure and total body potassium were made and analysed while blinded as 

to subject group by one of the scientists in the Children's Nutrition Research Centre, 

RCH, Brisbane. The subjects were identified by number.

2.L3 Statistical analysis

The statistical analysis used in each study is described in detail in the relevant chapters. 

In general, measurement values to be compared between groups were averaged and the 

means of the groups were compared using a Student's-t test. Linear regression models 

were developed for the analysis of repeated measures and longitudinal data. Where data 

were skewed, logarithmic transformations were undertaken. There were some 

difficulties in conducting power calculations for much of the work as there were few 

previous appropriate data on which to base the calculations however, where possible, 

these calculations were made prospectively and are described in the text.

2.2 Measurement conditions

2.2.1 Anthropomorphic measures

2.2.1.1 Infants

On the day of each test, length was determined to the nearest 0.1 cm while the infant was 

supine on a stadiometer (Holtain, Dyfed) and bare weight was measured on a Mercury 

paediatric electrical scale (Thebarton, Australia) to the nearest 0.01 kg. Weight and 

height were converted to a Z score in order to allow easy comparison between values. 

The mean Z score is zero and standard deviation is 1. To convert to Z score the 

difference between the measured weight and the mean of the sample of normal weights 

at that age and sex is divided by the standard deviation of the normal sample weights. 

Normal values for Z score calculations were based on W.H.O tables published in 1983 

(1983).
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2.2.1.2 Older children and adults

Subjects were weighed dressed without shoes to the nearest 0.5 kilogram on Seca 

mechanical scales ( Germany) and measured to the nearest 0.1 centimetre on a 

stadiometer (RCH, Brisbane, Australia).

227.5 Calibration

Scales and stadiometers are calibrated weekly using standard weights and steel rods.

2.2.2 Sedation.

No sedation was given before resting energy expenditure was measured. Only CF infants 

and siblings of a CF child were sedated for testing if testing could not be done unsedated. 

Where possible, children were studied during a day time nap but if this could not be 

done, or if after two attempts on different days the infant would not sleep and sedation 

was required, chloral hydrate (60-75 mg/kg) was administered orally. When sedation 

was required, heart rate and oxygen saturations were monitored using a Criticare 504 

oximeter ( Criticare systems inc USA). (See section 2.4.1.1 for discussion on the use of 

sedation.)

2.2.3 Sleep state

All infant lung function testing was done in behaviourally defined quiet sleep (Prechtl 

1974). Active sleep was defined as frequent eye, limb, and facial movements and by 

irregular respiration with or without paradoxical rib cage movement. When active sleep 

was noted, measurements were ceased until movements had stopped. Because active 

sleep may reduce FRC in infancy (Henderson-Smart and Read 1979) and because falls 

in FRC could occur prior to obvious eye, limb or facial movements, a stable baseline 

FRC was defined as FRC reproducible to within +/- 10%. Toddlers who had repeat lung 

function tests twelve months after the first test had measurements made while awake 

watching a video.

55



2,2.4 Posture for measuring lung function

2.2.4.1 Infants

Lung Function testing was done with the infant supine, the neck slightly extended, the 

head in a midline position and a face mask over the mouth and nose. Sedated infants and 

some unsedated infants were placed on a wedged board 5 cm high at one end and 2 cm 

at the other end. The board was covered with a blanket and sheet and the shoulders 

placed at the highest edge with the head on the bed below. The head was supported on 

either side by saline bags wrapped in towelling and the neck position adjusted for each 

infant to achieve slight extension by placing folded material under the head. The three 

cm incline was used to try to minimise gastro-oesophageal reflux (GOR) while achieving 

as close to a standard supine position as possible as the high incidence of GOR in CF 

infants is well recognised. This position allowed good support of the upper airway 

during sedation. Great care was taken to ensure that unsedated infants were also tested 

supine with the neck slightly extended and the head in a midline position but as some 

infants woke when moved, measurements were made in a parents lap on a pillow or a 

pram using saline bags wrapped in towelling or folded material to achieve the same head 

and neck position.

2.2.4.2 Toddlers

The first measurements were taken with the child supine, the shoulders supported with 

a neck roll and the head in a neutral position. Children who had repeat measurements 

were tested while seated watching a video with the head maintained in a neutral position 

by the investigator holding the mask, (see section 2.4.1.2)

2.2.4.3 Older children and adults

Subjects were seated in front of an adjustable table holding the mask with their hands 

and the elbows supported on the table with the head maintained in a neutral position. 

Subjects were unable to see the tidal breathing flow volume loops on the screen during 

collection of data. Spirometry was performed standing with a nose clip and lung volumes 

were measured while seated in the Jaeger body plethysmograph (Wuerzburg, Germany).
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2.2.5 Laboratory conditions

Environmental temperature was maintained between 20-25°C. Temperature and 

pressure were measured prior to each test on a combined thermometer/barometer (A. 

L Franklin P.T.Y. L.T.D. Scientific instrument makers, Brookvale, N.S.W.) and entered 

for correction to DTPS on the Sensor Medics 2600 and the Jaeger Body Plethysmograph.

2.3 Measurements

2.3.1 Sensor Medics 2600 Pediatric Pulmonary Function Laboratory ( Sensor Medics, 

Yorba Linda, California ).

This is a commercially available system for measuring lung function in young children. 

It is an automated, computerised system which can measure tidal flow volume loops, 

pressure volume curves, Hering-Breuer inflationary reflex (HBIR) and single occlusion, 

passive respiratory mechanics. Additional options include functional residual capacity 

using a continuous circuit nitrogen washout.

2.3.1.1 The pneumotachograph

Tidal breathing flow volume loops were measured using triple screen Hans Rudolph ( 

K.C., MO. U.S.A.) pneumotachographs. Infants less than 8 kg used the 0-10 L/min 

pneumotachograph (PN) with flow resolution 0.03ml/sec, volume resolution of 0.04 ml 

and a volume range 0-127ml. Infants and toddlers over 8kg used the 0-30 L/min 

pneumotachograph with flow resolution of 0.06ml/sec, volume resolution of 0.12ml and 

volume range of 0-255ml and older children and adults used the 0-100 L/min 

pneumotachograph with a flow resolution of 0.25 ml/sec, a volume resolution of 0.5- 

1.0 ml and a volume range of 0- 2048 ml.

2.3.1.1.1 Calibration

The pneumotachograph was calibrated using a 100ml standard Hans Rudolph syringe 

prior to each test. The calibration was done using the equipment that was to be used so 

if the pneumotachograph was in series with the occlusion valve for testing this was how 

it was calibrated. The pneumotachographs were not heated. Correction for BTPS,
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required because the pneumotachographs used were volumetric transducers, was made 

automatically after entry of the temperature and pressure at the start of each test.

Pneumotachograph assembly Total Resistance (kPa.L'^s) Deadspace(m]̂

0-10 L/min 0.0006 1.4

O-lOL/min+occlusion valve 0.82 3.2

0-30L/min 0.0004 4.5

0-30L/min +occlusion valve 0.0004 9.5

O-lOOL/min 0.0002 14

The larger occlusion valve does not affect total resistance although the mini occlusion 

valve has a considerable effect on the total resistance. The Rrs values are corrected by 

the computer for the resistance of the pneumotachograph and occlusion assembly. The 

linearity of the pneumotachographs calibrated with or without the occlusion valves is 

+/- 2% of the reading from the best straight line.

Pressure transducers have a linearity +/- 0.5% of the best straight line with a hysteresis 

of 0.5% of the pressure excursion.

Airway pressure was calibrated every few weeks because it varied so little. Airway 

pressure was calibrated with the pneumotachograph and occlusion valve assembly in 

series using the purpose built manometer on the side of the 2600. A two point 

calibration with zero and 10 cmHjO was used. With increasing use and sterilisation 

however the occlusion valve assembly developed small leaks which required full 

dismantling, regreasing and reassembly approximately every 5-6 months.

25.7.2 Masks

A soft seal infant face mask (Vital Signs) with 25ml dead space was used to one year 

of age and then a similar toddler mask (Vital Signs) was used with a dead space of 45ml 

(see section 2.4.2.1). Teenagers and adults used a Soft-Flex small adult disposable mask 

(SIMS Rydalmere, NSW) with a dead space of 90ml.

58



2.3.1.3 Tidal breathing flow volume loops

Measurements using the 0-10 L/min and 0-30 L/min pneumotachographs were made 

with the pneumotachograph and occlusion valve in series. For infants less than 8 kg this 

increased the dead space by 1.8 ml and for infants over 8 kg it increased the dead space 

by 5 ml. Measurements using the 0-100 L/min pneumotachograph used the 

pneumotachograph alone.

Between 8 and 12 loops were used to calculate tidal breathing indices. The time to peak 

tidal expiratory flow over the expiratory time ( tp̂ gp/tg ), respiratory rate (RR), tidal 

volume (Vy) and ratio of flows at 25% volume above end expiration to peak tidal 

expiratory flow ( 25/PTEF ) were averaged from loops that were acceptable (fig 2). 

Criteria for acceptability included closed loops with a ratio of expiratory to inspiratory 

volume of between 90% and 110%, and loops that were free of obvious movement 

artefact. Loops were selected only on the basis of being closed and not on the basis of 

shape. When regular breathing was established one to two minutes after the placement 

of the mask, 4 breaths were selected for viewing and any loops that were closed were 

stored. This process was repeated, processing 4 loops at a time until 12 were stored (see 

section 2.4.2.2).
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Figure 2
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2.3.1.4 Respiratory Mechanics

Passive respiratory mechanics were determined by the single breath, end- inspiratory 

occlusion technique (LeSouef et ai. 1984). A dual piston pneumatic occlusion valve in 

series with the pneumotachograph was used to occlude the airway briefly at end 

inspiration and provoke a Hering- Breuer inflationary reflex (HBIR). Infants less than 

8kg used an occlusion valve with 1.8ml deadspace and infants over 8 kg used the 

occlusion valve with 5ml deadspace. An increase of greater than 25% expiratory time 

was regarded as a positive HBIR (Rabbette et al. 1991a). Up to 20 occlusions were 

stored and data from a minimum of 5 acceptable occlusions were averaged to determine 

the compliance and resistance of the respiratory system. There was a gap of at least 5 

breaths between occlusions. An acceptable occlusion required an adequate expiratory 

flow volume curve to achieve a best fit straight line over at least 25% of the passive 

expiration and a stable plateau pressure maintained for 100 msec. Leaks around the face 

mask lead to a post occlusion step- up of end expiratory volume and a falling pressure 

at the airway opening (Pao). Any occlusions with a leak detected were not used. Possible 

bias and discussion of this method can be found in section 2.4.2.3.

The slope of the best fit straight line gives the time constant of the respiratory system 

(irs). The compliance of the respiratory system (C,g ) is the extrapolated volume at zero 

flow divided by the pressure at the airway opening at the end of occluded inspiration. 

The resistance of the respiratory system (R^j is the Pao at end occluded inspiration 

divided by the extrapolated flow at that airway pressure. The specific conductance of the 

respiratory system was calculated because resistance is dependent on the lung volume 

at which it is measured. Specific conductance is related to the fourth power of the airway 

radius and so is a powerful index of airway function. C,g is also dependent on the lung 

volume and so specific compliance (sC J which is C,g/FRC was used for comparison 

between infants.

2.3.1.4.3 The SensorMedics 2600 inbuilt acceptability criteria

The SensorMedics 2600 equipment regards the following tests as invalid:

a. when there is early inspiration
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b. when a plateau of predetermined length is not reached

c. if an airway pressure plateau greater than 3 cmHjO with variability less than +/-

0.125 cmHjO has not been achieved within one second

d. if the expiratory time is greater than 3 secs.

2.3.1.5 Functional residual capacity (FRCj^^ in infants and toddlers (see section 2.4.2.4) 

FRCn2 was measured using an open circuit constant flow nitrogen washout technique 

with a fast response ultraviolet nitrogen analyser having a response time under 50 msec. 

A computer controlled pneumatic breathing valve was used to switch the infant from 

breathing room air into the oxygen circuit at end expiration and the pneumotachograph 

was connected in series with the valve so that the automatic switch into the circuit was 

achieved. For the first 6 months of the studies there was no automatic switch from air 

into the circuit provided by the software, so this was performed manually. This was 

done by the investigator watching the chest and abdominal movements and depressing 

the foot pedal close to the estimated end expiratory level in order to allow the switch to 

the oxygen circuit to occur. The foot pedal was depressed fi*actionally before end 

expiration was achieved, allowing time for the foot pedal to be depressed, and the switch 

to occur. The manual switch will lead to increased variability in the measurement of 

FRC due to the exact moment of the switch occurring. The accuracy of timing was 

improved by using a movement detector which was being assessed as part of another 

study (Herbert 1995). This was a device using two small plastic flaps with a fibre optic 

cable hinged at the centre with a light source at one end and light detector at the other. 

The device was taped over the left side of the infant with the hinge corresponding to the 

thoraco-abdominal junction. The amount of light detected corresponded to movement 

of the chest and abdomen and the tidal trace could be viewed on a portable computer. 

Respiratory rate, inspiratory and expiratory time were accurately recorded using this 

device which was validated against respiratory inductance plethysmogaphy and the 

SensorMedics system with a pneumotachograph and face mask.

At least two FRC measurements reproducible within 15% of each other were taken to 

ensure that there was a stable FRC, and the values averaged. A gap between
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measurements at least as long as the previous nitrogen washout was made. The nitrogen 

analyser was calibrated using a flow of oxygen from a wall outlet. The flow was set from 

the peak tidal inspiratory flow (PTIF) obtained from tidal breathing flow volume loops.

Flow (L/min) = PTIF (ml/seel x 60 + 20 to 30%

1000

If the flow was inadequate and a satisfactory trace was not obtained, the flow was 

increased and the calibration repeated. A satisfactory washout curve was determined by 

looking at the trace on the computer screen and seeing that there was a fall in nitrogen 

concentration to the zero line without recurrent deviations from the decay curve which 

could be due to the bias flow of oxygen being too low or too high {fig 3). If the flow was 

too low to match the infant's inspiratory flow the infant would inspire from the 

expiratory line which showed up as oscillations in the decay curve and if the flow was 

too high there was a bolus effect with nitrogen concentrations in the nitrogen analyser 

increasing suddenly and again causing oscillations in the decay curve {fig 4). The 

deadspace of the mask and valve system was 28ml or 48ml depending on the size of 

mask used and this was subtracted from the measured value.

2.3.1.5.1 Calibration

The nitrogen analyser was calibrated prior to each test. The analyser was zeroed and 

calibrated to room air and the needle valve was 'peaked' prior to each test. The needle 

valve restricts gas flow into the nitrogen analyser and needs to be adjusted or 'peaked' 

to obtain the optimum negative pressure in the analyser to achieve maximum ionisation 

of nitrogen. A Hans Rudolph standard calibration syringe (either a 100ml or a 1000ml 

syringe) was used for volume calibration and two volumes were chosen to span above 

and below the expected volume. Care was taken to match the respiratory rate and tidal 

volume of the infant as closely as possible during calibration as this has been found to 

influence results (Modi et al. 1994). If the FRC was found to fall outside the calibration 

span, the calibration volumes were repeated so that the FRC would fall between them. 

If there was an unsatisfactory trace due to the bias flow of oxygen requiring adjustment, 

the flow was altered and the calibration repeated.

63



Figure 3. Satisfactory nitrogen washout curve.
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Figure 4. Recurrent deviations in washout curve 
because of inadequate bias flow
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2.3.2 Body plethysmography in older children and adults

Lung volumes were measured using a Jaeger body plethysmograph (Wuerzburg, 

Germany). The subject was seated in the body plethysmograph and breathed normally 

through the mouthpiece. The door of the plethysmograph was sealed and measurements 

commenced 1 minute after closing the door to allow for temperature compensation. The 

tidal breathing trace was examined to ensure a stable FRC and then the shutter was 

activated while the subject breathed against the occlusion and then the shutter was again 

opened. Thoracic gas volume at FRC (FRCp,eth) and specific airways resistance was 

recorded for each attempt and at least two attempts were made. Then a slow vital 

capacity breath was performed with the subject breathing out as deeply as possible, 

slowly inhaling to a maximum and then breathing out as deeply and completely as 

possible. The best of 5 manoeuvres was selected automatically by the computer. 

Training took a variable amount of time depending on the age of the subject, with 

younger individuals usually requiring substantial training and multiple attempts before 

performing the test reproducibly. Reproducibility was defined as performing two tests 

with adequate effort, as determined by an experienced respiratory scientist, with results 

within 10% of each other. Total lung capacity (TLC), residual volume (RV), FRCpî t̂  

were recorded and RV/TLC ratio determined. Values were given as percentage predicted 

based on published normal data (Hibbert et al. 1989) (Polgar and Weng 1979). 

Calibration was performed prior to each test according to the manufacturer's instructions.

2.3.3 Spirometry

Spirometry was performed according to ATS standards (Anonymous 1994). Subjects 

were tested while standing with a nose clip using a Vitalograph spirometer (FSE 

Brisbane, Australia). Forced expiratory volume in one second (FEY,), forced expiratory 

vital capacity (FVC) and forced expiratory flow between 25% and 75% of forced 

expiration (FEE 25-75) were recorded from the best values from two or three 

reproducible forced expiratory manoeuvrers (variation of less than 10% between 

manoeuvres). Subjects with CF may have difficulty performing repeated spirometry 

because of coughing so only two reproducible forced expiratory manoeuvres were
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required. Values were recorded as percentage predicted based on Australian normal data 

(Hibbert et al. 1989) This allowed comparisons between subjects irrespective of size and 

sex.

2.3 J  Chest roentgenogram ( CXR)

CXR was taken at diagnosis and yearly in all CF infants. No CXR was done on the 

control group except for medical reasons. Seven CXR done through the hospital for non 

respiratory indications, such as asymptomatic heart murmur (with no heart lesion on 

echocardiography), were also scored as controls. All the CXRs were scored according 

to the Wisconsin method (see section 2.4.2.5 and appendix 18) (Weatherly et al. 1993) 

by a paediatric radiologist who was blinded to the diagnosis.

2.3,5 Body Composition (see section 2.4.2.6)

Total body analysis (TBK) was measured using a whole body counter adapted for 

use in infants (Shepherd et al. 1989) (Greer et al. 1991).

The counter employs three sodium iodide scintillation detectors shielded from 

background radiation by a minimum thickness of 10cm of low background steel. Each 

sodium diode crystal has a cross section of 40 x 10 cm  ̂and is 10cm thick. The detectors 

are arranged to form a plane of detecting material 40 x 30 cm  ̂ over a scanning bed (fig 

5).

Infants of 6 months or less were measured while stationary for 20-40 minutes beneath 

the detector array. A wall of steel blocks was built to shield one side of the scanning bed 

to reduce the effect of background radiation. Older infants and young children were 

measured while lying on the scanning bed as it passed beneath the detectors. The results 

from two 20 minute runs beneath the detectors were averaged.

Total body potassium was determined by comparison of the intensity of the 1.46-MeV 

Y rays measured for the subject with that measured in an identical fashion for 

phantoms containing known amounts of potassium. The contribution from background
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radiation was subtracted from the measured intensities.

2.3.5.1 Validation and Reproducibility

Previous reproducibility studies have been conducted using this equipment by taking 

repeated measurements of a subject who had been given an oral dose o f . The results 

of the reproducibility study were consistent with the largest source of uncertainty being 

due to the counting statistics (+/- 0.9%). The effect of movement and position was small 

(Shepherd et al. 1988b). The precision of the measurement is dependent on size and 

counting time with the precision increasing with size of subject and count time. For 

example, a 40 minute count of a 3kg infant with a potassium content of approximately 

6g results in a coefficient of variation of +A4%. The same coefficient of variation of +/- 

4% results if only a 20 minute count is performed on a 30 kg subject with a potassium 

content of approximately 60g.

2,3.6 Resting Energy Expenditure (see section 2.4.2.7)

Resting energy expenditure (REE) was measured using a high resolution, open circuit, 

indirect calorimeter previously validated for use in infants on this equipment (Thomson 

et al. 1995a) {fig 6). A canopy was used to collect the expired respiratory gases. The 

infant was placed under a canopy usually following a feed if under 6 months or a 2-4 

hour fast if over 6 months and the expiratory gases collected. Feeding may increase REE 

values and feeding status was recorded with each test as there was variability in both CF 

and control groups with regard to feeding history. There was a 3 minute stabilisation 

period and then infants were studied over a ten minute period in a humidity and 

temperature controlled environment. The software program allows "noise" to be 

screened out if the infant becomes agitated. Most infants were studied while asleep 

although some were awake but quiet during testing and sleep state was not monitored.

Resting energy is influenced by cell turnover and the energy requirement of cells 

(Ferrannini 1988) so REE was normalised by dividing by the TBK.
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2.3.6.1 Calibration and validation

Calibration was performed immediately prior to each test using standard concentrations 

of gases. The accuracy of the calorimeter was estimated in vitro using methanol 

combustion. Accuracy on methanol combustion for VOj and VCO2 with this equipment 

is 0.06+/- 2% (n=30)(Thomson et al. 1995a).
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Figure 5. Accuscan shadow shield body counter used for m easuring total body 
potassium .

1. Scanning geometries are used where the subject is scanned relative to the detector 
throughout the count. The detectors are 3 thallium activated sodium iodide scintillation 
crystals (Polyscin crystals) which are shielded from background radiation by lead and steel 
sheeting in the turret. The high voltage lines and output signal from the detectors pass 
through a small slot in the side o f the turret. The output from the detectors is summed 
directly to a single amplifier and a digital signal produced.
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2. Bed movement is achieved by a digital stepping motor driving a worm screw connected 
to the bed via a recirculating ball nut. Speed can be altered between 2-270 minutes per run 
and automatically corrects for the dead-time o f  the system. The bed is made o f  steel sheet 
supports resting on two 4.3 m presision steel guide rails connected by a number o f  linear 
ball bearings resulting in minimal friction during scanning.
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3. Modifications for infants under 6 months are required because background radiation will 
interfere to a greater extent with small infants who have smaller amounts o f A 12% 
reduction in background radiation is achieved by enclosing the detector area using a wall 
made o f  lead brick (49.5x 58 x 5cm) in an alluminium frame. The infant is placed in a 
bassinet with lead sheeting underneath and measurements are made using stationary 
geometry.
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Figure 6. Indirect calorimeter circuit used for measurement o f resting energy expenditure.
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2.4 Critique and discussion of methodology

2.4.1 Measurement conditions

2.4.1.1 The use o f chloral hydrate

Sedation of healthy infants for research purposes was felt to be unethical except where 

a possible benefit to a sibling could be derived. However, it is often difficult to conduct 

complicated measurements of infant pulmonary fimction without the use of sedation as 

young children are in general not cooperative. The most widely used sedatives are the 

chloral derivatives because the effect on respiration has been carefully studied by 

different investigators and shown to have minimal effects on respiratory function. 

Jackson et al looked at the effect of triclofos sodium sedation in 10 infants aged between 

4 and 19 months on respiratory rate, heart rate and oxygen saturations (Jackson et al. 

1991). Only a small rise in respiratory rate of 1.9 breaths per minute was statistically 

significant at the 5 % level which is neither clinically significant nor likely to contribute 

to differences in the present studies. Jackson's group measured respiratory rate using 

respiratory inductance plethysmogaphy while Tepper et al noted a respiratory rate of 40 

in sedated infants and 46 in unsedated infants (Tepper et al. 1986). Tepper's higher 

respiratory rates are closer to values from our study at the equivalent age probably 

reflecting the younger infants in these studies and the respiratory load due to dead space 

through a mask and pneumotachograph. Stocks et al found that tp̂ p̂/tg was unlikely to 

be affected by sedation with triclofos sodium in infants older than 1 month (Stocks et al. 

1994). Rabbette et al demonstrated that the strength of the Hering-Breuer inflation 

reflex (HBIR) was not affected by sedation with 75mg/kg triclofos sodium in full term 

healthy infants between 4 and 8 weeks of age although the effect of sedation on the 

HBIR in older infants and young children is not known (Rabbette et al. 1991b). Turner 

et al found there was a small decrease in tidal volume following sedation but no changes 

in FRC or other respiratory parameters (Turner et al. 1990). In the present infant study 

more of the CF infants were sedated compared to controls because it was not possible 

to sedate control infants who were not siblings of CF patients. Two out of nine control 

infants were sedated for some of the tests and sedation was used in just over 50% of tests 

in CF patients. It will be shovm subsequently that there were no detectable differences
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in results between CF patients who were sedated compared to those who weren't, 

although the numbers were too small to assess the effect of sedation on healthy controls. 

Chloral derivatives are known to reduce the activity of the upper airway (Hershenson et 

al. 1984) which may lead to airway collapse in children at risk of upper airway 

obstruction due to craniofacial abnormalities or enlarged adenoids and tonsils. This 

effect could theoretically influence the measurement of respiratory system resistance 

because of the large influence of the upper airway in this measurement, although we did 

not see any evidence of this.

2.4.1.2 Diurnal variation in lung function

Studies were not performed at the same time of day as a result of changing patterns of 

regular nap times. This is of course not ideal as there is recognised diurnal variation in 

lung function in older children with cystic fibrosis (Holzer et al. 1981). There is no 

available literature on diurnal variability of lung function measurements in infants with 

cystic fibrosis. However there was no systematic difference between the time of day that 

CF infants were tested and the time of day control infants were tested and it is unlikely 

that differences between the groups could be due to diurnal variation.

2.4.1.3 Measurement position for lung function measurements in the toddler study. 

Analysis of the toddler data and longitudinal comparison of values over time are 

complicated by the different positions adopted during testing. The influence of position 

is known to be important in the measurement of tidal breathing indices in preterm 

neonates measured through a mask and pneumotachograph (Reiterer et al. 1994) . 

Although the effect of posture on measurement of respiratory mechanics, ventilation and 

lung volume has been documented for infants (Gaultier et al. 1995) the effect of supine 

and sitting posture on passive respiratory mechanics is not known.

2.4.2 Measurements

2.4.2.1 Effects o f a mask

The placement of a face mask, however carefully, may alter the pattern of tidal breathing 

through stimulation of the trigeminal nerve (Dolfm et al. 1983) although there are some
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data which suggest that tp^^p/1̂  may be unaffected (Stick et al. 1992).

The dead space due to mask and pneumotachograph used, represents a considerable 

respiratory load which may increase tidal volume and alter respiratory rate particularly 

in small infants. In infants weighing 4 kg for example, there would be an increased 

respiratory load of around 6 ml/kg which is approximately the tidal volume of the infant. 

An increased load will tend to increase tidal volume but may also result in some increase 

in respiratory rate. In studies with data from a prospectively enrolled control group, 

values can be compared between groups because respiratory loading will be the same 

for the study and the control groups but comparing data across studies using different 

methodology or different conditions will be difficult and discussion of absolute values 

tempered by the knowledge of the increased respiratory load.

2.4.2.2 Measurement o f tidal indices from tidal breathing flow volume loops

This type of analysis is subject to bias because the operator selects individual breaths 

during collection of data. This bias was minimised by strictly choosing all those loops 

that were closed and did not have obvious movement artefact and not choosing on the 

basis of shape. This highlights the importance of prospective criteria for acceptability 

which are strictly adhered to in this sort of analysis or results may be biased.

Stocks et al showed that under 6 weeks of age tp̂ p̂/tg had greater intrasubject variability 

and to get a closer estimate of a true value at least 15-20 breaths per infant were required 

(Stocks et al. 1994). With infants older than 6 weeks there was less intrasubject 

variability and 10 breaths may be adequate. The current studies are limited by the small 

number of breaths used (8-12) to estimate tidal indices and in particular tpppp/tp. However 

infants were 4 weeks or older at the time of study and mean age at first study was 

around 10 weeks of age.

2.4.2.3 Critical analysis o f the use o f the single breath end- inspiratory occlusion 

technique

The exact number of satisfactory occlusions to use to determine the true values is not
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known and recommendations are that a minimum of 5 occlusions is acceptable (Fletcher 

et al. 1996). Although 5 satisfactory occlusions were obtained and a mean value 

calculated for R,,, sĜ g, sĈ s, the intersubject variability and comparison of results 

between two or more occasions on one baby were not examined.

Although the volume and flow time traces could be seen during data collection the flow 

time trace could not be stored for future reference which can make quality control more 

difficult during analysis of data.

When the pneumotachograph is placed between the occlusion valve and the face mask, 

it will get pressurised during occlusion. There has been concern about the effect of 

pressurisation on the pneumotachograph but Coates et al showed that the while there 

was a transient artefact introduced by pressurisation of a screen pneumotachograph 

(Hans Rudolph 4500), it diminished so quickly it would have little effect on 

measurements in infants, provided the flow transducer was properly balanced (Coates 

et al. 1995).

A shorter portion of the expiratory flow volume than has been recommended for analysis 

(Fletcher et al. 1996) was regarded as acceptable by the SensorMedics system which 

may result in greater deviation from linearity over the expiratory flow volume curve than 

is ideal. There is also room for potential operator bias in that the portion of the 

expiratory flow volume curve to be analysed can be manually adjusted to cover the 

linear portion of the trace (see section 2.4.2.3.1).

2.4.2.3.1 Potential bias and reproducibility o f single breath end- inspiratory occlusion 

technique

To assess potential bias in the analysis, a random sample of 36 tests out of 72 available 

were analysed by an investigator (PF) blinded to diagnosis and the results compared with 

the original analysis. Randomization was achieved by giving each test a number and 

then 36 numbers were randomly generated using a computer. The investigator (PF) was 

briefly trained to analyse the expiratory flow volume tracing and generate a best fit
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straight line fit using the computer. Respiratory system resistance was used as the 

measured value to compare the analyses. Seventeen tests on controls and nineteen tests 

on CF infants were analysed (Bland and Altman 1986). There was a close relationship 

between test results as can be seen on the scatter plot of results from investigator CW 

against results from investigator PF demonstrated in fig  7. The results were then 

analysed by plotting the difference between the investigators (Rrs result PF - Rrs result 

CW) against the mean Rrs for the control group {fig 8) and the CF group {fig 9).
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Figure 7. Scatter plot of Rrs values from a random sample of CF and control infants analysed by CW
against Rrs results analysed by PF
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Figure 8. Rrs in control infants analysed by PF minus Rrs in control infants analysed
by CW plotted against the mean of the two Rrs values
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1.1

Figure 9. Rrs in CF infants analysed by PF minus Rrs analysed by CW plotted against
the mean of the two Rrs values in CF infants
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2.4.23.2 Results o f comparison o f two observers

The mean difference between PF and CW for controls was 0.13 kPaL 's'  ̂with a standard 

deviation 0.2. The 95% confidence interval (95%CI) were between -0.27 to 1.53 kPaL' 

*s'’ according to which observer performed the analysis. The mean difference between 

PF and CW for CF infants was 0.33 kPaL 's ' with a standard deviation of 0.4. The 95% 

Cl for CF infants were between -0.47 to +1.13 kPaL'^s’’ according to which observer 

performed the analysis.

There was an obvious, consistent bias with PF results leading to a higher estimate of 

for both controls and CF infants with a higher scatter apparent in the analysis of the CF 

data. This was due to PF consistently using the flatter portion of the curve towards end 

expiration. However had the results from CW been biased towards a higher in CF 

infants and lower R^ in controls in order to maximise the difference between groups, the 

mean differences between the observers would have shown a large positive mean 

difference between investigators for controls and a negative difference for CF data. This 

was clearly not the case and so it can confidently be assumed that there was no bias of 

the results due to lack of blinding. The variability due to the different observers was 

probably increased somewhat by the relative lack of training of PF, but was low.

2.4.2.4 Critical analysis ofFRC measurement

The FRCn2 measurement terminates when the nitrogen concentration falls below 0.6% 

but there is a question about the optimum concentration for termination of measurement 

and Modi et al found their measurements in over 250 infants varied widely for different 

nitrogen concentrations (Modi et al. 1994). This may lead to problems interpreting 

absolute values and in comparing between studies using different methodology but 

allows comparison between groups of infants tested using the same standards.

There is little evidence regarding the number of FRC^j measurements required to be 

relatively certain that the mean value is a true value. Measurements in triplicate have 

been recommended (Tepper et al. 1996) but while the greater the number of 

measurements is in general a good principle, with FRC measurements that may vary
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with sleep state, increasing the number of measurements may increase variability rather 

than reduce it.

There is no standard time recommended for the interval time between washouts but it 

would seem reasonable to allow at least the time for a washout to restore the gas 

composition.

2.4.2.4.1 Storage and quality control o f FRCj 2̂ data

One of the disadvantages of this system is that copies of the washout curves could not 

be stored for later analysis and validation without printing or photographing the curve 

at the time. This was not done because printing the curves sometimes led to loss of the 

data because of software problems and photography was too costly. A decision had to 

be made immediately to accept a washout curve or not based on visual assessment of the 

curve itself.

2.4.2.4.2 Validation o f FRC measurements

Validation of the FRC was conducted by measuring a known volume in the calibration 

syringe. Validation was not done for every test and validation records were only kept for 

the final year of the study. As the SensorMedics 2600 system automatically adjusts for 

BTPS the measured results from the validation were adjusted using standard tables to 

ATPS. Twelve validation tests were available and the results are shown in table 1.
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Table 1. Results of FRC^z validation tests.

Amount in 

syringe in ml

Corrected, measured FRC 

in ml

Difference between 

measured and actual FRC

240 241 1

290 292 2

380 371 -9

200 191 -9

250 243 -7

200 206 6

200 194 -6

150 160 10

240 238 -2

250 263 13

200 191 -9

150 146 -4

Mean 229 -1

SD 8

The accuracy of the FRC measurement is the measured value minus the actual value +/- 

two standard deviations and this is +/- 16ml. There was no apparent change in the error 

with size, with a correlation coefficient of -0.2 but the range over which these 

measurements were taken is small. In this range the error is thus around +/-10 % which 

is acceptable. However, the accuracy may be more of a problem with low FRC values 

when 16 ml may represent approximately 20% of the measured value. In the longitudinal 

infant study described in chapter 3, there were 19 out of 160 FRC measurements which 

were less than 140 ml and so subject to a proportionately larger error with a range for 

these measurements of 62 to 139 ml. The majority of measurements for the infant study 

and all the toddler study described in chapter 4 were made in the range of the above 

validation. The error is likely to have affected results for both CF and control groups in 

the longitudinal infant study and therefore should not affect the analysis between the
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groups but is likely to be of more consequence in studies involving very young infants 

and in comparisons between studies.

The within -subject variation was not examined in this study although the within-subject 

reproducibility for FRCn2 has previously been found to be high v^th a coefficient of 

variation of 3.6% by Gappa et al (Gappa et al. 1993). This is potentially important 

because values of FRC which are rejected are not stored in this system. This could lead 

to bias with the operator choosing which FRC measurements to use and no quality 

control to assess why some values were rejected and how many measurements were 

taken. To avoid this problem, all technically satisfactory FRC measurements could be 

included with the number of measurements made recorded and reported along with the 

mean value +/- standard deviation of the measurements.

2.4.2.5 Scoring o f CXR

The Wisconsin scoring method was employed because it generates score differences that 

are large enough to detect the progression of mild lung disease and has been validated 

for use in a longitudinal study from infancy to age six (Weatherly et al. 1993). Other 

scoring systems such as the more commonly used Brasfield system (Brasfield et al. 

1979) have been developed to score the radiological appearance of moderate to severe 

CF lung disease as defined by clinicians and may not be sensitive enough to discriminate 

between degrees of mild lung disease. Scoring systems such as the Wisconsin and 

Brasfield do require a lateral chest film for accurate scoring. Lateral chest radiographs 

are not performed in our institution because they involve an increase in radiation dose 

and thus the Wisconsin scoring system used was a modified version giving a score of 

zero for the lateral view components. The Wisconsin score is calculated firom the 

following equation:

Wisconsin score = (O.OT̂ -1) ^ -0.99 where A = 0.125 x hyperinflation score + 0.125 x 

peribronchial thickening score + 0.3125 x bronchiectasis score + 0.125 x 

nodular/branching opacities score +0.125 x large round/ ill-defined opacities score 

+0.1875 X atelectasis score.
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A maximum score for hyperinflation using both views is 1 and without the lateral view 

is 0.375. As hyperinflation is often one of the early features of radiological change in 

CF the lack of a lateral view would reduce the sensitivity of the scoring system.

2.4.2.6 TBK measurement

Potassium occurs throughout nature as a mix of isotopes with 0.01% potassium as the 

radioactive isotope '‘“K which has a half life of 1.25 x 10̂  years. The natural isotope 

is present in a fixed proportion and thus by measuring this isotope with the whole body 

counter, the amount of potassium in the body can be estimated. Potassium is a major 

intracellular cation and is maintained within strict concentration limits inside the cell. 

Ninety eight percent of body potassium is located in the body cell mass so measurement 

of TBK gives an estimate of the work performing, metabolically active body cell mass 

(BCM) (Kinney et al. 1963) (Moore et al. 1963). Two studies of intracellular 

potassium levels in CF (Roznick et al. 1981) (Izutsu et al. 1985) have indicated that there 

are normal intracellular concentrations in this disease so that TBK can be used as an 

estimate of BCM while avoiding the problems of alterations in hydration affecting fat- 

free mass during infancy and in disease states.

2.4.2.7 REE measurement

Indirect calorimetry is a method which estimates metabolic rate from measurements of 

whole body oxygen (O2) uptake and carbon dioxide (CO2) release. The respiratory 

quotient (RQ) is the ratio of CO2 production to O2 uptake.

The energy production in kcal/min = (constant) VO2 + (constant) VCO2 + (constant)

urine nitrogen excretion (N)

Ignoring the nitrogen excretion for determination of REE leads to an error of around 

1.2%(Ferrannini 1988). The nitrogen excretion is ignored for these measurements 

because of the difficulty in getting timed urine samples in young children and the 

introduced error is small.
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Sleep state was not monitored but may affect REE. As a comparison between two groups 

who were having measurements made under the same conditions was being performed, 

the difference between groups would be unlikely to be due to differences in sleep state 

between the groups.

In vitro accuracy will verify the actual measuring ability of the equipment but will not 

demonstrate the reproducibility of the test in vivo which was not done. However, as will 

be shown subsequently, the results obtained agree closely with other studies and an idea 

of reproducibility can be obtained by looking at the longitudinal pattern of REE/TBK 

which in health should not vary over the entire life span.

2.5 Ethics

All the studies were approved by the Royal Children's Hospital Ethics Committee. 

Ethical approval was also obtained from the Mater Children's Hospital Ethics Committee 

for the longitudinal study of lung function and resting energy expenditure over the first 

two years of life in CF and control infants.

The Royal Children's Hospital Ethics Committee imposed certain restrictions on the 

conduct of the longitudinal study of lung function and resting energy expenditure over the 

first two years of life in CF and control infants. Sedation, where necessary to perform 

testing was restricted to CF infants and only those control infants who were siblings of 

children with CF. The reasoning given for this decision was that in principle the sedation 

of healthy infants for medical research was unethical. The only exception to this was for 

families who had a child with CF when the Committee reasoned that the possible benefit 

for the family outweighed the risk to the healthy infant in the same way as it was regarded 

as acceptable for a healthy sibling to donate blood or bone marrow for a sibling in need, 

with for example leukaemia. The issue of sedation for healthy children who participate 

in clinical research has been keenly debated in many institutions and there are widely 

varying opinions leading to different practices in different institutions. As this is a 

recurring ethical dilemma it might be useful to publish the results of discussions from a 

workshop held perhaps at one of the international scientific meetings on the risks.
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potential advantages and ethical issues involved, for the guidance of researchers and 

Ethics Committees.

Informed, parental consent was obtained for each child to participate in a study. Where 

older children (aged 8 years or older) participated in studies, consent was also obtained 

from the children. Consent was obtained following an interview with one, or both parents 

where possible, in person or by telephone. The study was explained and an information 

sheet given. A consent form was signed by the parent and if possible by the child. Parents 

and children were informed that they were free to withdraw from the study at any time 

and that they would receive the same excellent standard of care regardless of their 

participation in or withdrawal from the study.
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Chapter 3. A prospective, longitudinal study of lung function 

and resting energy expenditure over the first two years of life 

in CF and control infants.

3.1 Introduction

Children with cystic fibrosis develop obstructive airways disease from birth, although the 

time course and exact pathophysiology of the lung disease are as yet unknown. Little is 

known about the progression of lung disease in infants over the first few years of life and 

particularly in infants who are diagnosed early. With new therapeutic approaches, infants 

bom with cystic fibrosis can now expect to live into their fourth decade (Elbom et al.

1991). There has been a major improvement in mortality over the past fifty years. In the 

1940s, 70% of children with CF died by 12 months of age and in the last decade, median 

survival in Australian Victorian CF patients increased from the mid 20s to the mid 30s 

(Wohlers A, unpublished work, presented at TSANZ, 1995). The increased survival does 

not appear to be the result of improved prognosis in older patients with CF but has largely 

resulted from an increased survival in the first five years, presumably through better 

diagnosis and treatment of meconium ileus and its complications, as well as early 

diagnosis and treatment in multidisciplinary specialist clinics. These findings suggest that 

the disease progression in young children affects prognosis and that intervention in early 

childhood may improve survival.

Obstmctive airways disease with bronchiectasis occurs progressively in CF and evidence 

of lower respiratory tract infection and inflammation can be found as early as the first few 

months of life (Armstrong et al. 1995). Studies of infant pulmonary function have 

suggested that early abnormalities may be present but as these studies have mostly been 

cross-sectional studies done in different populations of CF infants with differing ages and 

symptoms, the natural history of lung disease in early infancy is not yet clear. In addition 

there is evidence that genotype may be important in lung disease although environmental 

and other genetic influences contribute to the resulting phenotype (Kerem and Kerem 

1996).
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While many different factors may contribute to disease progression, it is known that 

nutritional growth retardation is associated with a poor prognosis in CF (Thomson et al. 

1995b) (Kraemer et al. 1978). Children and adults with CF have high caloric 

requirements and this is in part thought to be due to an increased energy expenditure 

which is well established in CF individuals (Tomezsko et al. 1994)(Shepherd et al. 

1988a). Some investigators have found that resting energy expenditure (REE) is related 

to deterioration in lung function in older patients (Fried et al. 1991). Others have found 

that the oxygen cost of breathing (OCR) in patients with cystic fibrosis only partly 

explains the increase in REE (Bell et al. 1996). Raised REE in young children with CF 

has been reported which is unrelated to the presence or absence of lower respiratory 

infection and inflammation on bronchoalveolar lavage (Thomson et al. 1996). The 

results from some studies suggest that genotype may be an important determinant of 

increased resting energy expenditure and abnormal body composition (O'Rawe et al.

1992) . Thomson et al found a higher resting energy per gram of body potassium in 

children who are homozygous for AF508 mutation than those with other genotypes 

(Thomson et al. 1996). This could be because homozygotes for the AF508 mutation 

defect have an increased metabolic rate or because the lung disease may be more severe 

in this group. In older children with CF it becomes difficult to determine how nutritional 

status, energy expenditure and lung disease are related because of multiple confounding 

variables such as age, gender, genotype, degree of lung disease, medications and 

adherence to therapies. In theory, resting energy expenditure may be increased in lung 

disease because of an increased work of breathing with increased RR or abnormal 

pulmonary mechanics or because of pulmonary inflammation and/or infection. The 

relationship should be determined by prospectively following an unselected group of CF 

infants from diagnosis through a neonatal screening program.

The pulmonary involvement is usually the main determinant of death and increased 

morbidity in CF although nutritional status also affects prognosis. If there is to be further 

improvement in morbidity and mortality, therapies will need to be started before 

irreversible lung damage occurs and outcome measures developed so that therapies can 

be assessed and compared. It is therefore of great importance to examine the time course
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of pulmonary disease progression and the relation to genotype, energy expenditure and 

nutritional status over the first few years of life in infants with CF.

The hypotheses to be tested are that progressive, obstructive airways disease occurs early 

in infancy in CF, that energy expenditure may be related to abnormal pulmonary function, 

and that genotype may have a significant effect on both pulmonary function and energy 

expenditure.

To date, studies in this area have mostly been cross-sectional in nature. Furthermore, few 

have been in infants and none have measured lung function and energy expenditure in 

young children simultaneously. The availability of neonatal screening and new 

technologies for measuring infant pulmonary function and energy expenditure in infants 

has provided the opportunity to evaluate a cohort of neonatally diagnosed CF infants. 

In this study, CF lung disease has been assessed using infant pulmonary function and 

chest radiographs and the progression of lung disease and its relationship to nutritional 

status and energy expenditure over the first two years of life is examined in a longitudinal, 

prospective, cohort study.

3.2 Aims

1. To measure longitudinal changes in lung function and energy expenditure and the 

effect of AF508/AF508 genotype in infants with cystic fibrosis compared to age 

and sex matched controls over the first two years of life.

2. To determine if changes in resting energy expenditure are related to abnormalities 

in lung function.

3.3 Methods

33A Study Population

Eighteen infants with cystic fibrosis consecutively diagnosed through the neonatal 

screening program and ten control infants were enrolled after informed, parental consent 

was obtained. Infants in Queensland have immunoreactive trypsinogen (IRT) measured 

from dried blood spot specimens collected on day four of life. If the level of IRT is in
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the top one percent of the range, the genotype is determined and cystic fibrosis suggested 

if a known CF genotype is found. Similarly, if only one CF allele is found, a sweat test 

is performed. The diagnosis is confirmed by an elevated sweat chloride ( ) 60 mmol/ L) 

with the Gibson-Cooke method. One patient had a meconium ileus managed 

operatively. During the enrolment period there were two families who declined 

participation in the study. One of these infants was studied aged 15 months as part of the 

toddler study described in chapter 4, at which time he had a productive cough, chest 

deformity, changes on chest radiograph and abnormal lung function. Ten control 

infants were recruited from the siblings of patients with cystic fibrosis (3), infants or 

close relatives of nursing staff at the RCH (5), infants of scientists working at the 

University of Queensland (1) and infants from the community well- baby clinics (1). One 

infant dropped out of the study (sibling of CF patient) at the second visit because of 

increasing family commitments. The infant did not stay asleep and data from the first 

study did not meet the criteria for acceptability and so was not used. Using CF siblings 

as controls could theoretically be a problem if being a CF carrier was associated with 

a reduction in lung function or a raised energy expenditure. Carrier status however, is 

not known to be associated with respiratory disease although the effect on energy 

expenditure is not known. Siblings of CF patients had a negative sweat test to exclude 

cystic fibrosis and where possible genotyping was performed to confirm that the two CF 

mutations carried by the CF sibling were not carried by the control sibling. All infants 

were Caucasian.

3.3.2 Study protocol.

The parents of CF infants diagnosed through the neonatal screening program between 

01/01/94 and 30/07/95 were contacted personally and the infants were enrolled in the 

study after informed consent was obtained (as described in section 2.3). The study ended 

on 22/11/96. The enrollment period and the timing of the end of the study allowed all 

infants to be followed up for at least 12 months and as many as possible for the full 24 

months. Infants had lung function, resting energy expenditure and total body potassium 

(TBK) testing done within one week on each occasion. Infants were tested at 3 month 

intervals and the data analysed according to post birth age. Timing intervals were in
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years (in decimals) from the mid point between each interval and were assigned from the 

age of the child at the test date. The staff of the Nutrition Research Centre (NRG) at the 

Royal Children's Hospital carried out the TBK and REE measurements and were blinded 

as to CF status.

Testing was done after an interval of at least two weeks following any acute chest 

infection requiring intravenous antibiotic therapy. If hospitalisation was routine, for 

example as part of the education of a family with an infant newly diagnosed with CF, 

testing was done at the end of the admission. Patients receiving oral or inhaled 

antibiotics either as prophylaxis or as treatment for intercurrent infection were included 

in the study and antibiotic use noted. This policy was also used for control infants. 

Although none of the infants in the control group required intravenous antibiotics, one 

infant required oral antibiotics for community acquired pneumonia due to Mycoplasma 

pneumoniae. Infants were not excluded for intercurrent viral infections and respiratory 

infections requiring oral antibiotics because the natural history of lung disease was being 

examined and timing was important to achieve as much data at each specific age as 

possible.

3,3.3 Clinical assessment.

Characteristics of CF infants and infants in the control group are summarised in table 2 

and table 3. Birth history, family history of asthma (parent or sibling ^vith doctor 

diagnosed asthma) and smoking status was assessed before the first test. At each test, 

a full history and physical examination was performed including a history of respiratory 

symptoms, feeding and regurgitation and any medical or other treatments were noted. 

Symptoms of regurgitation were common in both groups and three infants received 

medical treatment for gastro-oesophageal reflux (GOR) in the control group. Two of 

these infants had very mild symptoms, while one did have severe symptoms of vomiting 

and irritability which settled promptly on medication that was continued for the duration 

of the study.

Pancreatic sufficiency was determined qualitatively by microscopic examination of
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faeces for fat globules. This is an accurate method of determining initial pancreatic status 

in this age group. If there was doubt regarding the random faeces results, a quantitative 

fat balance was undertaken.

Results of organisms isolated from pharyngeal suction specimens performed during the 

study period during chest exacerbations are reported in table 3.

Table 2, Summary of clinical information for CF and control infants.

Control Group CF Group

Number of infants 9 18

Males 4 8

Females 5 10

Treatment for GOR 3 6

Family history asthma 5 11

Mother who smokes 2 3

Mean age at first test in 

years (range)

0.22(0.13-0.35) 0.19(0.08-0.36)

Pancreatic sufficient at 

final test

Not applicable (N/A) 1

Number of admissions for 

intravenous antibiotics 

during study

0 13 in 7 infants
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 ̂Table 3, Clinical information on CF and control infants.

Subject Sex Genotype Pancreatic

sufficient

Prophylactic

antibiotics

Organisms

isolated

Controls

1 F N/A N/A N/A

2 M N/A N/A N/A

3 F N/A N/A N/A

4 F N/A N/A N/A

5 M N/A N/A N/A

6 F N/A N/A N/A

7 M N/A N/A N/A

8 F N/A N/A N/A

9 M N/A N/A N/A

CF

10 ^ F AF508/AF508 no yes P.aeruginosa

11 ^ M AF508/AF508 no yes

12 F AF508/1717-1OA no yes

13 F AF508/AF508 no yes S. aureus

14 F AF508/AF508 no yes

15 M AF508/R553X no no

16 4* F AF508/AF508 no yes P.aeruginosa

17 M AF508/ other yes no

18 ^ M AF508/AF508 no yes

19 ^ F AF508/G551D no no

20 F AF508/AF508 no yes

21 ^ M AF508/AF508 no yes P.aeruginosa

22 M AF508/AF508 no no

23 F AF508/AF508 no yes

24 F AF508/AF508 no yes

25 F AF508/G551D no no

26 M AF508/ other no yes

27 M AF508/G542X no no

^  required IV antibiotics



3.3.4 Measurement conditions

3.3.4.1 Anthropomorphic

On the day of each test, weight and length were determined and converted to a Z score 

in order to allow easy comparison between values as described in section 2.2.1.1.

3.3.4.2 Sedation, sleep state, posture and laboratory conditions 

See sections 2.2.2, 2.2.3, 2.2.4.1, 2.2.5.

3.3.5 Measurements

3.3.5.1 Lung function

Infant pulmonary function was measured using the SensorMedics 2600 Pediatric 

Pulmonary Function Laboratory (SensorMedics, Yorba Linda, California.). Tidal 

breathing flow volume loops, FRC measurements and passive respiratory system 

mechanics were collected as described in section 2.3.

3.3.5.2 CXR

A chest roentgenogram ( CXR) was taken at diagnosis and yearly in all CF infants and 

scored using the Wisconsin scoring system as described in section 2.3.4.

3.3.5.3 Body cell mass estimation by measurement o f total body potassium (TBK)

TBK was measured as described in section 2.3.5.

3.3.5.4 Resting energy expenditure (REE)

REE was measured while asleep or resting quietly as described in section 2.3.6. No 

sedation was given before this measurement and inhaled p-agonists were not given for 

at least 4 hours prior to the test.

3.3.6 Statistical Analysis

Group means for lung function, weight and height Z scores, TBK and REE/ TBK were 

analysed at each time point in both groups. Data from the two groups were compared 

using the Students t-test. The relationship between REE/TBK and respiratory rate and
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specific conductance of the respiratory system and Wisconsin scores and specific 

conductance of the respiratory system was examined with the use of a scatter plot and 

correlation coefficient for data at the 0.25, 1 and 2 year data points. Linear regression 

models were developed for sĜ j and REE/TBK to examine differences between CF and 

control groups and determine if there were changes over the study period. One way 

ANOVA was used to assess whether the means of specific conductance of the respiratory 

system and log mean REE/TBK of the CF group split by genotype into homozygotes for 

AF508 and other genotypes and controls were from a population with the same mean or 

whether there was a significant difference between the groups. The statistical significance 

of all analyses was defined by a P value < 0.05.

Power calculations were performed prospectively with specific conductance as the 

primary outcome variable. To detect a difference of one standard deviation with 80% 

power it was calculated that 16-17 patients were required in each group. There were few 

available data on which power calculations could be based and it was arbitrarily 

considered that a difference of one standard deviation between groups was likely to be 

clinically important. After one year, recruitment of control patients was half that of the CF 

patients however it was decided to continue with the study and analyse the available data 

from the children who had been recruited.

3.4 Results

Specific conductance of the respiratory system was lower in CF infants compared with 

control infants for the first 18 months of life. Homozygotes for the AF508 mutation 

accounted for the lower sG,g at 0.25 years but by 0.5 years there was no detectable 

difference in sG^ by genotype and both the homozygotes for the AF508 mutation and the 

group with other genotypes, had lower sĜ , than the controls (see section 3.4.2.1.1). Mean 

REE/TBK was higher in CF infants compared with controls and was highest in 

homozygotes for the AF508 mutation. There was no relationship between sG^, RR or 

minute volume and REE/TBK (see section 3.4.3.1).

3,4,1 General data definition

There were 47 visits in control infants and 101 visits in CF infants. Data for each subject.
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with missing data identified is available in Appendices 1 to 17. The error bars in all 

figures are presented as mean values +/- 95% confidence intervals (Cl). The mean +/- two 

standard errors of the mean ( ie +/- 95% Cl) are reported in the tables. Where less than 

four values were used to derive a mean, a range was given in the data table and the 95% 

Cl plotted on the figure. As the numbers were reduced in the second year of the study the 

95% confidence limits are correspondingly wider and the study became underpowered in 

the second year to detect differences between CF and control groups. Therefore tests of 

statistical significance were not generally performed on data from the second year.

Five out of nine control infants and ten out of eighteen CF infants were two years of age 

at the end of the study. Two CF infants, 11 and 23, left the study early because of 

relocation and subject 20 left the study because the distance to travel for tests was too 

great for the family to manage.

There were some difficulties in obtaining satisfactory REE studies in some infants 

because of agitation or logistic reasons during some visits (a common problem with such 

studies in this age group). Therefore some REE data are missing at intervals in both CF 

and control groups and the data were analysed accordingly.

Data reported as not available, were not obtained either because the family could not 

manage to attend for the test or there was equipment failure.

There was one complication of sedation at the second visit of subject 19 after which, this 

subject was withdravm from the study. Subject 19 aspirated a small amount of chloral 

hydrate during oral administration and choked becoming immediately wheezy. This 

infant was admitted to hospital and intravenous antibiotics and corticosteroids were 

administered along Avith nebulised salbutamol. This subject recovered promptly and has 

remained well following this complication.

3,4.2 Results of clinical and anthropomorphic measures

3.4.2.1 Respiratory infections

There were no documented respiratory infections in either CF or control infants prior to
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the 0.25 year test. There were several episodes of mild upper respiratory tract infections 

and two identified respiratory infections noted in the control data: an episode of croup 

two weeks prior to the two year study in subject 9, and a M.pneumoniae pneumonia 

treated with oral antibiotics two weeks prior to the visit in subject three at 0.75 years. In 

the CF infants there were multiple episodes of respiratory symptoms thought to be due to 

intercurrent viral infections but in only one was an aetiological cause identified of 

Influenza A in subject 26 two weeks prior to 0.5 year test. All the children with P. 

aeruginosa identified on pharyngeal suction specimens required admission to hospital 

at least once during the study period for treatment of a chest exacerbation with IV 

antibiotics. Subgroup analysis of these children was not possible because of small 

numbers.

3.4.2.2 Z scores for weight and height

Z scores for weight was -0.49 for CF infants at 0.25 years (p < 0.05) and Z score for 

height was just over half a standard deviation below the population mean at 0.25 years 

( -0.66, p < 0.01). Height and weight were no different from the population mean by 0.5 

years. Control infants appeared to be heavier and taller than the population mean at most 

time points but because of small numbers the confidence intervals for mean Z scores were 

wide and differences insignificant (see table 4 and figs 10 and 11). The numbers were 

too small to allow detailed subgroup analysis by gender.

3.4.3 Lung function results

3.4.3.1 Respiratory Mechanics

3.4.3.1.1 Specific conductance o f the respiratory system

Specific conductance of the respiratory system (sĜ s) was significantly lower in the CF 

group at every time point for the first 18 months (see table 5 and fig  12) and there was 

a trend for the difference to continue to 2 years of age. Specific respiratory system 

conductance was also analysed by fitting linear regression models to assess the difference 

between CF and control groups and to assess temporal changes. As sG^ is a ratio, it is 

likely that it is not normally distributed and so values were transformed using the natural 

logarithm transformation. Inspection of this model showed a good Normal approximation. 

Robust standard errors were used to allow for the fact that the data were repeated
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measures on each child. There was evidence of a significant difference between the mean 

log sGrs in the CF and control groups (p ( 0.001). The regression analysis took into 

account the difference between the CF and control groups at the starting point at three 

month of age. There was a temporal effect on both groups of a decrease in log sG^ in the 

first three months of the study to age 6 months followed by a levelling off. The quadratic 

curves fitted using this model are not ideal because a quadratic response predicts an 

increase in log sG^ after two years of life for which there is no physiological evidence. A 

more appealing model was derived by fitting a curve using fractional polynomials as 

described by Royston and Altman (Royston and Altman 1994). This model shows a sharp 

decrease in log sG^ in the first 6 months of life followed by a tapering off of the log sĜ s 

to a constant value. It should be noted that there is no difference in the goodness of fit in 

the curves produced by either of these models (see fig  13).

Subgroup analysis comparing the group of infants who were homozygous for the AF508 

mutation (HZ), the group of CF infants with all other mutations (others) and control 

infants (controls) was performed using ANOVA (see table 6 and figl4). At 0.25 years 

there was a significant difference detected between the means of the three groups ( F =

6.06 , p < 0.01). Subsequently a Students t- test was performed to determine which group 

was responsible for the difference demonstrated by the use of ANOVA. Homozygotes 

for the AF508 mutation were responsible for the difference in mean sĜ , between groups 

(HZ 1.5 +/- 0.4 s.'^kPa’’, others 2.1 +/- 0.7 s.''kPa'\ controls 2.43 +/- 0.5 s.'^kPa'*, p < 

0.01). At subsequent time points there was also a difference between the means of the 

groups at 0.5, 0.75, 1.0 and 1.5 years and this was due to controls having a higher sĜ s 

than the CF groups which were not different from each other.

The mean sĜ s at each time point in CF infants measured under sedation and measured 

under natural sleep were compared. The difference between the means was plotted against 

the average value of the two means and the differences appeared to be normally 

distributed with a mean difference of -0.1 and standard deviation of 0.31. The 95% Cl 

were between -0.72 to +0.52 s.’̂ kPa’’ according to whether sedation was used or not. 

This subgroup analysis was hampered by small numbers but no apparent difference in sG^ 

was detected between CF infants due to sedation {see appendix 9 and fig  15). Subgroup
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analysis due to gender was not possible because of small numbers so all the data was 

analysed together.

3.4.3.1.2 Respiratory system resistance (RJ

was significantly higher in CF infants at the 0.25,0.5,0.75,1.25,1.5 time points (see 

table 7 and fig  16).

3.4.3.1.3 Specific compliance o f the respiratory system (sCJ

Specific compliance of the respiratory system was higher in control infants than CF 

infants at 0.25 years (0.72 +/-0.16 kPa '' v 0.55 +/-0.07 kPa'% p < 0.02). There was no 

subsequent significant difference between CF and control infants (see table 8 and fig 17).

3.4.3.2. Functional Residual Capacity ( FRCj^2)

FRCn2 increased between 3 months of age and 2 years by a mean of 213 +/- 40 ml. There 

was a more rapid increase in FRCn2 in the first year of life with 65% of the overall 

increase occurring between three months and one year. There was no significant 

difference detected in FRC^ 2  between CF and control infants at any time point (see table 

9 and fig  18). As FRC increase relates to somatic growth, FRC^ 2  was plotted against body 

length (fig 19) and increased in both controls and CF infants. There was no difference 

noted in FRC^ 2  plotted against height between CF and control infants.

The FRCn2 values for control infants, were also plotted against body length and presented 

with the 95% Cl from reference values derived from data obtained from the following 

equation: FRC^g =0.0031. H where FRC^g is given in ml and height (H) in cm (see 

fig 20). This equation was derived from studies performed in different laboratories 

(Stocks and Quanjer 1995). There are more limited data available for FRC^ 2  values, but 

when measurement of FRC by nitrogen wash-out and helium dilution were made in the 

same infants the values were very similar (Tepper and Asdell 1992). The values for FRCn2 

in controls in this study fell within the 95% Cl derived from the predictive equation 

demonstrating reasonable similarity between normal data in this current study and those 

performed by other laboratories. However, in this study the total mask deadspace was 

subtracted from the measured value. It is not clear from the literature exactly what mask
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deadspace has been subtracted. Some laboratories subtract the total mask deadspace 

although some subtract 50% mask deadspace to allow for the infants face (personal 

communication) and this may make our reported values a little higher than would have 

been reported by others.

3.4.3.3 Tidal breathing indices

Respiratory rate (RR) decreased in both CF infants and control infants over the first year 

of life by a mean of 14 +/- 5 breaths per minute (p < 0.001). There was no detectable 

difference between RR in CF infants and control infants at any time point {table 10 and

Tidal volume was lower in control infants compared with CF infants at 0.25 years ( 6.6 

+/- 1.3 ml/kg V 8.4 +/- 0.7 ml/kg, p < 0.01). There was no difference between the two 

groups at any other time point {table 11 and fig  22).

Time to peak tidal expiratory flow divided by expiratory time ( tp̂ gp/tg) was not different 

between CF infants and control infants at any time point {table 12 and fig  23).

3.4,4 Results of nutritional measures and REE/TBK

3.4.4.1 REE/TBK

REE/TBK was significantly higher at 0.25 years in CF infants compared with control 

infants (0.15 +/- 0.02 MJ/gTBK/day v 0.12 +/- 0.02 MJ/gTBK/day, p < 0.02). There 

were no significant differences detected between the means of the groups at the other time 

points although there were considerable missing data {table 13 and fig  24). Linear 

regression models were fitted to analyse temporal trends and assess differences between 

the groups. Robust standard errors were calculated to allow for the fact that the data were 

repeated observations from the same child and because REE/TBK is a ratio and therefore 

likely to be skewed and not to be normally distributed, analyses were performed on the 

natural log scale. Again, missing data was a problem for this analysis. No temporal 

changes in log REE/TBK were demonstrated. The mean of the log REE/TBK was not 

significantly different between the CF and control groups (p=0.06) but became significant 

when the CF group was split into sub-groups: homozygotes for AF508 (HZ), CF infants
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with all other genotypes (others), and controls. The HZ had significantly higher REE/TBK 

than controls (p=0.01) and the others were not significantly different from either the HZ 

or the controls.

As REE/TBK in health remains constant through life and as there were no temporal 

changes demonstrated, the data over the two year period were pooled for each child and 

a mean value taken to compare CF infants as a group and by genotype with control infants 

over the two years. A one- way analysis of variance on the mean log REE/TBK for each 

subject was performed and the mean log value for each child was weighted by the 

number of observations for each child. More weight is therefore given to the mean based 

on the greatest number of values (see table 14 and fig  25). The ANOVA of pooled log 

mean REE/TBK between CF and control groups with one degree of freedom 

demonstrated that the CF infants had a significantly higher REE/TBK than the control 

infants (F = 4.54 p=0.04). The ANOVA of the log means of the HZ, others and controls 

with two degrees of freedom (df) revealed that the HZ had a significantly higher 

REE/TBK than the controls (F = 4.99, p = 0.02).

The relationship between REE/TBK and sG„, RR and minute volume values at each time 

point was examined by scatter plot and correlation coefficient (see fig  26 for an example 

of a scatter plot of REE/TBK against RR for the 0.25 year data. There was no difference 

when REE/TBK was transformed to natural logarithms). No significant relationship could 

be determined (r values between -0.2 to 0.4).

3.4.43 Total body potassium (TBK)

TBK was not different between CF and control groups at any time point (see table 15 and 

fig 27). TBK per kg body weight remained stable over the two years and there were no 

differences between the CF and control groups {table 16 and fig  28).

3,4,5 Wisconsin scoring of CXR

Wisconsin scores range from zero for a normal CXR to 100 for the most abnormal CXR. 

There were 47 CXR available for scoring with 7 from controls. One of the control CXR 

was discounted following the scoring because the child concerned was admitted to
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hospital with a respiratory illness and the score was 12.3. Discounting this control score 

was done because all the controls were chosen on the basis that the children had no 

respiratory disease which was not the case for this child. However, this decision was 

possibly inappropriate as the scoring had already been performed and analysis should 

have been performed with this child's CXR included on an "intent to treat" basis. The 

analysis was however, unaffected by the decision to exclude a control CXR. All the other 

control CXR scores were zero. Eleven of the 40 CF CXRs had a score above zero, ranging 

between 1.1 and 31.4 ( table 17). One infant had noticeably higher scores and indeed was 

symptomatic from close to birth. This infant had a normal value of sG„ at 0.25 and 0.5 

years with subsequently lower values. The mean value of sĜ s taken from the control 

group at the same age was assigned to the control CXRs. The relationship between the 

Wisconsin score and sG,g was examined with a scatter plot and a correlation coefficient 

was derived (fig 29). There was no relationship apparent between the Wisconsin score 

and sGrs with an r value of 0.01.
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Table 4. Mean Z scores for height and weight in CF and control infants over the first two years of life.

Age in years 0.25 0.5 0.75 1 1.25 1.5 1.75 2

Controls n 7 8 9 6 4 4 3 5

Z score weight 

Controls mean +/- 

95% Cl

0.2 +/- 

0.9

1.0 +/- 

0.8

0,6 +/- 

0.8

0.8 +/- 

1.0

1.5+/-

1.6

1.0 +/- 

1.6

2.0

(0.5-3.2)

1.5 +/- 

1.2

Z score height 

Controls mean +/- 

95% Cl

-0.3 +/- 

0.9

0.7 +/- 

0.8

0.4 +/- 

0.8

0.9 +/- 

1.0

1.4+/-

1.6

0.4 +/- 

1.6

1.6 +/- 

(0.5-2.2)

1.2+/-

1.2

CF n 15 15 16 14 9 11 8 10

Z score weight CF 

mean +/- 95% Cl

-0.5 +/- 

0.6

0.0 +/- 

0.6

0.1 +/- 

0.5

-0.2 +/- 

0.6

0.1 +/- 

0.8

0.0 +/- 

0.7

0.3 +/- 

0.8

-0.2 +/- 

0.7

Z score height CF 

mean +/- 95% Cl

-0.7 +/- 

0.6

-0.1 +/- 

0.6

0.1 +/- 

0.5

0.0 +/- 

0.6

1.0 +/- 

0.8

0.3 +/- 

0.7

0.5 +/- 

0.8

0.4 +/- 

0.7
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Figure 10. Z scores for weight over the first two years of life in CF infants and control infants
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Figure 11. Height Z scores over the first two years of life in children with CF and healthy controls
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Table 5. Specific conductance of the respiratory system (sG^, s .kPa ) in CF and control infants over the first two years of life.

Age in years 0.25 0.5 0.75 1 1.25 1.5 1.75 2

Controls n 7 7 7 5 4 3 3 4

sGrs (s'.kPa'^ )Controls 

mean +/- 95% Cl

2.4 +/- 

0.5

2.0 +/- 

0.5

2.1 +/- 

0.6

2.1 +/- 

0.8

2.0 +/- 

0.7

2.1

(1.6-2.4)

2.1

(1.7-2.6)

1.9+/-

1.2

CF n 13 12 12 13 6 10 7 10

sG„ (s-'.kPa *) CF 

mean +/- 95% Cl

1.7+/-

0.3

1.4 +/- 

0.2

1.2+/-

0.3

1.3 +/- 

0.3

1.3+/-

0.6

1.1 +/- 

0.2

1.4+/-

0.4

1.4+/-

0.3

p value p < 0.02 p<0.01 p<0.01 p < 0.05 p < 0.02 p<  0.001 p < 0.1 p<0.1
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Figure 12. Specific Conductance of the Respiratory System over the first two years of life in infants
with CF and healthy controls

3.50 n
•O -  Mean sGrs controls

-# — Mean sGrs CF
significantly different p < 0.05CM

X 3.00

2.50 -

n = 52.00  "

n = 4 n = 4
n=13'

1.50 -

=7 n = 10n = 6n = 12 n = 13

n = 10

0.00
0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

Age in Years

107



Figure 13. Fitted curves of log s(3^ from a fractional polynomal age model
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Table 6. Mean sG„ in homozygotes for the AF508 mutation (HZ), CF infants with all other genotypes (others) and control 

infants over the first two years of life.

Age in years 0.25 0.5 0.75 1 1.25 1.5 1.75 2

Controls n 7 7 7 5 4 3 3 4

sĜ s (s'^kPa ‘ )Controls 

mean +/- 95% Cl

2.4 +/- 

0.5

2.0 +/-

0.5

2.1 +/- 

0.6

2.1 +/- 0.8 2.0 +/- 

0.7

2.1

(1.6-2.4)

2.1

(1.7-2.6)

1.9+/-

1.2

HZ n 8 6 6 8 3 7 3 6

sG„ (s-'.kPa *) HZ 

mean +/- 95% Cl

1.5+/-

0.4

1.4+/-

0.5

1.3 +/- 

0.4

1.5+/-0.5 1.1

(0.7-1.3)

1.0+/-

0.3

1.4 

(1.1-1.8)

1.3 +/- 

0.4

Others n 5 6 6 5 3 3 4 4

sGrs (s'\kPa'^) Others 

mean +/- 95% Cl

2.1 +/- 

0.7

1.3 +/- 

0.2

1.1 +/- 

0.5

1.3 +/- 

0.7

1.3

(1.1-1.4)

1.2

(1.0-1.4)

1.4 +/- 

0.9

1.5+/-

0.9

ANOVA F = 6.06

p< 0.011

F = 4.73 

p< 0.025

F = 6.6

p< 0.008

F = 5.46

p < 0.02

t-test p value p<0.01
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Figure 14. sG rs by genotype over the first two year of life in CF infants and control
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Figure 15.

Differences in mean values of sGrs obtained with sedation and without sedation
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Table 7. Total respiratory system resistance (R„, kPa.L .s) in CF and control infants over the first two years of life.

Age in years 0,25 0.5 0.75 1 1.25 1.5 1.75 2

Controls n 7 8 7 6 4 4 3 4

R̂ s (kPa.L'\s) Controls 

mean +/- 95% Cl

3.9+/-

1.5

3.2 +/- 

0.6

2.5 +/- 

0.4

2.5 +/- 

1.0

2.2 +/- 

0.3

1.9+/-

0.9

1.8

(1.3-2.3)

1.8+/-

0.3

CF n 13 13 12 13 6 10 8 10

(kPa.L \s) CF 

mean +/- 95% Cl

5.7 +/- 

1.2

4.8 +/- 

0.8

4.3 +/- 

1.0

3.5 +/- 

0.7

3.5 +/- 

0.9

3.4 +/- 

0.6

2.6 +/- 

0.8

2.7 +/- 

0.6

p value p < 0.05 p<0.01 p < 0.02 p < 0.1 p < 0.05 p<0.01
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Figure 16. Respiratory System  R esistance in the first 2 years of life in CF infants and 
8 00 healthy controls
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Table 8, Specific compliance of the respiratory system (sC„, kPa' )̂ in CF and control infants over the first two years of life.

Age in years 0.25 0.5 0.75 1 1.25 1.5 1.75 2

Controls n 7 8 7 6 4 4 3 4

sCrs (kPa'* ) Controls 

mean +/- 95% Cl

0.72 +/- 

0.16

0.66 +/- 

0.20

0.64 +/- 

0.26

0.87 +/- 

0.35

0.89 +/- 

0.50

0.9 +/- 

0.50

0.74

(0.64-0.83)

0.90 +/- 

0.40

CF n 13 13 12 13 6 10 8 10

sC,3 (kPa') CF 

mean +/- 95% Cl

0.55 +/- 

0.07

0.67 +/- 

0.10

0.63 +/- 

0.10

0.70 +/- 

0.15

0.72 +/. 

0.26

0.87 +/- 

0.30

0.87 +/- 

0.20

0.75 +/- 

0.20

p value p < 0.02 p>0.5 p >  0.5 p < 0.5
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Figure 17. Specific compliance of the respiratory system in CF and healthy control infants over the
first 2 years of life
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Table 9, FRC^i (ml) over the first two years of life in CF and control infants.

Age in years 0.25 0.5 0.75 1 1.25 1.5 1.75 2

Controls n 7 7 9 5 4 4 3 4

FRCn2 (ml) 

Controls mean 

+/- 95% Cl

122 +/- 

35

173+/-

33

222 +/- 

28

248 +/- 

51

244 +/- 

71

267 +/- 

91

314

(265-358)

329 +/- 

102

CF n 15 14 16 14 9 11 7 10

FRCn2 (ml) CF 

mean +/- 95% Cl

113+/-

16

168+/-

23

226 +/- 

19

242 +/- 

25

283 +/- 

26

301 +/- 

23

325 +/- 

63

320 +/- 

47
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Figure 18. FRCn2 over the first two years of life in CF infants and controls.
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Figure 19. FRC against body length in CF and control infants
life.
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Figure 20. FRCn2 against body length in control infants and 95%CI values 
of FRChg derived from predictive equations
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Table 10, Mean respiratory rate (RR b.p.m) in CF and control infants over the first two years of life.

Age in years 0.25 0.5 0.75 1 1.25 1.5 1.75 2

Controls n 7 8 8 6 4 4 3 5

RR Controls 

mean +/- 95% Cl

41 +/- 12 32 +/- 5 33 +/- 9 26 +/- 5 29 +/- 6 23 +/- 4 24

(21-27)

28 +/-10

CF n 15 15 16 15 8 11 8 10

RRCF

mean +/- 95% Cl

40 +/- 5 34 +/- 4 34 +/- 5 29 +/- 2 30 +/- 5 28 +/- 5 25 +/-7 26 +/- 3

p value p>0.5 p <0.5 p>  0.5 p < 0.5
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60
Figure 21. Respiratory rate in CF and control infants over the first two years of life
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Table 11. Mean tidal volume (Vj ml/kg) in CF and control infants over the first two years of life.

Age in years 0.25 0.5 0.75 1 1.25 1.5 1.75 2

Controls n 7 8 8 6 4 4 3 5

V-r (ml/kg) 

Controls mean 

+/- 95% Cl

6.6 +/- 

1.3

7.9 +/- 

1.2

9.0 +/- 

1.8

8.9 +/-

1.9

8.5 +/-

1.6

11.2+/-

3.2

8.8

(7.7-10.5)

9.0 +/- 

1.3

CF n 15 15 16 15 8 11 8 10

Vt (ml/kg) CF 

mean +/- 95% Cl

8.4 +/- 

0.7

8.5 +/- 

0.8

8.8 +/- 

0.5

10.0+/-

0.6

9.2 +/- 

0.6

11.0+/-

1.0

11.0+/-

0.8

10.4 +/- 

0.9

p value p<0.01 p>0.5 p<0.5 p < 0.5
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16.0

Figure 22. Tidal Volume in CF and control infants over the first two years of life.
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Table 12. Mean tpTEp/̂ E over the first two years of life in CF and control infants.

Age in years 0.25 0.5 0.75 1 1.25 1.5 1.75 2

Controls n 7 8 8 6 4 4 3 5

Controls 

mean +/- 95% Cl

0.23 +/- 

0.06

0.18+/-

0.03

0.25 +/- 

0.09

0.22 +/- 

0.06

0.22 +/- 

0.13

0.19+/-

0.12

0.18

(0.13-0.27)

0.24 +/- 

0.10

CF n 14 15 16 15 8 10 8 10

IpTEF̂ Ê
mean +/- 95% Cl

0.20 +/- 

0.05

0.21 +/- 

0.04

0.20 +/- 

0.04

0.19+/-

0.04

0.18+/-

0.05

0.24 +/- 

0.08

0.27 +/- 

0.11

0.21 +/- 

0.05

p value p < 0.5 p < 0.5 p<0.5 p < 0.5
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Figure 23. Mean tpjEF t̂ over the first two years of life in CF and control infants
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Table 13. REE/TBK (MJ/gTBK/day) over the first two years of life in CF and control infants.

Age in years 0.25 0.5 0.75 1 1.25 1.5 1.75 2 Mean

Controls n 5 4 8 5 2 4 2 3 9

REE/TBK 

(MJ/24hours/gK) 

Controls mean +/- 

95% Cl

0.12+/-

0.02

0.12+/-

0.04

0.13+/-

0.03

0.12+/-

0.08

0.12

(0.10-0.13)

0.12+/-

0.05

0.14

(0.12-0.16)

0.10

(0.08-0.13)

0.12+/-

0.017

CF n 9 7 9 9 5 7 4 6 16

REE/TBK

(MJ/24hours/gK) CF 

mean +/- 95% Cl

0.15+/-

0.02

0.14+/-

0.05

0.13+/-

0.03

0.11 +/- 

0.02

0.18+/-

0.05

0.14+/-

0.07

0.17+/-

0.09

0.15+/-

0.05

0.14+/-

0.01

p value p < 0.02 p < 0.05
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Figure 24. REE/TBK over the first 2 years of life in healthy infants and infants with CF
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Table 14. Geometric means of REE/TBK (MJ/gTBK/day) in homozygotes for AF508 

mutation (HZ), CF infants with other genotypes (others) and control infants using 

pooled data, adjusted for the number of values, averaged over the two year period.

Controls n 9

REE/TBK (MJ/gTBK/day) Controls 0.12

mean (95% Cl) (0.10-0.13)

Others n 7

REE/TBK (MJ/gTBK/day) Others 0.12

mean (95% Cl) (0.11-0.13)

HZ n 9

REE/TBK (MJ/gTBK/day) HZ 0.14

mean ( 95% Cl) (0.13-0.16)

ANOVA F= 4.99, df2, p < 0.02
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Figure 25. Geometric means of REE/TBK in CF infants by genotype and control infants using pooled
data over two years.
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Figure 26. REE/TBK MJ/gTBK/day against RR at 0.25 years (r=0.14)
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Table 15. Mean TBK (g) over the first two years of life in CF and control infants.

Age in years 0.25 0.5 0.75 1 1.25 1.5 1.75 2

Controls n 6 7 9 5 2 4 2 3

TBK(g) Controls 

mean +/- 95% Cl

8.1 +/- 

1.7

11.1 +/- 

2.6

15.3+/-

2.7

19.4 +/- 

6.0

22.5

(22-23)

19.8+/-

6.1

22.5 +/- 

19

26.0

(23-29)

CF n 9 12 11 9 5 8 5 7

TBK (g) CF 

mean +/- 95% Cl

8.9 +/- 

1.7

11.7+/-

1.5

14.1 +/- 

2.3

18.5+/-

2.9

17.0+/-

6.1

19.8+/-

2.3

20.0 +/- 

5.1

24.0 +/- 

2.8
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Figure 27. TBK over the first two years of life in CF and control infants
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Table 16. Mean TBK per body mass g/kg in CF and control infants over the first two years of life.

Age in years 0.25 0.5 0.75 1 1.25 1.5 1.75 2

Controls n 6 7 9 5 2 4 2 3

TBK g/kg Controls 

mean +/- 95% Cl

1.7+/-

0.3

1.4+/-

0.3

1.6+/-

0.3

1.8+/-

0.4

1.8 

(1.6-2.0)

1.6 +/- 

0.5

1.6

(1.4-1.9)

1.8

(1.4-2.4)

CF n 9 12 11 9 5 8 5 7

TBK g/kg CF 

mean +/- 95% Cl

1.7+/-

0.2

1.6 +/- 

0.2

1.6+/-

0.3

1.9+/-

0.2

1.6+/-

0.3

1.8+/-

0.2

1.7+/-

0.3

1.9+/-

0.2
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3.5

Figure 28. TBK per body weight over the first two years of life in CF and control infants
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Table 1 7. Wisconsin scores greater than zero for CXR in CF infants.

Subject Time in years Wisconsin score

10 2 4.1

11 0.25 1.1

15 1 5.7

16 0.25 20.8

16 1 31.4

16 2 26.3

17 1 12

18 1 5.7

21 1 1.1

21 2 1.1

26 0.25 11
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Figure 29. Scatter plot of sG ^ (s \ P a  against W isconsin score  in CF 
infants over the first two years of life.
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3.5 Discussion

This is the first study to examine lung function and energy expenditure prospectively in 

a group of unselected CF infants and a group of control infants from 0.25 years to age 

two. Clear, statistically significant differences in lung function and energy expenditure 

have been demonstrated in infants with CF compared with control infants. In addition, 

there were indications that genotype might be important. Homozygotes for the AF508 

mutation had a lower sG„ detectable earlier than CF infants with other mutations and also 

had a higher REE/TBK. If homozygotes for the AF508 mutation had more severe lung 

involvement, the lung involvement itself might also be responsible for an increase in 

REE/TBK. However, this would seem unlikely as there was no relationship detected 

between either REE/TBK and RR or REE/TBK and sĜ j.

5.5.7 Lung Function

The higher R̂ , and lower sCĵ  found in CF infants is consistent with early obstructive 

airways disease which is evident by three months of age in homozygotes for the AF508 

mutation and by 6 months of age in CF infants regardless of genotype. Interpretation of 

the subgroup analysis must be tempered by the small sample size and the possibility of 

sampling error, however our findings and values at 0.25 years are similar to those of 

Mohon et al who examined lung function in CF and control infants at 2 months of age 

using similar methodology (Mohon et al. 1993) and also demonstrated a difference in sG  ̂

between homozygotes for the AF508 mutation and controls. Our results in CF infants are 

also consistent with the results of Kerem et al who demonstrated a correlation between 

reduced pulmonary function and the homozygous AF508 genotype in older CF subjects 

(Kerem et al. 1990). CF infants with this genotype appear to have earlier evidence of 

obstructive airways disease than infants with other genotypes but the reasons for this are 

not clear. It is possible that infants with this genotype are bom with relatively smaller 

airways and that this predisposes them to more severe lung disease. On the other hand, 

low specific conductance in the homozygotes for the AF508 mutation might reflect earlier 

obstmction of the airways due to mucus plugging or infection and inflammation. 

Although none of the infants had clinical evidence of lower respiratory infection prior to 

the 0.25 year lung function test, asymptomatic infection cannot be excluded as Armstrong 

et al demonstrated significant bacterial infection in the lower airways in asymptomatic
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infants in BAL samples taken from around 3 months of age. This could be further 

investigated by examining the relationship between infant pulmonary function and lower 

respiratory tract infection and inflammation. The differences noted between homozygotes 

for the AF508 mutation and CF infants with other genotypes will need to be confirmed 

in larger studies with greater power allowing subgroup analysis to be performed more 

confidently.

All infants were studied at particular time points, irrespective of mild exacerbations of 

lung disease, and it is possible that the low sCĵ  values found in CF infants in this study 

reflect this. However, a more fluctuating course might be expected if this was the case, 

whereas, although there was some fluctuation, a relatively stable pattern of lung disease 

was apparent. The effect of intercurrent infections and the fluctuations in lung function 

which result, was evident from the control data in which two subjects 'with recognised 

respiratory infections had a noticeable change from baseline in their RR and sĜ y These 

types of fluctuations should have affected both the control and the CF infants as the same 

inclusion criteria applied to both groups and therefore could not explain the differences 

found between CF and control infants.

Specific respiratory system conductance fell in both CF and control infants between 0.25 

and 0.5 years and then remained stable. This fall in conductance after birth has been 

reported in premature infants and neonates by Stocks and Godfrey (Stocks and Godfrey 

1977). It is postulated that infants have somewhat large airways in relation to their lung 

volume and that with early rapid alveolar growth there is a fall in conductance until 

alveolar growth is matched by growth of the airways. This would be in keeping with our 

findings of the rapid increase in FRC^j over the period between 0.25 and 0.5 years while 

the fall in sĜ j was seen to occur. It is important, in view of these findings, that 

measurements of lung function in infancy and particularly cross-sectional studies take into 

account these maturational changes.

CF is a chronic progressive disease and a longitudinal decrease in lung function might be 

expected. This study did not demonstrate a decrease in lung function over the duration of 

this study. However, measures of pulmonary mechanics such as R^ and sG^ reflect larger
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airway function in older children and, although found to be abnormal in the CF infants, 

these measures may not be sensitive to changes in obstructive airways disease over 

relatively short periods of time. It is also recognised that lung function changes usually 

occur slowly in older children and adults with CF and so longer periods of observation 

may be required to monitor deterioration.

FRCn2 increased dramatically in both CF and control infants over the two years and the 

greatest increase was seen in infants in the first six months of life. This study did not show 

a significant difference between CF and control infants for FRC^ 2  ^nd because of the high 

variability between subjects, large numbers would be required to detect a difference. 

Many studies have shown a raised FRCpiĝ  ̂ in young children with CF (Phelan et al. 

1969)(Godffey et al. 1978) but measurement of FRCp,g  ̂ includes the volume of air in 

communication with the large airways and trapped air, unlike FRC^2, which will measure 

only the volume of air in communication with the large airways. FRC^ 2  will underestimate 

FRC because trapped gas will be missed and it is possible therefore that the CF infants 

had air trapping that was not detected using this methodology.

As physiological deadspace may increase in CF, increases in tidal volume and respiratory 

rate compared to control infants might also be expected. There were no differences in 

tidal indices between the groups except for a lower tidal volume in control infants at 0.25 

years. Values for the CF group were similar to the values found at the same age in 

Mohon's study using similar methodology for both CF and control infants (Mohon et al. 

1993) and this result may represent a spurious finding. The increase in tidal volume over 

the first year of life is likely to be affected by a change in the mask, pneumotachograph 

and occlusion valve assembly with an increase in deadspace when the infants reached 8 

kg. The high respiratory rate seen in both CF and control infants is expected as discussed 

previously because of the increased deadspace of the mask and pneumotachograph 

assembly.

5.5.2 CXR Wisconsin scores

The CXR scores reflect the mild clinical lung disease in this group of infants with only 

11 out of 40 CXRs having a score above zero. It is difficult to detect much correlation
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between the CXR score and lung function as the vast majority of CXRs were normal and 

this may reflect how insensitive the plain CXR films are in detecting early lung disease. 

The Wisconsin scoring system however also requires a lateral view to score for 

hyperinflation which was not available in most cases, because of the increased radiation 

exposure involved in two views. This may have lead to under reporting of hyperinflation 

and contributed to the lack of sensitivity in the CXR score.

3.5.3 Nutrition

CF infants were lighter and shorter than the population mean at 0.25 years, as has been 

found in other studies (Bronstein et al. 1995) but they were no different from the 

population mean by 0.5 years. As TBK was normal in the CF infants at 0.25 years and 

remained normal, it is likely that the CF infants had lower body fat stores at 0.25 years 

and, with treatment, regained their adipose tissue stores by 0.5 years. Previous studies 

have found low body fat stores and reduced body cell mass in young children with CF 

(Greer et al. 1991). The CF infants in this study were all diagnosed through the neonatal 

screening program and had treatment commenced usually by 6 weeks of age. The early 

instigation of treatment including correction of malabsorption with pancreatic enzyme 

supplements may not have been early enough to prevent the reduction in fat stores but 

may have protected the body cell mass from depletion.

3.5.4 Energy expenditure

The linear regression analysis demonstrated no significant difference between CF and 

control groups although the p value was close to being significant, the numbers were 

small and there was considerable missing data. Examination of the mean REE/TBK 

values at each time point in the CF infants was suggestive that fluctuations were occurring 

depending on which infants contributed to the data. Because of this, the values were 

expressed as a log mean over the two year period these values were weighted according 

to the number of values contributing to each mean and analysed by genotype. The analysis 

of the effects of genotype demonstrated a higher REE/TBK in homozygotes for the 

AF508 mutation both when linear regression was performed and also when pooled mean 

values of REE/TBK weighted for numbers of values contributing to each mean was 

analysed using ANOVA. The pooling of REE/TBK values over the two year period is
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possible for this type of analysis because there are no relative changes in REE/TBK in 

health over time and indeed linear regression demonstrated no temporal changes. In a 

progressive disease such as CF, changes in REE/TBK due to the disease process may 

occur over time. If this was the case, the tendency would be for REE/TBK to increase 

vsdth time and this would have the effect of reducing the probability of finding a difference 

in the pooled data. As with other studies, the arbitrary assignment of all other genotypes 

to one group is unsatisfactory but unfortunately, with small numbers, more detailed 

genotype analysis is not possible. ANOVA for the log mean REE/TBK was elevated in 

the whole CF group compared with controls although the difference between the groups 

was not as great as when the homozygotes for the AF508 mutation were compared with 

controls. It appears that homozygosity for the AF508 mutation leads to an augmented 

metabolism with an increase in REE/TBK. The effect of heterozygosity is not clear and 

will need to be further investigated.

Healthy individuals throughout life maintain the same REE/TBK and this value has been 

shown to be, as found in this study, 0.12MJ/gTBK/day. REE is the energy produced by 

the metabolically active cell mass, and in health, there is a defined energy expenditure the 

cells can produce when the body is in a resting state. Therefore, the major determinant of 

the REE value is the metabolically active cell mass, and to compare individuals, REE 

must be normalised by an estimate of body cell mass such as TBK. The increased 

REE/TBK in the CF group therefore indicates an increased metabolic rate for the body 

cell mass in this group. Different methodologies have lead to REE being expressed 

sometimes per body mass or fat free mass which include the highly variable, non 

metabolic components of body composition such as body water. Using these less exact 

estimates of body cell mass may increase the error and variability in the measurement and 

may obscure differences between groups. Other studies have looked at total energy 

expenditure (TEE) with the doubly labelled water technique and conflicting findings have 

been reported. Bronstein et al found an increase in TEE expressed per kg body mass but 

no increase in TEE per fat free mass which was calculated by applying published values 

for hydration of lean tissue (Bronstein et al. 1995). The infants in Bronstein's study had 

a lower body mass, as did the infants in this study, which could account for the increase 

in TEE/kg. The mean Z score for TEE expressed per kg FFM/day was above zero (0.25),
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although this was not statistically significant. Because of small numbers and the 

variability in body water, the lack of statistical significance may well have been due to a 

type 2 error. There is also some evidence that older children with CF may compensate for 

the increase found in REE by a decrease in activity and TEE (Spicher et al. 1991).

In studies in CF subjects there has been some controversy regarding the cause for an 

increased REE. However, REE/TBK must either be increased secondary to disease 

processes such as infection, inflammation or an increased oxygen cost of breathing or it 

is the result of an underlying primary increase in metabolic rate. Respiratory tract 

infection and inflammation occur early in CF and it has been postulated that the increase 

in REE may be a secondary phenomenon with support for this hypothesis from Fried et 

al who found an increase in REE in older males with decreasing lung function (Fried et 

al. 1991). Bell et al found that the oxygen cost of breathing (OCB) was increased in stable 

adult subjects with CF compared with controls but that the OCB was not the sole cause 

of increased REE, which contrasts with findings in chronic obstructive pulmonary disease 

(COPD) where increased REE is directly related to OCB (Bell et al. 1996). Thomson et 

al found evidence of inflammation and infection from BAL samples in young children 

with CF but no correlation between infection and inflammation and increased REE/TBK 

(Thomson et al. 1996) .

There is some evidence that the primary cystic fibrosis defect leads to higher cellular 

energy turn over. Studies performed on cultured fibroblasts from subjects with CF have 

indicated that the mitochondrial electron transport system is particularly active (Fiegel and 

Shapiro 1979). Thomas et al proposed that the basic CF defect may be characterised by 

impaired hydrolysis of adenosine triphosphate (ATP) because the CF defect is located in 

a nucleotide binding domain of CFTR (Thomas et al. 1991). In addition, there is some 

evidence that CFTR may transport ATP (Schwiebert et al. 1995). One could speculate 

that genotypes such as homozygotes for AF508 have no transport of ATP through CFTR, 

because they have no CFTR at the cell membrane, thereby leading to an increase in 

intracellular ATP. ATP hydrolysis inside cells provides the energy required for those cells 

and consequently, if there was an increase in available ATP, this could contribute 

theoretically to increased energy expenditure. This speculation could be investigated
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further by measurement of intracellular ATP in CF cells, although as the measurement of 

ATP is extremely difficult, this is likely to remain speculative. Other clinical studies have 

also implicated the AF508/AF508 genotype in raised REE. O'Rawe et al found that REE 

in homozygotes for the AF508 mutation was higher than other genotypes, even after 

adjustment for differences in pulmonary function (O'Rawe et al. 1992), and Thomson et 

al also found that homozygotes for the AF508 mutation had a higher REE than other 

genotypes (Thomson et al. 1996).

3.5.5 Critical analysis

In the second year of the study, there was a lack of power to detect differences between 

the groups because of the smaller numbers. Longitudinal analyses have always suffered 

from missing data and numbers diminishing with time and this study has been no 

exception. The difficulties in part were heightened by the geographical problems of 

conducting this type of study in Queensland with CF infants coming for tests from, in 

some cases 1000 km or more.

Analysis of large amounts of data especially when t- tests are used should be tempered 

with the understanding that p values represent a probability and do not confer certainty. 

In large numbers of tests, by definition, the probability of rejecting the null hypothesis 

because of a statistically significant result will occur 5% of the time if a p value less than 

0.05 is regarded as statistically significant. Consequently, all mean values have been 

expressed as a mean with 95% confidence intervals and indices to be analysed were 

chosen prospectively.

More of the CF infants were sedated compared to the control group. However, sG„ did 

not appear to differ between CF infants who were sedated and those who weren't. In 

addition, although the numbers were too small for statistical analysis, there was no 

apparent intra- subject differences between tests performed under sedation and those 

performed in natural sleep in the two control subjects who were sedated for some tests. 

There was one complication of sedation in a CF infant, with minor aspiration of chloral 

hydrate requiring intravenous antibiotics and corticosteroids. This highlights the need to 

develop methods of measuring lung function in young children without the need for
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sedation. Few studies have reported complications and this may, in general, represent only 

a low risk but in children with respiratory diseases and indeed in healthy controls it is still 

a risk which needs to be carefully assessed and preferably avoided.

Differences in lung function and REE due to gender have been described (Zemel et al. 

1996) and this study was not powered to examine differences due to gender because of 

the small numbers involved. There were equal proportions of males and females in the CF 

and control groups, but at each time point the proportions were not necessarily equal. 

Differences due to different proportions of males and females at each time point were not 

consistent and are more likely to reduce the power of the study to detect consistent 

differences between the groups although sporadic differences might confound the results. 

Because the results over two years for each child were pooled to provide a mean value 

over two years for each infant the proportions of males and females in each group for the 

analysis of REE/TBK were similar and could not account for the difference found 

between the groups.

3.5.6 Summary

In summary, this study has demonstrated reduced lung function in infants with cystic 

fibrosis indicative of significant airways obstruction which appears to occur earlier in 

homozygotes for the AF508 mutation and which persisted over the study period. CF 

infants diagnosed through a neonatal screening program have mild nutritional changes 

present close to diagnosis with reduced adipose stores but normal body cell mass. Resting 

energy expenditure is increased in CF infants and is higher in homozygotes for the AF508 

mutation although this appears to be unrelated to respiratory rate and respiratory 

mechanics.
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Chapter 4. A cross-sectional study of lung function in pre

school children with cystic fibrosis.

4.1 Introduction

It is now recognised that lung disease occurs early in infancy in cystic fibrosis (Phelan et 

al. 1969)(Tepper et al. 1993). If intervention to prevent or delay lung disease in young 

children with CF is to start early, it will be of paramount importance to assess lung 

function changes in both infants and young children longitudinally so that appropriate, 

cost effective interventions result. Reliable, reproducible, non invasive and sensitive 

outcome measures need to be developed. Clinical signs of respiratory disease may appear 

late in the course of lung disease due to cystic fibrosis and clinical parameters may not be 

sensitive outcome measures in infants and pre-school children. Infants with CF often 

present with bronchiolitis-like symptoms and in older school- aged children, symptoms 

of generalised suppurative lung disease are apparent (Lloyd-Still 1983). In the toddler 

years there is often a relatively asymptomatic period which may coincide with growth of 

the airways and the development of greater chest and airway wall stability. Radiological 

changes may be used objectively, but to obtain sensitive measures, high resolution 

computed tomography (CT) scanning is required and frequent repeated radiation exposure 

is not acceptable. Bronchoalveolar lavage may show infection and inflammation in 

infants and children with cystic fibrosis (Armstrong et al. 1995) but is too invasive to be 

used on a routine basis prior to if s clinical benefit being demonstrated.

Techniques are available to measure lung function objectively in infants although these 

usually require sedation and specialist equipment which is only available in research 

laboratories. School aged children can relatively easily be trained to perform spirometry, 

but the age group in between have traditionally been the most difficult group in whom to 

measure lung function. This is because pre-school children are generally uncooperative 

when awake and more difficult to sedate. The sedatives which are most commonly used 

for lung function, chloral hydrate derivatives, tend to be unpleasant to take and therefore 

more difficult to administer to an uncooperative toddler. In addition, the maximum dose 

of chloral derivatives recommended is often unsuccessful in maintaining adequate
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sedation for lung function tests in this age group and paradoxical reactions with 

excitability are common. There is a dearth of studies in the 3 to 5 year age group however 

some examples of studies using different techniques are described in Table 18.

Table 18. Some examples of lung function studies using different methodologies in 

the toddler age group.

Date Number of 

children studied

Age
(years)

Type of technique

Doershuk et al 1970 Authors 0-5 FRCpiert, and airways resistance

Cogswell 1973 69 3-6 Input impedance using forced 

oscillation technique (sine wave 

frequency 5-7 Hz).

Carter et al 1994 107

but only 12

3-12

<6

Respiratory system resistance using an 

interrupter technique.

Kanengiser et al 1994 98 3-5 FEV, and FVC

Cornells et al 1996 286 3-11 tpTEp/tE and FEV,, FVC

Doershuk et al measured airways resistance and FRCp,eth in a total body plethysmograph 

under sedation in a group of healthy children between one month and 5 years of age 

(Doershuk et al. 1970). The number of toddlers studied was not given. This type of 

measurement requires specialist equipment and does require heavy sedation with the 

attendant problems previously discussed and is not easily applicable to this age group.

The forced oscillation technique to measure resistance is non invasive and effort 

independent. However measurements made using a mask are influenced by the upper 

airway. This effect may be particularly marked during upper respiratory tract infections 

when nasal impedance may rise considerably. This is also likely to be a problem in cystic 

fibrosis when nasal polyps may occur. Measurements may also be made through a 

mouthpiece and Cogswell studied around 50 normal children between 3-5 years and 18 

children with CF less than 6 years seated using a mouthpiece (Cogswell 1973). He found
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that the technique was well tolerated but that there was a wide range of normal values 

making it difficult to determine what was abnormal. The inclusion of the impedance of 

the upper airway may have contributed to the wide range of normal values found.

The interrupter technique is used to measure resistance during tidal breathing with face 

mask, pneumotachograph and shutter in series. Carter et al showed that the technique was 

well tolerated in the 12 children less than 6 years in their study group and that respiratory 

conductance as measured by the interrupter technique correlated with FEV, and FEF25- 

75% in the older children able to perform spirometry (Carter et al. 1994). The authors 

concluded that this technique does appear to be promising in the toddler age group, 

although clinical use will remain limited until normal values have been established and 

the method of extrapolating the post-occlusion mouth pressure tracing has been 

standardised.

There have been a few small studies to examine the use of spirometry to assess lung 

function in toddlers (LeSouef et al. 1986) (Strope and Helms 1984). There are however 

no established normal values and the criteria for acceptability may need to be adapted. 

The current standards for spirometry published by the ATS (Anonymous 1994) are based 

on adult performance which may be quite inappropriate for very young children, who for 

both practical and physiological reasons may be unable to perform tests that meet the ATS 

criteria. For example, the ATS criteria include a minimum FVC exhalation time of 6 secs 

whereas many young children will empty their lungs in less than one second. While with 

training some young children can perform reproducible forced expiratory manoevers, 

consistency of performance is difficult to achieve and clinicians have not in general found 

the effort of training worthwhile. Kanengiser et al retrospectively evaluated the forced 

expiratory manoeuvres in 98 children aged 3-5 years, 76% of whom had suspected 

hyperreactive airways while the remainder had a number of different diagnoses including 

cystic fibrosis, congenital abnormalities or a previous history of ARDS (Kanengiser and 

Dozor 1994). This group concluded, as others have, that while some young children can 

perform spirometry, reliability of performance cannot be assumed.

A recently described technique which may be useful in the toddler age group is the raised 

volume rapid thoraco-abdominal compression technique (RVRTC)(Tumer et al. 1995).
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This involves a similar approach as in the conventional rapid thoracic compression 

technique, however the RVRTC is not performed in the tidal range but after raising the 

lung volume in a standardised manner. Instead of measuring V'maxFRC which is highly 

variable and subject to changes in FRC, forced expiratory volumes are measured (FEVt) 

which are more familiar types of measurements and subject to much less variability. The 

advantages of this technique include standardisation of lung volumes and measurements 

which can be used from infancy through the toddler years and which may allow 

comparison with the spirometry performed in older children. The difficulty with this 

approach is that it requires a well sedated or anaesthetised subject, and toddlers are less 

easy to sedate than infants as was discussed previously. At the present time there is little 

normative data available using this technique and there are no published data available 

in the toddler age group either in health or disease.

Others have looked at tidal indices such as tp̂ Ep/t̂  as these can be measured non 

invasively with no effort required by the child (Cornells et al. 1996). These measures can 

be useful, but may vary with age and respiratory rate (Rusconi et al. 1996). Partial forced 

expiratory flow volume manoeuvrers have also been used but unless flow limitation is 

achieved, variability will be high (Taussig 1977).

A simple method of measuring lung function in infants which can be used non- invasively 

in the toddler age group and which is related to lung function as measured by 

conventional spirometry in older children would be of great benefit. This pilot study was 

undertaken therefore to see if the gap between measuring lung function in infants and 

school aged children could be bridged using respiratory mechanics and tidal breathing 

parameters with an automated lung function cart as described in chapter 3.

4.2 Aims

To determine whether infant pulmonary function tests as measured in the longitudinal 

study described in Chapter 3 can be applied to the preschool child with CF and can be 

adapted to a non invasive method not requiring sedation.
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4.3 Methods

4,3.1 Study Population

Parents of children aged between 6 months and 4 years of age, who were coming to 

Brisbane for a routine cystic fibrosis clinic or being hospitalised for routine treatment, 

were approached and the children were enrolled after informed, parental consent was 

obtained. Symptomatic children were specifically targeted. Seventeen children with cystic 

fibrosis aged between 6 months and 42 months were enrolled. All the children except one 

had been diagnosed through the neonatal screening program as described in section 3.3.1. 

In one child (14) the diagnosis of CF had been missed on newborn screen and the 

diagnosis was made from genotyping for CF mutations and confirmatory Gibson Cooke 

sweat test. This child was diagnosed 4 weeks prior to testing, having presented with 

recurrent rectal prolapse, fatty stools and a moist cough with a collapsed right middle lobe 

which had not responded to treatment for asthma.

Outpatients did not have a current chest exacerbation at the time of testing although some 

of the children were chronically symptomatic with cough. Antibiotic use was noted. Two 

children were tested while in hospital on intravenous (IV) antibiotics. Subject number 

7 was admitted to hospital for a routine surgical procedure and had IV antibiotics 

because of moderately severe lung disease, the lung function testing being done prior to 

the surgery. Subject 5 had chronic, severe lung disease requiring frequent routine 

admissions for IV antibiotics. Testing was done at the end of such an admission when 

her lung function was likely to be at its best. One family declined participation because 

they did not want to be involved in research. Nine children were available for repeat 

testing around 12 months after the first test. Some children were able to produce sputum 

for culture and some others had undergone bronchoscopy and bronchoalveolar lavage 

(BAL) as part of another study. Positive cultures from these samples are reported in 

table 19.
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Table 19. Clinical information for CF toddlers.

Subject Age/
years

Gender Genotype Cough Antibiotics Organisms
isolated

Visit 1

1 3.2 F AF508/ other dry prophylactic

2 1.9 F AF508/G551D no none S. aureus

3 1.3 M AF508/AF508 moist none

4 2.1 M Not typed no none

5 2.4 F AF508/AF508 moist IV

6 1.5 M AF508/AF508 no prophylactic

7 3.3 F AF508/AF508 moist IV B. cepacia

8 1.25 M AF508/AF508 no prophylactic

9 3 F AF508/ other no none

10 3.1 M AF508/AF508 no no S. aureus

11 1.3 M AF508/ other moist prophylactic P.aeruginos

a

12 0.75 F AF508/G551D dry prophylactic

13 1.75 M AF508/AF508 dry prophylactic

14 2.5 F AF508/AF508 moist prophylactic

15 1.5 M AF508/AF508 no prophylactic

16 1.1 F Not typed moist prophylactic

17 1.8 F AF508/621+1G>T no none

Visit 2

1 5 dry prophylactic P.aeruginos

a

8 2.25 dry prophylactic

9 4 no none

10 4.25 no none

11 2.25 moist prophylactic P.aeruginos

a

12 2 dry prophylactic

13 3 dry prophylactic P.aeruginos

a

14 3.7 moist prophylactic P.aeruginos

a

15 3 no prophylactic
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4.3.2 Study protocol

Children had infant pulmonary lung function testing at a first visit. Twelve months later 

a second test was undertaken.

4.3.3 Sedation

Measurements were taken during behaviour defined quiet sleep for the first test and if 

possible awake while watching a video for the repeat test 12 months later. At the first 

study, children were studied during a nap but if this could not be done, sedation with 

chloral hydrate 70-75 mg/kg was given and at the second test if the child did not tolerate 

sitting with a mask and pneumotachograph sedation was given. Fifteen out of seventeen 

children were sedated for the first test and three out of nine children for the second test 

(see table 20). Oxygen saturations were monitored using a Criticare 504 pulse oximeter 

in sedated children.

4.3.4 Lung Function

All measurements of pulmonary function were done using the Sensor Medics 2600 

Pediatric Pulmonary Function Laboratory as described in sections: 2.1.1.2, 2.1.4.2, 

2.1.5, 2.2-2.2.2.

4.3.5 Analysis

Results of RR, tp^p/tg, FRC ĵ» sG,s were analysed by plotting the data either

against body length or age in years and linked data was demonstrated by joining the data 

points. As normative data using similar methodology were scarce, 95%CI for normal 

values for FRC^g using a predictive equation FRCyg= 0.0031 . (k=1.18,(Taussig 

et al. 1977),(Greenough et al. 1986)) were plotted to allow comparison of toddler data 

with normal values (Stocks and Quanjer 1995). For R^, sG„, RR and tppgp/tE, normal data 

using the same equipment was not available, so control data from infants studied in 

chapter 3 were plotted. Children were divided into those who had a moist cough at the 

time of testing (moist cough) and those who had no cough or dry cough at the time of 

testing (dry / no cough). All control data and normal values of FRC from predictive 

equations were plotted in red, CF toddlers who had a moist cough at the time of test were
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plotted in green and the other CF toddlers in blue. Mean values of tidal, FRC and 

mechanics data in CF toddlers who had no cough or dry cough at the first visit at a mean 

age of 2.1 years were compared with the CF infants from the longitudinal study 

described in chapter 3 at 2 years of age using, a two tailed Student’s t test.

Weight and height Z scores were plotted against age.

A successful test was defined as having obtained a complete data set including tidal, 

FRC and mechanics data. The number and reason for incomplete tests at the first and 

second visits were examined.

4.4 Results

4,4.1 Pulmonary lung function results

The infant pulmonary lung function results for all subjects for both visits are presented 

in table 20. The numbers were small and this study was underpowered to detect 

differences between groups. Nevertheless, it was apparent that, while there was an 

overlap between values from the toddler group and the controls from the longitudinal 

study described in chapter 3, R̂ , plotted against body length was higher and sCĵ  was 

lower in some of the CF toddler group (see fig  30 and fig  31')- Rrs decreased with 

increasing body length, as expected. Only one child with a moist cough at the time of 

testing had mechanics data available and so the relationship between symptoms and 

impaired respiratory mechanics could not be examined.
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Table 20. Toddler data for both visits.
VISIT 1
Subject ( s  sedated) age years Weight kg Weight Z Height Z Height cm RR Vj ml/kg tpTEp/tE FRC ml FRC ml/kg Rre kPaL^s sC^ k P a ' s G ^ s ’ kPa"*
1 S 3.2 17.0 1.30 1.03 99.3 35 6.8 0.24 202.2 11.9 3.04 0.53 1.53

2 1.9 15.0 2.69 0.72 87.0 21 9.5 0.16 565.7 37.7 2.84 0.43 0.71
3 1.3 8.6 -2.05 -1.93 74.0 27 10.9 0.15 274.8 31.8 5.78 0.41 0.61

4 s 2.1 12.8 0.03 -0.63 86.0 22 9.9 0.14 361.7 28.3 3.14 0.54 0.92
5 s 2.4 12.4 -0.26 -0.78 86.3 32 10.9 0.18 285.3 23.0 3.92 0.65 0.92
6 s 1.5 11.3 -0.17 0.67 84.4 23 8.8 0.13 NO NO 3.14 NO NO
7 s 3.3 12.2 -1.81 -2.28 89.0 25 11.0 0.25 312.4 25.6 4.02 0.81 0.82
8 s 1.3 10.5 -0.33 -0.75 77.3 28 10.6 0.16 246.6 23.5 3.53 0.66 1.22
9 s 3.0 15.0 0.56 0.00 93.8 24 9.9 0.23 347.7 23.2 4.12 0.60 0.71
1 0 s 3.1 13.8 -0.65 -0.32 94.4 NO NO NO NO NO 3.33 NO NO
11 s 1.3 8.5 -1.73 -1.33 75.0 32 10.4 0.13 NO NO 3.63 NO NO
1 2 s 0.8 9.1 0.46 0.32 71.3 26 9.3 0.19 194.1 21.3 3.72 0.50 1.33
1 3 s 1.8 11.8 -0.17 0.33 86.2 NO NO NO NO NO NO NO NO
14 s 2.5 13.0 0.06 -1.46 84.5 34 7.1 0.20 274.5 21.1 NO NO NO
15 s 1.5 12.6 0.92 0.13 82.8 27 7.3 0.25 378.2 30.0 2.74 0.54 0.92
16 s 1.1 9.1 -0.64 -1.03 72.5 26 10.0 NO NO NO NO NO NO
1 7 s 1.8 13.1 1.23 -0.09 84.4 43 6.3 0.22 200.4 15.3 3.14 0.54 1.63
mean visit 1 2.0 12.1 -0.03 -0.44 84.0 28 9.3 0.19 303.6 24.4 3.58 0.56 1.03
SD visit 1 0.8 2.3 1.21 0.96 7.9 6 1.6 0.04 103.5 7.0 0.77 0.11 0.35
VISIT 2

1 5.0 22.0 1.60 1.05 113.0 25 8.8 0.23 NO NO NO NO NO
8 s 2.3 13.0 -0.07 -1.73 83.2 31 9.3 0.30 269.5 20.7 2.35 0.82 1.73
9 s 4.0 16.0 0.07 -0.48 99.1 20 7.4 0.32 410.8 25.7 3.82 0.89 0.61

10 4.3 15.5 -0.85 -0.50 102.6 NO NO NO 419.6 27.1 0.98 0.92 2 14
11 s 2.3 11.0 -1.17 -1.09 82.0 39 9.4 0.10 602.6 54.8 2.55 0.20 0.61

12 2.0 13.0 0.85 0.00 86.5 38 12.0 0.47 370.0 28.4 NO NO NO
13 3.0 15.5 0.50 0.41 96.7 28 13.4 0.29 518.0 33.4 1.08 0.62 2.24
14 3.7 15.7 0.15 -0.80 96.0 26 10.9 0.37 612.7 39.0 NO NO NO
15 3.0 15.0 0.19 0.25 96.0 30 12.2 0.29 402.0 26.8 NO NO NO

mean visit 2 3.3 15.2 0.14 -0.32 95.0 30 10.4 0.30 450.7 32.0 2.16 0.69 1.47
SD visit 2 1.0 3.1 0.83 0.84 9.9 6 2.0 0.11 118.4 10.7 1.17 0.29 0.72
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Figure 30. Rrs (kPa L'̂ s) against body length in toddlers with CF and in control infants from the
longitudinal study described in chapter 3
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Figure 31. sGrs (s \P a  in toddlers with CF and in control infants
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FRCn2 plotted against body length was greater than the 95% Cl for FRC^e derived from 

predictive equations in 2 out of 5 toddlers with a moist cough at the time of testing and 

in 3 out of 10 children with no cough or dry cough at the time of testing (see fig  32). All 

the control values of FRCn2 fell within the 95%CI derived from predictive equations. 

Some of the FRCN2values were very high which is difficult to explain, although some of 

the children were short.

Respiratory rate decreased with time and there was a suggestion that respiratory rate was 

higher in the toddler group around two years of age (fig 33). From the graphs it is 

apparent that tp^p/tE had a high variability and did not differ between CF subjects with 

moist cough and those with no cough or dry cough. There was also no difference 

between CF groups and controls (fig 3 4 ).

Data from toddlers with no or dry cough at visit one are shown in table 21 along with 

data from the longitudinal study of CF infants with no or dry cough at two years of age. 

The values for RR, Vt, tp̂ Ep/fE, t̂s» sG ,̂ sC^ and FRC^ 2  are similar in the two groups and 

there were no statistically significant differences between the groups. A scatter plot of 

Rrs against body length in the toddlers with no or dry cough at visit one and the CF 

infants aged 2 years showed a wider variation in body length in the toddlers because of 

the wider age range (fig 35). R̂ , values overlapped between the groups but there was a 

greater variation in the R^ values from the two year old CF infant group which had 3 out 

of 10 infants with lower Rr, values which were in the control range.
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Table 21. Lung function and anthropomorphic data in CF toddlers by symptoms and at 2 years of age in CF infants from the longitudinal 

study described in chapter 3.

Mean age 

years

Weight 

Z score

Height Z 

score

RR Vt

ml/kg
tpTEp/lE FRC

ml
Rrs
kPaL'\s

sC„
kPa' kPa'.s-'

n (No/ dry cough) 11 11 11 9 9 9 8 10 8 8

No/dry cough 

Mean +/- 95% Cl 

or (range)

2.1

(0.8-3.2)

0.5 0.13 28+/-

5

8.7 +/-

1.2

0.19+/-

0.04

312+/-

107

3.3 +/- 

0.3

0.54 +/- 

0.04

1.2+/-

0.3

n (CF infants) 10 10 10 10 10 10 10 10 10 10

CF infants

Mean +/- 95% Cl or

(range)

2.0

(1.9-2.1)

-0.2 0.76 26+/-

3

10.4+/-

0.9

0.21+/-

0.05

320 +/- 

47

2.7 +/- 

0.6

0.75 +/- 

0.21

1.4+/-

0.3
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Figure 33. RR in young children with CF and in controls infants from the longitudinal 
7 0  study described in chapter 3
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Figure 34. tpTEp/te against age in years in toddlers with CF and in control infants from the
longitudinal study described in chapter 3.
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Figure 37. Height Z sco res  in toddlers with CF
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4.4.2 Weight and height

Weight and height Z scores were substantially lower between children with a moist 

cough at the time of testing and children who had a dry cough or no cough at time of 

testing (p <0.01) {fig 36 and fig 37). Of the 6 children with a moist cough at time of 

testing 5 were female and of the 11 children with no cough or dry cough at time of 

testing 5 were female.

4.4.3 Analysis of incomplete data

At the first test, 5 subjects, all of whom were sedated, had data which was unacceptable 

or incomplete as outlined in table 22.

Table 22. Incomplete or unacceptable data from visit one in CF toddlers.

Subject Tidal loops FRC Mechanics

6 single measure only

10 only 4 closed loops single measure only woke 
early

11 single measure only

13 only 4 closed loops woke before any 

measures

woke before any measures

14 inadequate straight line fit

16 movement artefact 

from snoring
single measure only inadequate straight line fit

Three of the children, 6, 10 and 13 had paradoxical excitability with sedation and the 

parents found it difficult to manage them and prevent accidental falls prior to them going 

to sleep.

Nine families agreed to return for a second test. Of the eight who did not have a second 

test, four lived some considerable distance from Brisbane and were seen at outreach 

clinics twelve months later, the other four families did not want to continue for family
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reasons.

The second test produced a greater proportion of incomplete or unacceptable data as 

outlined in table 23. Of the 6 unsedated subjects only one had a complete data set and 

greater success was achieved when sedation was used v^th all three subjects achieving a 

complete data set. Parents tended to be more comfortable with the test the second time 

and there were no problems with sedation. Tidal data were incomplete in 3 out of 17 tests 

at visit one and 1 out of 9 tests at visit2.

Table 23. Incomplete or unacceptable data from visit two in CF toddlers.

Subject Tidal loops FRC Mechanics

1 The peak tidal inspiratory 

flow rates were too high

Hering-Breuer reflex not 

elicited.

10 Only 2 acceptable 

loops were stored.

12 Inadequate straight line fit, 

plateaux not maintained.

14 Inadequate straight line fit, 
plateaux not maintained.

15 Hering-Breuer not elicited.

The methodology appeared to be more successful in the younger age group (mean age 

two years) in sleeping children, although 30% of tests were incomplete or unacceptable. 

There was an even higher proportion of unsuccessful studies in the awake older child 

(mean age three years). There were a number of reasons for failure in the awake child:

1 .Equipment limitation

The oldest child was aged five years and her peak tidal inspiratory flow was too high for 

the continuous flow circuit system at around 350 ml/s. The maximum flow rate of 

oxygen was around 18L/min and so the maximum PTIF which would enable accurate 

measurement was 300ml/s.
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2.Methodological

Regular quiet breathing is difficult to achieve in this age group especially when a mask 

and pneumotachograph is placed over the mouth and nose. The children enjoyed 

watching a video but their breathing patterns altered when they were excited and they 

were less cooperative if the video did not attract their full attention. It is difficult to 

achieve a satisfactory Hering-Breuer reflex (HEIR) leading to a passive expiration in an 

awake child. The shutter which closes to form the occlusion makes a noise which can 

startle the child and they often hold their breath in response or inspire against the 

occlusion. In two out of the six awake children the technique was possible with an 

adequate HEIR and a passive expiration although both these children had several 

attempts before satisfactory data was collected. Two out of the six awake children did 

achieve a positive HEIR but had an inadequate number of data collected, despite 

multiple attempts, with failure to maintain a plateau and inadequate straight line fit of 

the expiratory flow volume curve.

4.5 Discussion

This was not an unselected group of children and it included children with significant 

lung disease because the natural progression of lung disease in the CF population was 

not being explored. The low values of sG^ and the high RR, R^ and FRC^ 2  values reflect 

the more severe lung disease seen in this group of children. However, tidal, FRCn2 , and 

mechanics values for the CF toddlers with no cough or dry cough at a mean age of two 

years were similar (R̂ , was a little higher and sCÎ  a little lower) to the values obtained 

in the longitudinal study described in chapter 3 on the unselected group of infants with 

CF at two years of age. This suggests that the lung disease present in infancy continues 

into the toddler age range, even in individuals with few respiratory symptoms. It should 

however be emphasised that there is little evidence in the literature that dry or moist 

cough implies a difference in lung function.

Values of tidal volume were high at visit one, and this is likely to reflect the high 

deadspace of the pneumotachograph and mask as described in section 2.213. RR values 

were similar to findings in other studies (Gagliardi et al. 1997). The average RR did not
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decrease with time and this is probably the result of taking measurements during sleep 

at visit one and mostly awake at visit two.

Weight and height Z scores were both considerably lower in the CF toddlers vvdth moist 

cough at the time of testing. There were proportionately more females in the group of 

infants who had moist cough at time of testing but Zemel et al found that while height 

Z scores for females tended to decrease with age, weight Z scores declined in males 

(Zemel et al. 1996). In this study both weight and height Z scores were lower in the 

group of toddlers with moist cough and if this was an effect of gender, height Z scores 

only might have been expected to be lower. As the children with moist cough were not 

thought to have an acute chest exacerbation this reflects a poorer nutritional status in 

young children with symptomatic lung disease.

Unfortunately, the study was underpowered to detect differences in most of the lung 

function parameters measured. To detect a difference of 0.1 in tp̂ Ep/tE over 12 months 

with a power of 0.9 the number required would be 6 in each group if the standard 

deviation of the differences was 0.05, and 20 in each group if the standard deviation was, 

as it happened to be, 0.1. It was not possible to predict the likely standard deviation as 

this type of study has not been published previously in this age group.

The children in the control group from the longitudinal study described in chapter 3 were 

younger than the CF children in the toddler study group although there was some 

overlap. This means that the data from the older toddlers could not be compared to the 

control values.

In summary, there are significant difficulties in obtaining useful pulmonary function data 

in toddlers and this study demonstrated that the techniques using respiratory mechanics 

and tidal breathing parameters with an automated lung function cart as described in 

chapter 3 are not suitable in this age group. In designing a technique for use in this age 

group a simple, non invasive, comfortable and effort independent method is required 

which can be used in both infants and pre-school children and which is related to forced
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expiratory flow indices. The most complete data in all the children were the data from 

the tidal breathing flow volume loops but, unfortunately, the tp̂ Ep/fE d&fa did not differ 

between CF toddlers and control infants and was not different in CF toddlers with moist 

cough and CF toddlers with no cough or dry cough. Despite the apparent lack of 

sensitivity, the recognised problems in interpreting tidal indices, the variability in the 

measurements to date, the influence of respiratory rate and the lack of understanding 

relating to the factors which determine the values, it is potentially a promising method 

of measuring lung function in this age group. More work needs to be focused on 

understanding tidal breathing and developing indices which are more sensitive and less 

variable or less influenced by respiratory rate. The next chapter explores the value of 

tidal indices as a marker of lung disease in adults and older children and their relation 

to respiratory rate.
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Chapter 5. A new index of tidal expiratory flow.

5.1 Introduction

Tidal breathing indices are attractive as measures of obstructive airways disease because 

they are effort independent and non invasive to perform. Obstructive airways diseases 

are known to affect tidal breathing expiratory flow- time or flow -volume curves. 

However the relationship between the tidal curves in health and obstructive airways 

disease is not completely clear. In 1981 Morris and Lane showed that there was a 

significant correlation between forced expiratory volume in 1 second (FEV,) and 

percentage tidal volume expired before peak tidal expiratory flow (dV/Vt) (Morris and 

Lane 1981). There was a decrease in dVA t̂ and in the similar index tpjEp/tE ^  adults with 

obstructive airways disease. Cutrera et al also demonstrated a correlation between dVA^t 

and spirometric indices in school aged children while pointing out the variability and the 

lack of sensitivity in the measurement of dVA^t compared with forced expiratory 

measures (Cutrera et al. 1991). Cornells et al assessed the value of tpjEp/lE 286 children 

aged between 3 and 11 years and found it to be a simple and reliable measure of airway 

obstruction which they thought was suitable for epidemiological studies and which could 

be used reliably to assess reaction to bronchial provocation with histamine and 

bronchodilator response (Cornells et al. 1996). They found however that although tp̂ p̂/tg 

differed between groups of children with asthma and healthy children that there was 

considerable overlap between the groups. They chose an FEVi/FVC ratio 0.8 to 

discriminate between children with abnormal lung function and found that 80% of 

children with abnormal lung function had a tp̂ pp/tp ratio of less than 0.32 and 64% 

children with normal lung function had tpjpp/tp greater than 0.32. In infants a correlation 

between low forced expiratory flows and reduced dV/Vt has also been reported and 

Dezateux et al demonstrated a weak but statistically significant relationship between 

specific airways conductance and tp̂ gp/tg (Dezateux et al. 1994). Martinez et al showed 

that tpygp/tg was reduced in male infants who subsequently developed wheezing lower 

respiratory tract illnesses (Martinez et al. 1988) and Stick et al found that infants whose 

mothers smoked during pregnancy have lower values of tpjgp/tg shortly after birth than 

infants whose mothers were non smokers (Stick et al. 1993). Aston et al were unable to
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demonstrate changes in tp̂ gp/tg with bronchial provocation tests although changes in 

V'maxFRC were seen, and this group concluded that tidal indices were not sensitive 

enough to measure bronchial reactivity in infants (Aston et al. 1994). Rusconi et al 

recently performed bronchial challenge tests in infants with recurrent wheeze and found 

that while a decrease in both t  ̂and in tpjEp could be detected, there was no significant 

change in tp̂ gp/tg although the change in tpT̂ p/t̂  was positively correlated with the change 

in RR (Rusconi et al. 1996). The change with RR was thought to mask detectable changes 

in the ratio. Seddon et al found that the relationship between tpjpp/tp and infant pulmonary 

mechanics was complex and appeared to be more strongly related to dynamic lung 

compliance than lung resistance in both intubated and non intubated infants in a neonatal 

nursery (Seddon et al. 1996). The mechanics measurements were however normalised to 

weight rather than lung volume and the infants were not healthy full term infants so 

results from this sample cannot be applied to the general population. Mikkilineni and 

England in a guest editorial discussed tidal expiratory flow measurements in infants and 

mentioned that preliminary work from their laboratory suggested that tp̂ pp/tp correlates 

more closely with lower airways resistance with increasing airways resistance but that 

with normal airways resistance tp^p/tp was modulated more by muscle groups outside the 

airways (Mikkilineni and England 1994).

The correlation between tpjpp/tp with forced expiratory flow indices and the changes seen 

with histamine challenge and bronchodilator responses suggest that the decrease in dV/Vt 

and tpTpp/tp is related to airway narrowing. Pleural pressure traces showing a rapid 

increase at the start of expiration when measured with oesophageal balloon and 

electromyogram (EMG) recordings are compatible with a loss of post inspiratory muscle 

activity (Pmus,i) in subjects with obstructive airways disease (Morris et al. 1990). During 

a passive expiration, the flow at time t, (V'(t)) will be determined by the following 

relationship, provided inertance is low and the elastance (E„) and resistance of the 

respiratory system (R^J are linear.

R„V’(t)= E ,V (t)-P _ ,(t)

Peak tidal expiratory flow will occur when Ers V(t)- P^„j., (t) is a maximum. In healthy 

adults electromyographic (EMG) activity confirm that P̂ ĝ , subsides slowly during 

expiration and this is matched by a rise in the oesophageal pressure trace.
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Although tpTEp/tE has been used as an index of obstructive airways disease the variability 

in the measurement is increased by determining the exact point at which PTEF is reached. 

This may be complicated by a plateau around the peak or small movement artefacts which 

may be picked up as the PTEF point by the analysing computer. It is also a measure which 

only takes into account one feature of the flow-time or flow-volume curve while the 

whole shape of the tidal expiratory curve is different in obstructive airways disease. In 

addition, tp̂ Ep/tp may be affected by changes in RR because tg is related strictly to the 

inverse of RR, however the effect of RR on tp̂ gp/tg is not necessarily predictable as the 

relationship between tp̂ gp and RR is not clear.

It was apparent from observing the flow- volume loops of infants with acute obstructive 

airways disease such as bronchiolitis and high respiratory rates that the shape of the flow 

-volume loop was similar to the shape of tidal flow- volume loops of infants with chronic 

obstructive airways disease such as bronchopulmonary dysplasia and lower respiratory 

rates. At higher respiratory rates, the peak tidal expiratory flow increased, tidal volume 

decreased and the loops appeared elongated. Even small changes in the timing of peak 

tidal expiratory flow may have a significant effect on tpygp/tg but small changes in the 

timing of PTEF will have less effect on the area under the curve if the general shape of 

the loop was stable. Reich et al used indices based on the area under the flow- time curve 

divided into inspiratory and expiratory portion called centroids to examine how the shape 

of the tidal breathing flow time curve changed during anaesthesia with different 

concentrations of Halothane and also following re-breathing to produce hypercapnaea 

(Reich et al. 1994). This group showed that there was no change in the shape of the flow 

time curve in response to changes in Halothane concentration or re-breathing although 

there were increases in respiratory rate and significant change in indices of respiratory 

drive such as tidal volume divided by inspiratory time (Reich et al. 1994). We postulated 

that there would be no change with respiratory rate in an index based on the shape of the 

tidal breathing flow- volume curve with change in respiratory rate.

In this study we developed a mathematical index (Ai) which would better describe the 

shape of the flow -volume loops, which would be based not on one point on the curve, but
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on a fixed proportion of the tidal volume and which should be more stable with changes 

in respiratory rate. The mid point of the expiratory volume was used to bisect the 

expirator}' portion of the tidal breathing flow-volume (TBFV) curve into two areas A and 

B. The area index, Ai is the ratio of area A to area B (see fig  38).

Figure 38. Area index of tidal expiratory flow.

Ai = A/B

Flow

Volume

5.2 Materials and Methods

5.2.1 Study population

Fifteen children aged over 8 years who attended the respiratory clinic 6 with asthma and 

9 with cystic fibrosis who were able to perform spirometry adequately and reproducibly 

were enrolled. Twenty four subjects who were free of respiratory symptoms such as 

cough or wheeze aged between 8 and 50 years were enrolled. All subjects were non 

smokers although one child and one adult had had lifetime exposure to passive smoking.

Informed consent was obtained and for subjects less than eighteen years, consent was 

obtained both from the parents and the child.

5.2.2 Measurements

5.2.2.1 Spirometry and lung volume measurements

Spirometry was performed standing with a nose clip according to ATS standards as 

described in section 2.3.3. Lung volumes were measured while seated in the Jaeger whole 

body plethysmograph as described in section 2.3.2 .
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5.2.2.2 Tidal breathing flow volume loops

Subjects were seated with the head in a neutral position with the elbows supported on a 

table in front of them and holding the mask and pneumotachogaph assembly over the 

mouth and nose. The 0-1 OOL/min pneumotachograph and SensorMedics 2600 system was 

used as described in section 2.3.1.3 . Subjects were unable to see the screen with the tidal 

loops. When regular quiet respiration was established, eight TBFV loops were collected. 

All closed loops were accepted consecutively. A metronome was set to allow timing of 

respiration and the respiratory rate was increased. Respiratory rates were increased by 10 

breaths per minute from around 20 to 60 breaths per minute. If resting rate was around or 

greater than 20 breaths per minute the rate was increased from 30 to 60 breaths per 

minute. Eight to twelve closed loops were stored for analysis at each respiratory rate. 

Loops were discarded at analysis if they were found to be open or had clear movement 

artefact.

Subjects rested for one to two minutes between increases in respiratory rate and were 

instructed to take the mask off and rest if they had symptoms suggestive of hypocapnia.

The TBFV curves were numerically integrated to calculate the areas of each half of the 

curve. This process was automated through the use of a simple visual basic computer 

program.

5,2.3 Analysis

Natural logarithms of values of Ai and values of tp^p/tE were taken to allow comparison 

of variability with RR. To separate variability within subjects from that between subjects 

and between different respiratory rates, a variance components model was fitted using the 

PROC MIXED procedure of SAS.

Values of Ai and tp̂ Ep/tg at resting RR were plotted against FEVi%predicted and 

correlation coefficients were derived. The relationship between tg and RR, tp̂ gp and RR 

and tg and tp-pgp were examined using scatter plots.
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5.3 Results

5,3.1 Analysis o f A i and tpj^E/h against RR

Results of both Ai and tp̂ gp/tg were available for 33 individuals and a total of 1214 

matched values of Ai and tp̂ Ep/t̂  were available for analysis (see fig  39 and fig  40 

showing Ai and tppEp/tg against RR). The values for five individuals were unfortunately 

lost by computer error, three of these were CF patients and two were healthy controls. 

Tidal data from one healthy control subject were not used because the tidal breathing 

flow- volume loops were collected while wearing a specialised dental plate. Although this 

did not appear to have necessarily affected the results, data without the plate in situ were 

not available to check any effect due to the plate.

Preliminary analysis indicated that the distributions of Ai and tp^p/tg could be made more 

symmetrical by taking natural logarithms. This transformation was more successful for 

Ai than for tpq̂ p/tg because of 3 observed measurements close to zero which were outside 

the range of the rest of the data. These three observations were subsequently excluded 

from the analysis because, although their exclusion did not alter the conclusions of the 

analysis, their inclusion caused disproportionate influence on the estimates of within- 

subject variance.

The estimates of the standard deviations within and between subjects on the natural log 

scale for both outcomes (with 95%CI) are given in table 24. The estimates of variance 

are almost unchanged by adjusting for respiratory rate and although the dependence of 

both indices on RR is statistically significant it is not particularly strong. There is clearly 

substantially smaller intra-subject and inter-subject variation for Ai than for tp̂ gp/tg. The 

low variability with RR is also apparent on examination of the plots of Ai and tp̂ gp/tg 

against RR where there is little obvious change of either index with RR.
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Figure 40, tpjEF̂ te against RR
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Table 24. The estimates of the standard deviations within and between subjects on 

the natural log scale for both Ai and tp̂ Ep/t̂  (with 95%CI).

Unadjusted Adjusting for RR

Within-subject SD Between-subject SD Within-subject SD Between-subject

SD

Ai 0.110

(0.106-0.115)

0.100

(0.068-0.124)

0.108

(0.103-0.112)

0.097
(0.066-0.120)

tpTEp/tE 0.358

(0.343-0.373)

0.228

(0.152-0.285)

0.356

(0.341-0.373)

0.224

(0.150-0.280)

5.3.2 Changes in and tpj^p with increasing RR and the relationship of tp with tpjpp. 

The changes of tg with RR are well recognised and the expected inverse curve may be 

seen in fig 4L A similar shaped curve was seen when tp̂ gp was plotted against RR (see 

fig 42) and a linear plot with much scatter was seen when tp̂ Ep was plotted against tg (see 

fig 43).

5.3.3 Correlation of Ai and tp^p/t^with %predicted FEVj.

A correlation between Ai and %predicted FEV, was examined by scatter plot (see ftg 44) 

with an r value -0.50 (p ( 0.01). A similar degree of correlation was seen when tp̂ gp/tp 

was plotted against %predicted FEVl with an r value 0.46 (p ( 0.01) (see fig 45).
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Figure 41. Expiratory time against respiratory rate.
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Figure 42. Time to PTEF plotted against respiratory rate
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Figure 43. Log tg against log Iptef
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Figure 44. Ai plotted against FEV  ̂ (% predicted)
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Figure 45. tpTEp/te plotted against FEV  ̂ (% predicted)
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5.4 Discussion

The area index Ai, was correlated as closely as with standard forced expiratory

indices in this group but had less than one third the variability due to intra or inter-subject 

variability. Ai does not represent a physiological measure, however it reflects observable 

physiological changes which are thought to be associated with airways obstruction. In 

airways obstruction, inspiratory muscle activity ceases earlier and therefore PTEF occurs 

earlier which results in an increase in area A. Post PTEF, the expiratory flows decrease 

and if flow limitation occurs the flow volume curve may become concave after PTEF 

which results in a decrease in area B.

This study was able to examine how different tidal indices vary with respiratory rate. 

There is an obligatory relationship between tg and RR which was clearly demonstrated 

where tg will vary with RR until a point is reached where t  ̂is too short to allow complete 

exhalation to the resting lung at which point tg becomes proportional to the tidal volume. 

What has previously not been as clear are the relationships between tp̂ gp and RR, tppEp and 

tg and tpjEp/tp with RR. There was a similar curve seen between tp̂ gp with RR as with tg 

and RR. Although a linear relationship between tpypp and tp was seen and the log values 

were clearly related in a linear fashion with a high correlation coefficient, there was 

considerable scatter around the regression line. It is known that the timing of PTEF is 

influenced by the presence of obstructive airways disease, however change in RR does 

influence tpppp and tp and as these indices do not vary equally with RR, the ratio tp̂ pp/tp 

will also be influenced, albeit a small amount, by RR.

Cornells et al have shown that tp̂ pp/tp had good reproducibility in healthy children 3 to 11 

years of age and correlated significantly with forced expiratory flow rates (r = 0.5) 

(Cornells et al. 1996).This group used fifteen breaths to calculate the mean tp̂ pp/tp ratio 

and this reduced the variability to around 6%. Stocks et al showed that the mean tp^p/tn 

value on averaging 10 curves was within 9% of the "true" mean value (Stocks et al. 1994). 

In this study only 8 curves at resting respiratory rate were collected and as few as five 

curves were used in some instances, which could increase the variability and reduce the 

correlation with forced expiratory flow parameters. Strict curve selection criteria are 

required to avoid selection bias. In this study, curves were selected consecutively and
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strictly on the basis of being closed and free of obvious movement artefact.

Infants regulate respiration utilising strategies for preservation of the FRC as the chest 

wall is soft and chest wall recoil reduced. If expiration was to continue until the elastic 

recoil of the chest was balanced by lung recoil, atelectasis would occur. Infants employ 

a number of strategies including early initiation of inspiration above the natural FRC 

point, increasing respiratory rate, and possible braking of expiration using the upper 

airway. Laryngeal braking has been studied in animals and expiratory tidal flows change 

following bilateral arytenoid lateralization in dogs (Burbidge et al. 1991), however the 

role of the upper airway in determining the shape of the tidal expiratory flow curve is not 

clear in humans. The strategies described may also affect the timing of peak tidal 

expiratory flow but the overall effects are not known. Despite this, it is recognised that 

infants with bronchopulmonary dysplasia and severe obstructive airways disease show 

changes in the tidal breathing flow volume curves analogous to the changes seen in older 

children and adults with obstructive airways disease. Increasing respiratory rate in a 

voluntary way, as in this study, is a means of examining the relationships and 

interdependence of the tidal indices and respiratory rate although it does not allow direct 

examination of what is occurring in the subject who has respiration driven to higher 

respiratory rates because of airways obstruction.

The centroids used by Reich et al are based on the ratio of the area under the inspiratory 

flow-time curve divided by inspiratory time and the area under the expiratory portion of 

the flow- time curve divided by expiratory time and were derived to examine the stability 

of the shape of the curves to changes in Halothane concentrations and raised end tidal 

C02. In obstructive airways disease no alteration in the shape of the inspiratory curve 

would be expected although the expiratory centroid may be expected to alter. However 

the Ai index was designed to have increased sensitivity because a ratio based on a 

denominator which would increase in obstructive airways and a numerator which would 

decrease is more likely to be sensitive to change than a ratio in which both denominator 

and numerator may change in the same direction albeit by different amounts.

Tidal breathing may be measured by devices which respond to flow at the airway opening
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such as the mask and pneumotachograph system employed in this study and by devices 

which detect chest wall movement. Currently the pneumotachograph is still regarded as 

the gold standard for indices involving flow although there are many practical advantages 

to using chest wall movement detection in young children who may not accept a mask and 

pneumotachograph. There are little data currently comparing the different types of 

measuring devices and more work is required to validate and improve the chest wall 

movement detectors for the assessment of tidal breathing indices. There is also little 

information available on the effects of different mask and pneumotachogaph systems and 

different deadspace on the shape of the expiratory tidal breathing curves. Infants are 

frequently studied while supine whereas most adults and older children have been studied 

seated or standing. The influence of position on these indices is also not known.

As it is during infancy and early childhood that tidal breathing indices might be of greatest 

use in the assessment of obstructive airways disease, the influence of RR is particularly 

important to examine. The low variability due to RR, decreased variability both within 

and between subjects and significant correlation with recognised obstructive airways 

disease and forced expiratory measures may make Ai a more reliable and useful index of 

obstructive airways disease than the widely used tpTEp/tg However, before tidal indices can 

be used or interpreted in infancy, more work needs to be done to examine changes in 

Pmus.1 with airways obstruction in infants, the influence of the upper airway, mask, 

deadspace, position and the relationship between Ai and airways obstruction in this age 

group will also need to be confirmed.
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Chapter 6. Summary and Conclusions

The hypotheses to be tested and the aims and objectives of this thesis were described in 

sections 1.7 and 1.8. This chapter will summarise whether the results of the studies 

described support the proposed hypotheses and present the conclusions.

Infants with CF diagnosed through the neonatal screening program in Queensland had 

abnormal lung function with increased respiratory system resistance and decreased 

specific conductance compared with controls. These changes were detectable in the first 

six months of life and persisted over the first eighteen months. These findings are based 

on the results of serial measurements made in a cohort of CF infants diagnosed neonatally 

and compared prospectively with a control group. This study is uniquely powerful because 

of the longitudinal nature of the study, the lack of selection of CF patients and the use of 

a control group. These results partially support the first hypothesis i.e that infants with 

CF have increased respiratory system resistance, decreased specific conductance of the 

respiratory system and an increased functional residual capacity when compared with 

healthy controls. FRCn2 was not different from healthy controls, which is to be expected 

as FRCn2 will only measure gas in communication with the large airways and will not 

measure trapped gas.

These results imply that infants with CF have obstructive airways disease which may be 

present from the first 6 months of life. These findings are consistent with those from BAL 

data with respect to lower airway infection and inflammation which are also detectable 

from the first few months of life in CF infants. What is not yet apparent is the relationship 

between infection, inflammation and abnormal lung function, nor the prognostic 

implications of these findings. The prognostic implications are vital because if the 

abnormalities described are related to long term lung disease, then neonatal screening with 

early intervention could be directed towards preventing the progression of lung disease. 

The finding of abnormal pulmonary function in early infancy is certainly suggestive of 

significant lung disease but the reasons for these results require further study. It is 

possible that viscid mucus and mucus plugs, or developmental differences in the size of
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the airways, might be responsible for the initial findings of abnormal lung fimction and 

that either could predispose those infants to the development of lower respiratory 

infection. It is also possible that the development of respiratory infection and/or airways 

inflammation may result in airways obstruction. The interventional implications for these 

various hypotheses are quite different. On the one hand if the initial problem is 

developmental, then antenatal intervention and population screening would be required 

whereas if early airways obstruction is a mechanical problem due to viscid mucus then 

neonatal screening and intervention trials with mucolytics would be appropriate. By 

contrast, if inflammation occurs a priori, then trials of early anti- inflammatory drugs 

would be warranted, whereas if early infection is the primary lesion then aggressive 

detection of airways infection through BAL or serological tests with appropriate antibiotic 

therapy would be justified. A large, prospective, cohort study examining the association 

between infant pulmonary function and BAL findings and designed to determine the 

prognostic implications of infant lung function abnormalities and BAL findings is 

required to answer these questions. These questions need to be addressed so that 

interventions may be targeted appropriately and outcome measures developed.

In addition, because of the longitudinal nature of this study, it was possible to examine 

the developmental changes in lung fimction over the first twelve months of life which 

were similar in both the CF and the control group. There was a fall in specific 

conductance of the respiratory system seen over the first six months of life which then 

remained relatively constant over the following 12 months. This early fall in specific 

conductance is significant because it highlights the need for care in the interpretation of 

lung mechanics in cross-sectional studies or in any studies in which infants of different 

age are studied and grouped together.

The second hypothesis described in section 1.7.2 i.e that resting energy expenditure is 

elevated in CF infants either because of increased work of breathing associated with 

increased respiratory rate or abnormal pulmonary mechanics, or due to inflammation and 

infection cannot be supported. REE/TBK was increased in CF infants compared with 

controls and was highest in homozygotes for the AF508 mutation. This increase in REE 

was not related to the detected abnormalities in lung function and was not explained by
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differences in body composition.

Early nutritional differences have been consistently reported as found in this study, with 

lower weight in CF infants at around three months of age, related to decreased body fat 

stores. The pancreatic insufficient CF infant, who will be diagnosed through neonatal 

screening with immunoreactive trypsinogen (IRT) measurements has malabsorption 

which will contribute to the lower weight, however, there also appears to be a higher 

energy cost with a greater REE/TBK which will contribute to the energy imbalance. The 

recommended intake for CF infants has varied from 100-150% recommended dietary 

intake and precise dietary requirements are still not known, however the nutritional 

guidelines published in a 1990 consensus statement generated by the North American 

Cystic Fibrosis Foundation state that if growth is normal, and there is minimal 

steatorrhoea, the daily energy requirement for the child with cystic fibrosis is the same as 

that for the healthy child. This statement implies that the CF child has normal energy 

metabolism which, from the results of this study, is not justified. Energy metabolism does 

appear to be at least partly determined by genotype and while homozygosity for AF508 

appears to result in an increase in REE/TBK, the effects of other genotypes are not known. 

A high caloric intake with careful identification and treatment of steatorrhoea is probably 

justified in the majority of CF children and certainly in children who are homozygous for 

AF508. In addition, the increase in REE/TBK reported in this study was not related to 

lung function and therefore energy requirements should not be based on pulmonary status.

The cohort design of the longitudinal infant study described in chapter 3 was the 

appropriate design for examining the natural history of lung disease and energy 

expenditure and the relationship between them. However, the small number of controls 

and the loss of numbers in the second year reduced the power of the study to determine 

differences in lung function and energy expenditure between CF and control infants in the 

second year. In addition, there were difficulties in interpreting the findings with regard 

to genotype. In the majority of clinical studies in which the influence of genotype has been 

examined, infants with CF have been split into two groups for comparison: those who are 

homozygous for the AF508 mutation and all other genotypes. This is done for expedience 

because subgroup analysis is hampered by small numbers of subjects and further division
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of CF subjects carrying mutations other than the AF508 mutation into different classes 

of mutation leads inevitably to loss of statistical power. The AF508 mutation is the most 

common allele in most Caucasian populations and is associated with pancreatic 

insufficiency. The phenotype associated with homozygosity for this mutation is 

somewhat variable however, and other genes inherited along with the CF gene, together 

with environmental influences also complicate the resulting phenotypic expression. The 

interpretation of the results in clinical studies which have used these groupings is 

therefore difficult. Larger studies are required to assess the influence of genotype in the 

development of lung disease in young children and careful grouping performed, probably 

on the basis of type of mutation, although if CFTR function could be easily assessed on 

a cellular level, this might also be a way of discriminating between different groups of CF 

subjects.

The difficulty in measuring lung function in the toddler age group was examined and 

discussed in chapter 4. Measurements in this age group are required so that the 

development of lung disease may be followed and interventions targeted and monitored. 

Unfortunately, measurements of respiratory mechanics using the single breath occlusion 

technique and FRC using the nitrogen washout technique associated with an automated 

pulmonary function cart were not as successful in this age group as in the infant group 

described in chapter 3.

A non- invasive and relatively simple approach would be to use tidal breathing indices 

which were studied in older children and adults as described in chapter 5. The relationship 

between tp̂ p̂/tg and % predicted FEV, in older children with asthma and in adults with 

obstructive airways has been described (Morris and Lane 1981)(Cutrera et al. 1991) and 

there is some evidence that this relationship is also found in pre-school children (Cornells 

et al. 1996). A new area index of tidal breathing. Ai, had considerably less variability 

than tpygp/tg and was as closely correlated with % predicted FEV, as tp̂ gp/tg in children 

aged eight years and in adults. The results of this study supported the third hypothesis 

described in section 1.7.3, i.e that an index in tidal breathing based on the area of the 

expiratory flow volume curve is less liable to variability due to respiratory rate than the 

measure tpygp/tg that is now widely used.
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The study was not designed to examine the sensitivity or specificity of the index as a 

measure of airways obstruction. The study group consisted mostly of healthy subjects 

with a smaller group of subjects with moderate to severe airways obstruction. There did 

not appear to be much correlation between either Ai or tpTEp/tg and normal values of 

FEV, however it is the abnormal that one would like to be able to detect both clinically 

and in epidemiological studies and it remains to be seen from further appropriately 

designed studies whether Ai can be used to detect mild airways obstruction. This index 

needs to be further evaluated to investigate whether it is applicable and useful in young 

children. There was no difference in tp̂ Ep/tg between controls and CF infants in the 

longitudinal infant study and we did not calculate Ai for the infants, although it would 

have been of interest. Unfortunately, when the numbers are small, as was the case in this 

study, a real difference in tp-pgp/tg between the groups is difficult to exclude and a larger 

study with greater power is required. During infancy and particularly over the first six 

months of life when respiratory rate decreases quite rapidly, a stable measure of lung 

function has greater potential for use.

Both tpTgp and tg have a similar relationship with RR and a linear relationship was seen 

between log tpjgp and log tg although there was considerable scatter, which means that it 

is difficult to predict the change in tggpp with the change in tg and the change in RR. The 

timing and control of the respiratory cycle will influence tpjgg although influences such 

as other factors which determine the degree of inspiratory muscle braking will also be 

important. Ai may prove to be a useful measure of obstructive airways disease in 

epidemiological studies and could be more sensitive to changes in airway calibre with 

bronchial provocation and the effects of bronchodilators than tp̂ gp/tg because of less 

variability and the minimal dependence on RR. However further studies will be required 

to examine how measurement conditions influence this Ai index, whether there are 

developmental changes in Ai, the effects of acute and chronic obstructive respiratory 

diseases on the index and its ability to reflect airway calibre changes with bronchial 

challenge and bronchodilators.

In conclusion, what is abundantly clear, is that greater cooperation between CF centres 

with well designed protocols and multicentre participation is needed to generate adequate
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numbers to fully answer the questions we are asking with regards to the early onset of 

respiratory disease in CF and the association between phenotype and genotype. This 

process is further complicated by a number of factors including the problems of funding 

and differences in diagnosis in different parts of the world, with neonatal screening only 

available on a near national level in Australia and in selected areas in other parts of the 

world. In addition, longitudinal data from infancy through the toddler years are required 

both to examine the prognostic significance of findings in infancy and also to judge the 

results of interventions in the future. The achievement of objective, sensitive and non- 

invasive measurements of lung function in children aged between 2 and 6 years have yet 

to be established. Standardisation of methodology, measurement conditions, equipment 

and measurement itself will also be of paramount importance to ensure that useful data 

are generated by such joint ventures.
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Appendix 1. A ge in years at each  test in CF and control infants.

Age in years 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
1 0.13 0.39 0.72 1.10

2.052 NA 0.45 0.67 NA 1.36 NA 1.69
3 0.16 0.46 0.73 1.08 1.35 NA 1.76 1.97
4 0.14 0.48 0.77 1.06
5 NA 0.42 0.71 NA 1.21 1.52 1 82 2.20
6 0.35 0.62 0.87 1.12 NA 1.46
7 0.24 0.46 0.78 1.03 NA 1.44
8 0.15 0.46 0.87 NA 1.30 1.59 NA 1.90
9 0.35 NA 0.74 1.10 NA NA NA 2.00

Mean age controls 0.22 0.47 0.76 1.08 1.31 1.50 1.76 2.02

10 NA 0.45 0.79 NA 1.31 1.61 NA 2.11
11 0.36 NA 0.65 0.90 1.16 1.37 1.62
12 0.25 0.58 0.83 1.10 NA 1.43 1.69 1.95
13 0.13 0.38 0.69 1.10 NA 1.41 1.74 2.00
14 0.15 0.45 0.68 0.92 1.18 1.46 1.70
15 NA 0.45 0.77 1.09 1.35 NA 1.67 2.03
16 0.09 0.42 0.68 1.13 NA 1.44 NA 2.09
17 0.30 0.60 0.87 1.02
18 0.17 0.38 0.74 1.05 1 36 1.60 NA 2.02
19 0.21 0.50
20 0.35 NA 0.64
21 0.34 0.60 NA 0.92 1.32J 1.61 NA 1 91
22 0.11 0.46 0.76 1.07
23 0.16 0.51 0.76 1.00
24 0.19 0.50 0.76 1.07 NA 1 42 1 76 2 08
25 0.08 0.37 0.66 0.99 1.30 NA 1.65
26 0.31 0.55 0.78 1.09 NA 1.42 1.78 2.07
27 NA 0.47 0.78 1.04 1.39 1.60 NA 1.91

Mean age CF 0.21 0.48 0.74 1.03 1.30 1.49 1.70 2.02

End of study =
Complication = C
Not available = NA
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Appendix 2. W eight in kg in CF and control infants over the first two years of life.

Age in years 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
1 4.6 7.4 8.6 9.7

15.22 NA 10.0 10.9 NA 13.4 NA 14.8
3 5.2 7.2 9.8 12.8 14.1 NA 15.2 16.8
4 4.3 7.3 8.8 9.7
5 NA 8.6 10.2 NA 11.6 11 8 129 147
6 7.6 8.6 9.3 9.8 NA 11.0
7 7.6 10.0 12.2 12.8 NA 15.0
8 3.4 5.2 7.5 NA 10.3 11.4 NA 12.2
9 6.5 NA 8.7 10.6 NA NA NA 12.9

Mean Controls 5.6 8.0 9.6 10.9 12.3 12.3 14.3 14.4
SD Controls 1.7 1.6 1.4 1.5 1.7 1.8 1.2 1.8

10 NA 6.8 9.5 NA 11.8 12.0 NA 12.7
11 5.7 NA 8.2 8.9 10.2 9.9 11.2
12 4.6 7.8 9.3 10.6 NA 11.5 11.8 123
13 5.1 6.5 8.5 9.7 NA 10.5 11.2 11.5
14 4.5 8.0 10.1 10.8 10.8 12.0 12.1
15 NA 7.2 8.3 9.4 10.6 NA 11.4 12.0
16 3.6 5.6 6.1 8.2 NA 9.4 NA 8.8
17 7.2 9.6 10.8 11.3
18 4.8 7.3 9.3 10.5 11.0 11.6 NA 126
19 5.4 C ########
20 5.1 NA 7.0
21 5.2 6.1 NA 7.1 9.3 9.4 NA 106
22 4.9 6.9 8.7 9.5
23 3.9 6.8 7.8 8.6
24 4.5 8.1 9.5 10.2 NA 11 2 11.0 120
25 4.5 7.0 8.5 10.8 12.2 NA i 2 . 4 ^ m m #
26 5.5 8.5 9.4 11.0 NA 12.2 13.3 15.0
27 NA 8.3 9.8 10.8 11.6 12.0 NA 12.8

Mean CF 5.0 7.4 8.8 9.8 10.9 11.1 11.8 12.0
SD CF 0.8 1.0 1.2 1.2 0.9 1.1 0.8 1.6

End of study =
Complication = C
Not available = NA
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Appendix 3. Z sc o r e s  for w eight in CF and control infants over the first two years of life.

Age in years 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
1 -0.14 0.88 0.00 -0.09
2 NA 3.02 2.07 NA 1.91 NA 2.30 1.84
3 0.67 -0.04 1.23 3.00 3.36 NA 3.16 3.76
4 -0.57 0.08 0.19 -0.09
5 NA 1.44 1.00 NA 0.81 0.25 0 53 1.32
6 1.78 0.90 0.11 -0.18 NA 0.14
7 1.73 3.00 3.00 2.36 NA 3.06
8 -1.90 -1.67 -1.73 NA -0.18 0.33 0.38
9 -0.21 NA -0.50 -0.09 NA NA NA 0.23

10 NA 0.13 0.90 NA 1.27 0.83 NA 0.46
11 -1.02 NA -0.65 -1.02 -0.45 -1.13 -0.41
12 -1.10 0.10 0.36 0.50 NA 0.74 0.50 0.46
13 0.53 -0.20 0.28 -0.31 NA -0.09 -0.16 -0.33
14 -0.23 1.68 2.11 1.45 0.72 1.00 0.75
15 NA -0.10 -0.87 -1.03 -0.45 NA -0.33 -0.46
16 -0.67 -1.20 -2.06 -1.61 NA -1.09 NA -2.53
17 0.53 1.30 1.18 1.00
18 -0.46 -0.02 0.10 0.09 -0 09 -0.08 NA p.oo
19 0.05 C
20 -1.29 NA -1 20
21 -2.67 -2.49 NA -2.78 -1 60 -1 91 NA -1.38
22 0.79 -1.05 -0.50 -0.94 0 0 0 0 0 0 0 0 !
23 -1.10 -0.44 -0.79 -0.88
24 -0.29 0.99 0.90 0.40 NA 0.49 -0.33 -0.07
25 1.04 1.09 0.37 1.09 1.63 NA 1.00
26 -1.18 0.18 0.15 0.52 NA 0.74 1.00 1.69
27 NA 0.45 0.58 0.45 0.25 0.25 NA 0.30

Age in years 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Mean Z score controls 0.19 0.95 0.60 0.81 1.48 0.95 2.00 1.51
Mean Z score CF -0.50 0.03 0.05 -0.20 0.16 -0.02 0.25 -0.19

95% Cl controls 0.90 0.80 0.80 1.00 1.60 1.60 2.50 1.20
95% Cl CF 0.55 0.55 0.53 0.58 0.77 0.67 0.84 0.72

Footnote: 95%CI = +/- 2SEM 207



Appendix 4. Height in cm  in CF and control infants over the first two years of life.

Age in years 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
1 56.0 68.7 73.7 78.8
2 NA 69.5 75.0 NA 88.4 NA 90.8 96.1
3 58.0 69.0 73.5 80.0 88.4 NA 90.0 93.2
4 56.0 66.1 71.0 76.5
5 NA 71.0 74.0 NA 80.3 84.8 87 7 93.4
6 63.4 67.0 73.0 78.0 NA 81.8
7 61.0 69.0 75.2 79.0 NA 84.3
8 50.9 60.0 67.7 NA 75.5 79.9 NA 83 7
9 63.6 NA 72.3 80.2 NA NA NA 91.3

Mean Controls 58.4 67.5 72.8 78.8 83.2 82.7 89.5 91.5
SD Controls 4.6 3.4 2.3 1.4 6.4 2.3 1.6 4.7

10 NA 65.6 75.1 NA 82.4 86.4 NA 89.7
11 60.1 NA 69.0 71.7 76.0 77.5 80.2
12 56.0 69.0 75.8 79.0 NA 84.0 87.7 88.9
13 56.0 63.0 71.0 78.2 NA 81.3 84.7 85.5
14 56.7 67.0 73.7 76.7 80.7 82.5 87.3
15 NA 63.5 70.0 78.8 80.8 NA 84.4 89.0
16 50.0 61.6 61.6 72.2 NA 75.6 NA 84.8
17 62.7 71.9 74.4 77.9
18 57.0 63.4 72.0 77.0 83.7 89.3 NA 89 8
19 58.0 C
20 56.8 NA 65.7
21 57.3 66.0 NA 69.5 78 0 82.2 NA 86 5
22 56.8 65.6 72.0 75.5
23 51.0 63.0 67.9 71.5
24 56.5 65.4 69.7 75.6 NA 80 5 85.0 87 5
25 58.5 66.9 72.3 76.0 87.5 NA 87.8
26 65.0 72.0 72.8 79.0 NA 85.1 85.6 91 2
27 NA 68.8 75.0 78.8 82.9 84.4 NA 89.4

Mean CF 57.2 66.2 71.1 75.8 81.5 82.6 85.3 88.2
SD CF 3.7 3.2 3.8 3.2 3.5 3.9 2.5 2.1

End of study =
Complication = C
Not available = NA
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Appendix 5. Z sc o re s  for height in CF and control infants over the first two years of life.

Age in years 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
1 -0.33 1.76 1.17 1.13
2 NA 1.33 1.53 NA 2.66 NA 2.06 2.25
3 0.50 1.15 1.11 1.55 3.27 NA 2.21 2.03
4 -0.33 0.07 0.21 0.34
5 NA 1.89 0.63 0.71 0.80 0 51 1.24
6 0.56 -0.22 0.07 0.44 NA 0.29
7 -0.03 1.14 1.07 1.07 NA 0.96
8 -2.46 -1.58 -1.93 NA -1.13 -0.64 NA -0 59
9 -0.04 NA 0.00 0.67 NA NA NA 1.08

10 NA 0.57 1.67 NA 1.20 1.45 NA 0.79
11 -1.33 NA -0.74 -0.18 -0.85 -1.00 -1.00
12 -1.46 0.54 1.48 0.79 NA 1.36 1.54 1.00
13 -0.33 -0.42 0.70 0.51 NA 0.46 0.28 -0.30
14 -0.04 1.12 1.70 1.28 1.37 0.51 1.41
15 NA -0.89 -0.88 0.39 0.13 NA 0.06 0.41
16 -1.52 -0.96 -3.00 -1.50 NA -1.43 NA -0.68
17 -0.37 0.88 0.22 0.66
18 -0.42 -0.93 -0.12 -0.07 2 96 0.12 NA 0.64
19 -0.62 C
20 -2.00 NA -1 26
21 -2.88 -2.37 NA -2 00 -0 82 -0.35 NA -0.09
22 0.92 -0.81 -0.11 -0.62
23 -2.42 -1.11 -0.93 -1.00
24 -0.13 -0.19 -0.26 0.03 NA 0.19 0.37 0.14
25 2.17 1.96 1.19 0.60 3.06 NA 1.48 ;
26 0.48 0.93 0.19 0.64 NA 1.23 0.15 0.85
27 NA 0.37 1.00 1.00 0.50 0.35 NA 0.76

Age in years 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
mean Z Controls -0.30 0.69 0.43 0.87 1.38 0.35 1.59 1.20
mean Z CF -0.66 -0.09 0.05 0.04 0.94 0.26 0.54 0.35

95% Cl controls 0.90 0.84 0.77 1.00 1.60 1.60 2.50 1.20
95% Cl CF 0.55 0.55 0.53 0.58 0.77 0.67 0.84 0.72

Footnote: 95%CI = +/- 2SEM 209



Appendix 6 Total respiratory system resistance kPa.L'Vs In CF and control infants over the first two years of life.

Age in years 0.25 0.50 0.75 1.00 1.25| 1.50| 1.75| 2.00
1 2.74 2.45 ID 2.16

1.962 NA 2.84 2.65 NA 2.06 NA 1.27
3 3.23 2.35 2.94 3.04 2.16 1.76 1.76
4 4.41 2.55 2.25 2.16
5 NA 3.92 ID NA 2.55 2.45 2 25[ 186
6 3.43 2.94 2.84 1.86 NA 2.06
7 3.14 4.12 2.84 1.67 NA 1.18

1.578 7.06 4.12 1.86 NA 2.16 2.06 NA
9 3.23 NA 2.06 4.12 S NA NA ID

SD controls 1.49 0.77 0.43 0.92 0.22 0.54 0.49 0.17

10 NA ID 2.35 NA 3.33 2.94 NA 3.04

1.57
11 ID NA ID 3.14 ID 4.70 ID
12 4.12 4.12 3.23 2.35 NA 2.74 1.86
13 8.13 6.08 ID 2.35 NA 2.74 2.16 2.45
14 5.00 2.84 3.43 2.25 3.43 3.04 3.43

3.1415 NA 5.10 6.37 3.43 2.84 NA 2.06
16 7.84 3.72 5.68 4.41 NA 4.12 NA 3.23
17 4.02 3.04 2.94 1.96

ID 1 2.45 NA 2.9418 4.70 3.23 2.84 4.02
19 4.02 C
20 9.11 NA ID
21 8.82 ID NA 5.59 5.19 4.61 |NA 4.12
22 4.02 6.66 4.61 3.14
23 5.88 5.78 4.41 3.53
24 ID 6.37 ID ID NA ID 2.351 1.67
25 5.29 6.17 3.23 4.61 2.94 NA 2 .1 6 ..................
26 3.43 4.90 7.64 5.19 NA 3.53 4.02 1.86
27 NA 4.51 4.61 ID 3.14 3.43 NA 2.65

SD CF 2.03 1.34 1.61 1.17 0.87 0.80 0.82 0.80

Age in years 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Mean Rrs controls 3.89 3.16 2.49 2.50 2.23 1.94 1.76 1.79
Mean Rrs CF 5.72 4.81 4.28 3.54 3.48 3.43 2.58 2.68

95% Cl controls 1.50 0.60 0.40 1.00 0.30 0.90 1.20 0.30
95% Cl CF 1.20 0.80 1.00 0.70 0.90 0.60 0.80 0.60

End of study =
Complication = C
Not available = NA
Sleep related = S
Inadequate data = 1D

Footnote: 95%CI = +/- 2SEM 210



Appendix  7. Specific conductance of the respiratory system s  VkPa'  ̂ in CF and control infants over the first two years of life.

Age in years 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
1 3.37 2.65 ID 2.45

1.332 NA ID 1.63 NA 1.63 NA 2.65
3 3.06 2.35 1.73 1.22 1.94 NA 1.94 1.73
4 2.45 2.55 2.14 2.04
5 NA 1.33 ID NA 1.73 1.63 1 73 1 63
6 1.84 1.63 2.14 2.86 NA ID
7 2.14 1.33 1.33 2.04 NA 2.24
8 2.14 2.35 3.37 NA 2.65 2.45 NA 3.06
9 2.04 NA 2.35 ID NA NA NA ID

SD controls 0.57 0.58 0.66 0.60 0.46 0.43 0.48 0.77

10 NA ID 1.84 NA 1.12 1.12 NA 1.12
11 ID NA ID 1.63 ID 0.71 ID
12 1.84 1.53 1.63 1.63 NA 1.43 2.14 2.04
13 1.02 1.33 ID 2.65 NA 1.12 1.33 1.43
14 1.63 1.63 1.22 1.73 1.33 1.12 1.12
15 NA 1.43 0.71 1.33 1.43 NA 1.33 0.82
16 2.04 2.04 0.92 1.12 NA 0.82 NA 1.53
17 1.73 1.53 1.63 1.94
18 1.73 ID 1.63 0.92IID 1.43 NA 0 82
19 1.73 C
20 0.92 NA ID
21 0.92 ID NA 1.02 0.71 0.71 NA 1 02
22 1.73 0.82 1.02 1.33
23 2.04 1.63 1.43 1.33
24 ID 1.12 ID ID NA ID 1.84 1 84
25 2.35 2.12 1.22 0.82 1.12 NA 1.22
26 2.96 1.22 0.61 0.82 NA 1.12 0.71 1.73
27 NA 1.22 0.82 ID 1.22 1.02 NA 1.22

SD CF 0.57 0.32 0.41 0.52 0.24 0.26 0.47 0.43

Age in years 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Mean sGrs controls 2.43 2.02 2.10 2.12 1.99 2.11 2.11 1.92
Mean sGrs CF 1.74 1.39 1.22 1.30 1.25 1.06 1.38 1.36
95% Cl controls 0.50 0.50 0.60 0.75 0.70 1.00 0.90 1.20
95% Cl CF 0.30 0.20 0.30 0.30 0.60 0.20 0.40 0.30

End of study =
Complication = C
Not available = NA
Sleep related = S
Inadequate data =:|D

Footnote: 95%CI = +/- 2SEM 211



Appendix 8. sGrs in Homozygotes for DF508 mutation (HZ) and all other genotypes (Others) over the first two years of life.

Age in years 0.25 0.5Ô1 0.75 1.00 1.25 1.50 1.75 2.00
HZ

10 NA ID 1.84 NA 1.12 1.12 NA 1.12
11 ID NA ID 1.63 ID 0.71 ID
13 1.02 1.33 ID 2.65 NA 1.12 1.33 1 43
14 1.63 1.63 1.22 1.73 1.33 1.12 1.12
16 2.04 2.04 0.92 1.12 NA 0.82 NA 1.53
18 1.73 ID 1.63 0.92 ID 1.43 NA 0.82
20 0.92 NA ID
21 0.92 1 02 0 71 0 71 1 02
22 1.73 0.82 1.02 1.33
23 2.04 1.63 1.43 1.33
24 ID 1.12 ID ID NA ID 1.84 1.84

Mean 1.50 1.43 1.34 1.47 1.05 1.00 1.43 1.29
SD HZ 0.48 0.43 0.36 0.55 0.32 0.27 0.37 0.37

Others
12 1.84 1.53 1.63 1.63 NA 1.43 2.14 2.04
15 NA 1.43 0.71 1.33 1.43 NA 1.33 0.82
17 1.73 1.53 1.63 1.94
19 1.73 0
25 2.35 1.12 1.22 0.82 1.12 NA 1.22
26 2.96 1.22 0.61 0.71 NA 1.12 0.82 1.73
27 NA 1.22 0.82 ID 1.22 1.02 NA 1.22

mean 2.12 1.34 1.10 1.29 1.26 1.19 1.38 1.45
SD Others 0.53 0.18 0.46 0.52 0.16 0.21 0.55 0.54

End of study=
Complication = C
Not available = NA
Sleep related = S
Inadequate data = ID
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Appendix 9. Comparison of sGrs measurements under sedation and not under sedation in CF infants.

Age in years 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
1 3.37 2.65 ID 2.45
2|NA 1.63 NA 1.63INA 2.65 1.33
31 3.06 2.35 1.73 1.22j 1.94|NA 1.94 1.73
4 2.45! 2.55 2.14 2.04
s Ina 1.331 ID NA ^ 1.73 1.63 1.73 1.63
6 1.84 1.631 2.14j 2.86 NA 1ID
7 2.14 1.33' 1.331 2.04 NA 2.24
8 2.14 2 .3 5 I 3.371 NA 2.65 2.451 NA 3.06

2.04 NA 2.35'ID NA NA NA ID
SD controls 0.57 0.58 0.66 0.60' 0.46 0.43 0.48 0.77

10 NA 1.84 NA 1.12 1.12 NA 1.12
11 ID NA ID 1.63 ID 0.71 ID
12 1.84 1.53 1.63 1.63 NA 1.43 2.14 2.04
ï y 1.02 1.33 ID 2.65 NA 1.12 1.33 1.43
14 1.63 1.63 1.22 1.73 1.33 1.12 1.12
15l NA 1.43 0.71 1.33 1.43 NA 1.33 0.82
16 2.04 2.04 0.92 1.12 NA 0.82 NA 1.53
17 1.73 1.53 1.63 1.94
18 1.73 ID 1.63 0.92IID 1.43INA 0.82
19 1.73 C
20 0.92 NA ID
21 0.92 ID NA 1.02 0.71 0.71 |NA 1.02
22 1.73 0.82 1.02 1.33
23 2.04 1.63 1.43 1.33
24|ID 1.12 ID ID NA ID 1.84 1.84
25 2.35 2.12 1.22 0.82 1.12 NA 1.22
26 2.96 1.22 0.61 0.82 NA 1.12 0.71 1.73
27INA 1.22 0.82 t e 1.22 1.02 NA 1.22

SD CF 0.57 0.32 1 0.41 0.52 0.24 0.26 0.47 0.43
1_ ___  . L. _ . .

sGrs under sedation |
End of Study =
Complication = 0
Not available = NA
Sleep related = S
Inadequate data =ID
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Appendix  f  Specific compliance of the respiratory system (sCrs, kPa'^) in CF and control infants over the first two years of life.

Age in years 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
1 0.75 0.63 ID 1.07

0.872 NA ID 0.74 NA 0.84 NA
3 0.99 0.62 0.34 0.73 0.85 NA 0.85 0.82
4 0.69 0.63 0.65 0.83
5 NA 0.41 ID NA 0.55 0.69 0 63 0.70
6 0.66 0.62 1.22 1.22 NA ID
7 0.43 0.58 0.72 0.50 NA 1.12
8 0.69 1.02 0.61 NA 1.33 0.88 NA 1.22
9 0.82 NA 0.46 ID NA NA NA ID

SD Controls 0.17 0.18 0.28 0.28 0.32 0.21 0.15 0.22

10 NA ID 0.63 NA 0.81 0.61 NA 0.48
11 ID NA ID 0.53 1.12 0.68 ID
12 0.71 0.77 1.02 0.94 NA 1.63 1.12 0 92
13 0.46 0.82 ID 1.02 NA 0.80 0.59 1.43
14 0.46 0.67 0.44 0.54 0.93 1.00 1.02
15 NA 0.60 0.45 0.46 0.45 NA 0.66 0.51
16 0.53 0.40 0.29 0.40 NA 0.32 NA 0.44
17 0.68 0.59 0.61 0.69
18 0.57 ID 0.83 1.22IID 0.96 NA 0 73
19 0.56 C
20 0.47 NA ID
21 0.45 ID NA 0.66 0 43 0.37 NA 0 51
22 0.44 0.67 0.56 0.55
23 0.39 0.77 0.74 0.50
24 ID 0.38 ID ID NA ID 0.99 1 02
25 0.63 1.02 0.70 0.97 0.60 NA 0.71
26 0.79 0.77 0.66 0.65 NA 1.43 0.71 0.70
27 NA 0.53 0.46 ID 0.79 0.48 NA 0.05

SD CF 0.12 0.18 0.20 0.25 0.28 0.44 0.21 0.33

Age in years 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
mean controls 0.72 0.66 0.64 0.87 0.89 0.90 0.74 0.90
mean CF 0.55 0.67 0.63 0.70 0.72 0.87 0.83 0.75

95% Cl control 0.16 0.20 0.26 0.35 0.50 0.50 1.00 0.40
95% Cl CF 0.07 0.10 0.10 0.15 0.26 0.30 0.20 0.20

End of study =
Complication = c
Not available = NA
Sleep related = S
Inadequate data = ID

Footnote; 95%CI = +/- 2SEM 214



Appendix 11. FRCn2 (ml) in CF and control infants over the first two years of life

Age in years 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
1 115.8 157.2 266.0 219.0

NA2 NA ID 231.9 NA 299.1 358.4 400.9
3 98.2 186.0 211.0 279.7 251.9 NA 318.0 337.3
4 95.1 154.8 207.3 228.6
5 NA 208.6 250.2 NA 232.4 257.4 265 3 335 0
6 165.8 211.4 175.5 208.8 NA 263.3
7 152.4 182.0 275.3 301.9 NA 343.3
8 68.4 109.0 173.9 NA 192.2 204.8 NA 244.5
9 159.6 NA 209.1 ID NA NA NA ID

SD controls 37.5 35.7 36.5 40.8 44.4 57.1 46.7 64.3

10 NA 226.4 247.0 NA 308.1 301.5 NA 309.3
11 122.8 NA 167.6 199.9 326.1 293.6 ID ' i
12 131.0 163.7 189.5 270.4 NA 263.2 273.7 317.3
13 125.6 126.5 277.6 191.6 NA 346.1 343.7 326.7
14 132.2 235.9 250.9 267.3 232.5 293.6 278.0
15 NA 139.3 230.6 217.5 245.1 NA 392.0 377.8
16 63.5 129.9 193.0 199.2 NA 293.7 NA 194.0
17 147.3 223.2 214.9 277.1
18 121.8 ID 217.6 286.5 279 4 312.2 NA 427.2
19 148.2 C
20 124.4 NA 220.5
21 61.7 162.5 NA 187.3 273.5 304 3 NA 240 2
22 146.2 198.1 213.7 248.3
23 84.3 109.4 163.0 212.1
24 101.3 138.6 288.8 216.1 NA 366 8 248.2 335 9
25 83.1 147.5 249.2 291.0 334.5 NA 433.6
26 99.9 169.6 233.9 271.8 NA 242.7 308.9 361.0
27 NA 175.3 256.0 317.6 280.0 293.0 NA 314.7

SD CF 29.0 40.0 35.9 42.2 36.3 34.0 67.9 66.0

Age in years 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Mean FRC Controls 122.2 172.7 222.2 247.6 243.9 267.2 313.9 329.4
Mean FRC CF 112.9 167.6 225.9 231.1 257.1 301.0 325.4 320.4
95% Cl controls 35.0 33.0 28.0 51.0 71.0 91.0 116.0 102.0
95% Cl CF 16.0 23.0 19.0 25.0 26.0 23.0 63.0 47.0

End of study =
Complication = C
Not available = NA
Sleep related = S
Inadequate data = ID

Footnote; 95%CI = +/- 2SEM 215



Appendix 12 Respiratory rate in breaths per minute over the first two years of life.

Age in years 0.25 0.5 0.75 1 1.25 1 5 1.75 2
1 44 36 S 27

232 NA 29 30 NA 26 NA
3 45 35 56 25 29 NA 27 27
4 37 34 27 28
5 NA 26 35 NA 27 20 21 21
6 28 25 22 18 NA 21
7 66 42 32 32 NA 24
8 37 29 27 NA 35 25 NA 25
9 32 NA 34 24 NA NA NA 42

SD controls 12 6 10 5 4 2 3 8

10 NA 32 34 NA 28 25 NA 27
11 39 NA 37 32 29 26 23
12 35 28 24 24 NA 21 18 20
13 37 34 28 30 NA 24 25 20
14 33 26 40 27 28 24 23
15 NA 30 30 36 30 NA 24 31
16 43 53 54 28 NA 24 NA 23
17 27 33 28 29
18 44 42 28 28 42 28 NA 27
19 29 C
20 39 NA 38
21 40 33 NA 31 36 35 NA 29
22 56 43 38 34
23 55 32 26 26
24 34 39 59 32 NA 44 44 32
25 51 28 32 24 26 NA 21
26 34 34 24 24 NA 26 22 27
27 NA 29 26 26 24 26 NA 24

SD CF 9 7 10 4 6 6 8 4

Age in years 0.25 0.5 0.75 1 1.25 1.5 1.75 2
mean controls 41 32 33 26 29 23 24 28
mean CF 40 34 34 29 30 28 25 26
95% Cl controls 12 5 9 5 6 4 8 10
95% Cl CF 5 4 5 2 5 5 7 3

End of study =
Complication = C
Not available =NA
Sleep related = S
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Appendix 13 Tidal vo lu m e (Vt ml/kg) in CF and control infants over the first two years of life.

Age in years 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
1 7.5 6.5 NA 9.8

7.7 8.82 NA 5.7 7.0 S 8.7 NA
3 4.6 8.9 7.0 8.7 8.2 NA 8.2 8.0
4 5.9 8.1 10.2 6.4
5 NA 8.6 7.7 NA 7.3 12.9 10 5 108
6 7.8 8 11.7 11.4 NA 12.3
7 5.7 7.4 8.0 7.4 NA 8.4
8 8.5 10.3 12.4 NA 9.7 11.2 NA 9.0
9 6.1 NA 7.8 9.7 NA NA NA 8.5

SD controls 1.4 1.4 2.2 1.8 1.0 2.0 1.5 1.1

10 NA 10.0 8.4 NA 8.2 11.2 NA 9.7
11 8.3 NA 7.8 9.5 9.4 10.1 10.3
12 11.4 11.3 9.7 9.9 NA 11.7 11.1 12.7
13 7.6 6.9 10.4 10.7 NA 11.0 11.1 11.2
14 9.8 9.9 6.8 11.7 9.8 14.3
15 NA 8.8 8.4 9.9 9.1 NA 11.6 10.2
16 7.4 6.3 9.4 12.2 NA 13.0 NA 9.8
17 7.4 8.5 9.7 9.1
18 9.3 9.6 8.7 9.9 8.3 10.3 NA 9.6
19 8.2 C
20 7.9 NA 9.4
21 7.3 8.5 NA 10.0 9.3 9.5 NA 9.3
22 7.0 7.4 8.5 9.5
23 7.5 9.0 9.7 9.9
24 8.1 7.6 7.3 7.6 NA  ̂ 10 5 11.4 12.6
25 8.2 8.1 8.5 9.8 9.3 NA 9.6
26 10.2 9.2 9.7 9.7 NA 9.2 10.1 9.1
27 NA 6.3 9.1 10.1 10.2 10.7 NA 10.1

SD CF 1.3 1.4 1.0 1.1 0.7 1.5 0.9 1.3

Age in years 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Mean controls 6.6 7.9 9.0 8.9 8.5 11.2 8.8 9.0
Mean CF 8.4 8.5 8.8 10.0 9.2 11.1 11.0 10.4
95% Cl controls 1.3 1.2 1.8 1.9 1.6 3.2 3.7 1.3
95% Cl CF 0.7 0.8 0.5 0.6 0.6 1.0 0.8 0.9

End of study =
Complication = C
Not available = NA
Sleep related = S

Footnote: 95%CI = +/- 2SEM 217



Appendix 14. tpTEp/tE over the first two years of life in CF and control infants.

Age years 0.25 0.50 0.75 1.00 1.25| 1.50| 1.75J 2.00
1 0.19 0.15 NA 0.14

0.342 NA 0.22 0.43 S 0.26 NA
3 0.31 0.18 0.24 0.24 0.31

0.14

NA 0.15 0.21
4 0.33 0.21 0.23 0.28
5 NA 0.16 0.20 NA 0.13 0.13} 0.17
6 0.21 0.14 0.25 0.28 NA 0.28
7 0.25 0.24 0.37 0.22 NA 0.23
8 0.16 0.14 0.11 NA 0.15 0.12 NA 0.16
9 0.18 NA 0.17 0.18 NA NA NA 0.31

SD controls 0.07 0.04 0.10 0.06 0.08 0.08 0.08 0.08

10 NA 0.25 0.19 NA 0.19 0.27 NA 0.25
11 0.32 NA 0.15 0.16 0.22 0.41 0.40
12 0.13 0.25 0.27 0.19 NA 0.15 0.14 0.22
13 0.22 0.38 0.38 0.15 NA 0.26 0.31 0.15
14 0.12 0.12 0.13 0.12 0.12 0.10 0.12
15 NA 0.17 0.06 0.15 0.18 NA 0.12 0.18
16 ID 0.12 0.19 0.08 0.09 0.09 NA 0.09
17 0.11 0.16 0.20 0.13
18 0.26 0.23 0.16 0.26 ID 0.35 NA 0.18
19 0.12 C
20 0.18 NA 0.15
21 0.16 0.15 NA 0.20 0 16| 0 22|NA 1 0 13
22 0.23 0.21 0.17 0.16
23 0.36 0.14 0.11 0.09
24 0.13 0.17 0.22 0.21 NA 0.20 0.40 0.23
25 0.29 0.24 0.32 0.34 0.18 NA 0.42
26 0.18 0.26 0.19 0.29 NA ID 0.25 0.31
27 NA 0.23 0.30 0.26 0.29 0.32 NA 0.33

SD CF 0.08 0.07 0.08 0.07 0.06 0.11 0.13 0.08

Age years 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Mean controls 0.23 0.18 0.25 0.22 0.22 0.19 0.18 0.24
Mean CF 0.20 0.21 0.20 0.19 0.18 0.24 0.27 0.21
95% Cl controls 0.06 0.03 0.09 0.06 0.13 0.12 0.19 0.10
95% Cl CF 0.05 0.04 0.04 0.04 0.05 0.08 0.11 0.05

End of study =
Complication = C
Not available = NA
Sleep related = S
Inadequate data = ID
Standard deviation =SD

Footnote: 95%CI = +/- 2SEM 218



Appendix 15. REE/TBK (MJ/gTBK/day) in CF and control infants over the first two years of life.

Age in years 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00|Mean
1 0.13 0.14 0.19 0.20 0.17
2 NA S 0.13 NA NA NA S S 0.13
3 0.10 0.13 0.10 0.19 0.10 NA 0.16 0.13 0.13
4 0.11 ID ID 0.09 0.10
5 NA S 0.07 NA 0.13 0.08 0 12 0 10 0.10
6 NA 0.08 0.11 0.07 NA 0.15 0.10
7 0.14 0.12 0.11 0.07 NA 0.11 0.11
8 0.10 S 0.15 NA NA 0.13 NA 0.08 0.12
9 S NA 0.14 S NA NA NA S 0.14

SD controls 0.02 0.03 0.03 0.07 0.02 0.03 0.03 0.03 0.02

10 NA 0.06 0.15 NA 0.23 0.28 NA S 0.18
11 NA NA 0.14 0.15 0.15 0.10 S 0.14
12 NA 0.16 S 0.09 NA 0.07 0.20 S 0.13
13 NA S S S NA S S S
14 NA 0.22 0.13 NA NA 0.21 0.13 0.17
15 NA S 0.06 0.08 0.21 NA S 0.12 0.12
16 NA NA 0.14 S NA S NA S 0.14
17 0.12 NA NA 0.11 0.12
18 0.12 0.12 IÎma O.I^NA NA NA 0.13 0.13
19 0.15 C 0.15
20 S NA s
21 0.16 S NA 0.15 0 15 O il NA 0 12 0.14
22 0.14 NA 0.09 0.09 0.11
23 0.14 0.19 NA S 0.17
24 0.15 0.12 0.21 NA NA 0.15 0.24 0.16 0.17
25 0.20 S 0.10 NA NA NA 0.12 0.14
26 0.17 0.13 NA 0.08 NA NA NA 0.24 0.16
27 NA S 0.13 0.10 0.16 0.07 NA 0.11 0.11

SD CF 0.03 0.05 0.04 0.03 0.04 0.08 0.06 0.05 0.02

Age in years 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Mean controls 0.12 0.12 0.13 0.12 0.12 0.12 0.14 0.10 0.12
Mean CF 0.15 0.14 0.13 0.11 0.18 0.14 0.17 0.15 0.14

95% 01 controls 0.02 0.04 0.03 0.08 0.19 0.05 0.25 0.06 0.02
95% Cl CF 0.02 0.05 0.03 0.02 0.05 0.07 0.09 0.05 0.01

End of study
Complication = C
Not available = NA
Sleep related — s
Inadequate data = ID

Footnote: 95%CI = +/- 2SEM 219



Appendix 16. Pooled mean REE/TBK (MJ/gTBK/day) in CF infants by genotype and control infants.

REE/TBK REE/TBK REE/TBK
Controls HZ Others

1 0.165 10 0.18 12 0.13
2 0.13 11 0.14 15 0.12
3 0.13 13 NA 17 0.115
4 0.1 14 0.17 19 0.15
5 0.1 16 0.14 25 0.14
6 0.1 18 0.13 26 0.155
7 0.11 20 NA 27 0.11
8 0.12 21 0.14 Mean others 0.13
9 0.14 22 0.11 SD 0.017

Mean controls 0.12 23 0.165 95% Cl 0.01
SD 0.022 24 0.17
95% Cl 0.017 Mean HZ 0.15

SD 0.025
95% Cl 0.02

HZ =Homozygotes for DF508
Others = CF other genotypes
NA =not available
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Appendix 17. TBK in g in CF and control infants over the first two years of life.

Age in years 0.25 0.50 0.75 1.00 1.25 1.50 1.75] 2.00
1 7.2 12.0 12.8 13.5

s2 NA S 13.0 NA NA NA
3 8.6 11.0 16.9 18.4 22.0 NA r  2ÎTÔI 23.0
4 7.9 10.8 12.0 19.0
5 NA 6.5 22.4 NA 23 0 24.0 24 0 26.0
6 NA 14.4 15.0 19.0 NA 17.0
7 11.1 14.0 16.0 27.0 NA 22.0
8 6.5 8.3 11.8 NA NA 16.0 NA 29.0
9 7.3 NA 18.0 S NA NA NA S

SD controls 1.6 2.9 3.5 4.8 0.7 3.9 2.1 3.0

10 NA 13.4 14.8 NA 11.0 16.2 NA S
11 NA NA 12.4 16.0 14.7 18.0 S
12 NA 11.7 11.4 16.0 NA 23.0 17.0 20.0
13 NA 13.0 11.7 S NA S S S
14 NA 13.0 16.7 NA NA 19.7 19.0
15 NA 10.0 19.7 19.2 19.0 NA 20.0 26.0
16 NA NA 9.6 S NA 17.8 NA S
17 13.1 NA NA 21.0
18 8.9 17.5 NA 21.7 NA [NA NA 28.0
19 9.3 C
20 S NA S
21 8.6 10.3 NA 10.2 160 20.0 NA 21 0
22 9.0 NA 13.0 21.0
23 7.6 9.5 NA S
24 7.8 11.0 11.4 NA NA 17.8 172 22.0
25 4.8 8.8 19.6 NA NA NA 27.0
26 10.6 11.4 NA 21.0 NA NA NA 23.0
27 NA 10.8 14.4 20.0 24.0 24.0 NA 26.0

SD CF 2.3 2.3 3.4 3.8 4.9 2.7 4.T 3.0

Age in years 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
mean controls 8.1 11 15.3 19.4 22.5 19.8 22.5 26
mean CF 8.85 11.7 14.1 18.5 16.9 19.6 20 23.7

95% Cl controls 1.7 2.6 2.7 6 6.4 6.1 19 7.5
95% Cl CF 1.7 1.5 2.3 2.9 6.1 2.3 5.1 2.8

End of study =
Complication = C
Not available = NA
Sleep related =S

Footnote: 95%CI = +/-2SEM 221
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