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Abstract

Cystic fibrosis is the most common lethal genetic disorder in the white population. 

Chronic inflammation and infection result in destruction of lung architecture and 

respiratory morbidity is the leading cause of death among those with cystic fibrosis. 

Although neutrophil-dominated inflammation similar to that seen in older subjects 

has been identified in the lungs of affected infants, the evolution of airway pathology 

in early infancy remains poorly understood. Interpretation of previous lung function 

studies is difficult and it remains uncertain whether airway function is impaired at or 

shortly after diagnosis. In older subjects with cystic fibrosis, spirometric 

measurements are used to assess airway function. A method to assess forced 

expiration over an extended volume range in infants has been described recently. 

This new method was used to measure airway function in a prospective longitudinal 

study, recruiting infants from five cystic fibrosis centres in London. Lung function 

was assessed in study and control infants on two occasions. The main aim of the 

study was to assess the distribution of pulmonary function abnormalities at diagnosis 

and six months later in infants with cystic fibrosis and to examine the cross-sectional 

and longitudinal associations of airway function with anthropometric and clinical 

status. The findings presented in this thesis demonstrate that airway function is 

diminished soon after diagnosis in infants with cystic fibrosis and does not appear to 

catch-up during infancy.
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1 Background, Aims and Hypotheses

1.1 Introduction

Cystic fibrosis (CF) is the commonest inherited life-threatening disorder in white 

races. It is a multi-system disease inherited in an autosomal recessive manner. The 

physiological defect in CF was identified in the early 1980s as an abnormality in the 

c-AMP regulated chloride channel which is present in the apical membrane of 

epithelial cells [1; 2]. The gene for this defect was localised to chromosome 7 in 

1985 [3]. In 1989 the CF gene was cloned [4]. These advances in the genetics and 

molecular biology have significantly increased our understanding of the 

pathophysiology of CF, the gene and its numerous mutations, and the gene product, 

the cystic fibrosis transmembrane regulator (CFTR). Importantly, technical advances 

have resulted in the possibility of widespread population screening for CF and a 

number of newer potential therapies will soon become available. There is increasing 

recognition therefore, of the need to assess the effectiveness of early interventions in 

CF, particularly as screening would enable earlier introduction of therapy. In 

addition, the recent finding of the presence of pulmonary inflammation in the lungs 

of patients with CF in early infancy [5] has highlighted the importance of this period 

in the aetiology of airway disease.

Many guidelines stress the importance of routine measurement of lung fimction as 

part of the clinical assessment of older children and adults with CF. In infants and 

preschool children there are no routine ways of doing this in the clinic. This might 

not matter if lung fimction deterioration was relatively late. However, it is well- 

recognised that many children with CF have abnormal lung fimction when first 

measured using spirometry, including those diagnosed at, and treated from birth, 

implying that important deterioration in lung function during the ‘silent years’ had 

been missed. The work of this thesis was thus to try to determine the timing and 

nature of the earliest changes in lung function in infants with CF, with the long term 

goal of enabling better preservation of function into the early school years.

In this chapter the evidence for early involvement of the lungs in CF will be 

reviewed which will lead to a statement of the aims of this study. The lung in infancy
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is a rapidly developing organ and so insults during this period need to be considered 

within this context. Therefore, a review of the normal development of the lung and 

its relevance to the pathological findings of CF lung disease follows. Factors which 

affect developmental physiology and studies of infant lung fimction which have 

investigated these issues conclude the chapter. In chapter two, infant lung fimction 

techniques, their advantages and limitations and use in assessing lung fimction of 

infants with CF are reviewed. These two chapters provide the background and 

rationale for this research.

1.2 Early lung disease In cystic fibrosis

At least 90% of individuals with CF die fi’om pulmonary disease [6]. However, the 

aetiology of lung damage in CF is not fully understood and the way chloride channel 

dysfunction can lead to lung disease is also not known. Although disease in the 

pancreas, vas deferens and liver may be present in utero, it has been suggested that 

the airways in CF are morphologically normal at birth [7] and remain so until the 

onset of infection or inflammation. However, Esterley and Oppenheimer noted 

hypertrophy of the submucosal glands in 6 out of 21 infants who died in the neonatal 

period [8] suggesting very early involvement of the lung in CF. Similarly, dilatation 

of acini was observed in the tracheal submucosal glands of infants with CF by 

Sturgess [9]. Although, these pathological studies suggested normal macroscopic 

lung structure at birth, with minimal microscopic changes, the lungs of human 

fetuses, examined after a prenatal diagnosis of CF, have been shown to have atrophy 

of the tracheal epithelium with cells devoid of cilia [10]. In this study, 

histopathological analysis of the conducting airways from six of seven fetuses with 

CF revealed dilatation of the tracheal submusosal glands with accumulation of 

inspissated mucus.

These findings of limited structural changes identified in the neonatal period are 

surprising as CFTR is widely expressed in the fetal lung but is not expressed in 

submucosal glands until after birth [11]. CFTR mRNA is present in cultured human 

fetal lung explants from the first trimester onward and measurable levels of CFTR 

transcript are present in the fetal primordial epithelium of the pseudoglandular stage 

lung (see 1.4). In fact, expression is greater in the fetal lung than the adult lung. The 

expression of CFTR fi-om the second trimester parallels intraluminal fluid secretion
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as expression decreases in cells of the future alveolar spaces and is gradually limited 

to the epithelium of the small airways. After birth, expression decreases in the small 

airways and is not detected in alveolar epithelia. In the trachea and large bronchi, a 

differential pattern of expression is also observed. Since CFTR codes for a secretory 

chloride channel, expression was thought to reflect the changes that occur in the lung 

transition from a fluid-secreting to an absorbing organ. However, the actual role of 

this protein in secretion of lung fluid is not understood as there appear to be 

alternative channels involved in fetal epithelial chloride ion and liquid secretion.

CFTR has been shown to be a regulator of multiple cellular functions including, in 

knockout mice, the regulation of Clara cell secretory function in the terminal airways 

[12]. In developing airways, CFTR expression follows the cephalocaudal pattern of 

maturation and differentiation of the airways. Following differentiation of the cell, 

CFTR shifts to a more apical distribution within the cell [13]. In knockout CFTR 

mice, in utero gene transfer of CFTR results in increased proliferation and 

differentiation in the secretory cells of the lung parenchyma. In conjunction with this 

pattern of expression, these data provide support for the role of CFTR in the 

development of the secretory epithelium even though fetal expression itself does not 

occur in these cells [14].

Early functional changes, particularly of secretory cell function may be present at 

birth, even in the absence of observable pathology. Certainly, pulmonary 

involvement is present early in the course of disease as some infants appear to have

evidence of inflammatory cells in bronchoalveoiar fluid as early as four weeks of age 

[5] [15-17]. Mechanisms of airway inflammation in CF have been investigated 

intensively and recently evidence for CFTR-related dysregulation in the 

inflammatory response and susceptibility to infection with specific bacteria has been 

identified [18]. Infection becomes established with bacteria such as S. aureus, H. 

influenzae and P. aeruginosa although it is not clear whether infection is necessary to 

trigger the pulmonary inflammation. The persistent lung infection and lung 

inflammation becomes self-sustaining. Ultimately, the ongoing massive 

inflammatory response destroys the airways causing bronchiolectasis and 

bronchiectasis, impairs gas exchange, and leads to death [19]. As in the other organs
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affected by CF, the lung displays obstruction of organ passages (airways) and 

increased mucus secretion.

1.3 Aims and hypotheses

As evidence accumulates suggesting that the onset of chronic pulmonary disease 

commences in infancy, there is increasing recognition of the need to evaluate the 

early functional changes of the lung in CF. Better understanding of the structure, 

function and phenotypic correlations of CFTR will lead to the development of new 

therapeutic interventions against CF. Suitable outcome measures are required for 

future trials of these interventions.

Serial lung function tests are central to the management of CF in older children and 

adults, providing longitudinal information about the extent of abnormality, 

progression of disease and individual response to treatment. Little is known of the 

early lung function abnormalities in CF. The aim of this thesis, therefore, was to 

evaluate the role of new pulmonary function techniques in assessing the distribution 

of pulmonary function abnormalities \at diagnosis ajnd [six months later jn a cohort of 

newly diagnosed infants with CF in order to examine the cross-sectional and 

longitudinal associations of airway function. This study aimed to test the hypotheses 

that. \j I? .

Airway function is diminished at diagnosis in infants with CF compared to 

healthy control infants but only in those with clinical evidence of prior lower 

respiratory illness (LRI). , a  c.\\

Airway function declines further in the six months following diagnosis in infants 

with CF compared to healthy control infants, independent of changes in somatic 

growth, and despite treatment in specialised CF centres.  ̂ \  ̂

1.4 Growth and Development of the Respiratory System

There is recognition that the level of airway function may be established during fetal 

development and the first year of life, with little subsequent improvement through 

the normal repair processes [20-22]. Adverse events during fetal life and infancy may 

therefore have long-term and irreversible effects throughout life [23-25]. Since 

airway structure and function may be dependent on normal growth and development
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of the lung during early life, an appreciation of the sequence and timing of the major 

developmental changes is an important prerequisite to understanding respiratory 

disease and its treatment. Crucial to this understanding is the concept that the lung is 

not a mature organ at birth. Several recent articles have described pre and postnatal 

lung growth in detail [26-28]. Following the embryonic period, which occurs in the 

six weeks following fertilisation and during which most organ systems are laid down, 

lung development is described in four stages (see Table 1-1).

Table 1-1. Stages of lung development

Embryonic 0-6 weeks gestation Organ systems laid down
Pseudoglandular 6-17 weeks gestation Preacinar airways and blood 

vessels develop.
Canalicular 16-27 weeks gestation Respiratory (intra-acinar) region

develops. Thinning of peripheral 
epithelium and mesenchyme.
Type I and II pneumonocytes 
identifiable

Alveolar 27 weeks to term Development of saccules and then 
alveoli

Postnatal Up to 18 months Alveoli and small blood vessels 
multiply

Up to adulthood All structures increase in size

1.4.1 Airway development

The airways of the lung begin their development between 26 to 28 days post 

fertilisation as a ventral outpouching of the foregut. Proximal branches are formed 

during the embryonic period. Further branching of the airways occurs during the 

pseudoglandular period. The full number of generations of conducting airways is 

established by the sixteenth or seventeenth week of gestation [29]. After this time no 

new airways develop, but there is continuing growth in length and diameter, 

remodelling of the peripheral airways, and thinning of the respiratory epithelium. 

The pattern of branching is determined by the associated mesenchyme -  interactions 

occur between cell substrate adhesion molecules, intercellular adhesion molecules, 

and extracellular matrix proteins such as proteoglycans and glycosaminoglycans [30; 

31]. Airway buds form further branches by dichotomous growth, each subsequent
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division resulting in a doubling of airway branches. The airways lengthen as a result 

of proliferation of lining epithelial cells.

A number of factors influence growth antenatally. For example, insulin-like growth 

factor promotes multiplication of epithelial cells, whilst transforming growth factor p 

is a powerful inhibitor of multiplication but enhances protein synthesis [32]. Whereas 

drainage of fluid as a result of premature rupture of membranes leads to hypoplasia 

of the lung parenchyma [33], restricted intrathoracic space, as in congenital 

diaphragmatic hernia and oligohydramnios, leads to a reduction in airway number 

[34-36]. Fetal breathing movements and stretch influence the development of the 

airways [37-39].

After birth the airways increase in diameter and length by two to three times between 

birth and adulthood [40]. Therefore, pulmonary inflammation and infection in 

infancy, although not affecting airway number, may have effects on airway growth 

resulting in diminished airway calibre. Little is known of altered airway growth in 

CF. Bronchiectasis itself is unusual before four months of age in those who have died 

in early infancy [41].

1.4.2 Alveolar development

Whereas the airways are established in early gestational life and grow by 

enlargement, the alveoli develop in late gestational life and early childhood. The 

development of alveoli is preceded by the formation of saccules at the end of the 

budding airway. Saccules are formed following close apposition of capillaries with 

the airway epithelium and thinning of the epithelium during the canalicular phase of 

development. The saccules are incompletely divided into alveolar ducts or sacs. The 

resulting interalveolar walls have been termed secondary septa because they appear 

on the primary septa of the saccular lung. Elastin deposition within the saccular lung 

marks the site of secondary septa formation [42]. At this stage both primary and 

secondary septa contain a double capillary layer and are considered immature when 

compared to the mature single-layered capillary network found in the alveolar septa 

of the adult lung. Not until 28 weeks’ gestation do some of the saccules have the 

cupped shape and single capillary layer characteristic of mature alveoli. The alveolar 

stage is therefore followed by an additional stage of microvascular maturation [43]
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during which a combination of capillary merging and preferential growth of areas of 

the interalveolar wall containing a single capillary network results in the process of 

maturation extending throughout the lung. Approximately 150 million alveoli are 

thus formed and are present at birth [44] with large parts of the lung containing 

mature alveoli by six months of age [45]. Approximately 50-80% of mature alveoli 

are formed after birth and therefore alvéolisation may be considered mainly as a 

postnatal event. The final number of alveoli in the adult varies greatly fi-om 300 

million [44] up to 600 million and depends on body length. Morphological and 

quantitative investigations by Burri using the lungs of seven children and eight adults 

suggest that alveolar formation ends by 18 to 24 months. After this, growth is by 

enlargement only [28]. Alveoli are 50-100 pm in diameter at birth increasing to 

300pm in the adult. Once multiplication is complete, airways and alveoli appear to 

grow in a proportionate (i.e. isotropic) manner at least until puberty. From early in 

development boys have more alveoli than girls for their height [46].

Tomashefski et al. [47] identified alveolar abnormalities in adults who died of CF 

pulmonary disease. He described 2 types of emphysematous changes at autopsy. The 

first was a centrilobular emphysema which occurred in regions of the lung with 

evidence of CF-related scarring and damage and seemed to arise secondary to 

involvement of terminal bronchioles. The authors postulated that this was related to 

spread of the destructive process in CF fi-om the small airways into the lung 

parenchyma itself. However, the authors also identified panacinar emphysematous 

changes, unrelated to areas of lung damage for which no explanation was offered. It 

is possible that a panacinar emphysema is related to impaired development or even 

alveolar developmental arrest. Bedrossian showed that parenchymal changes were 

less common than bronchial abnormalities in CF [41]. Emphysema was mild in 

patients dying fiom CF and not present at all in those who had died under the age of 

2 years. However, the authors commented that dilatation of air spaces without 

destruction of alveolar septa was more common than true emphysema. Therefore, 

although it seems that parenchymal destruction is rare in early CF pulmonary 

disease, it is possible that impaired alveolar development is a feature.
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1.4.3 Dysanapsis

From measurements of functional residual capacity (FRC) by helium dilution and 

deriving partial expiratory flow-volume (PEFV) curves using the rapid 

thoracoabdominal compression technique (RTC) in healthy infants, Tepper et al. 

concluded that neonates have larger airways relative to their lung volumes at FRC 

than older children [48]. Studies have also shown that the rate constant derived from 

forced expiratory manoeuvres, a measure of lung emptying, is greatest in the 

newborn and decreases with age, declining from 7.8 sec'  ̂ in newborns to 1.7 sec'* in 

adults [49; 50]. These findings are consistent with the concept of dysanaptic lung 

growth, that is, dissociation between the growth of the lung parenchyma and the 

airways. Growth of the lung seems to occur disproportionately whilst still allowing

normal physiological function. The period of dysanaptic growth of the lungs may be 

critical in explaining the large inter-subject variability in alveolar numbers in adult 

life and pathologies that become evident only later in life. Infective and 

inflammatory insults during early life while the lung is still growing, such as occur in 

CF, could further disturb the airway-parenchymal relationship. After about 2 years of 

age, parenchymal growth is mainly due to alveolar enlargement. It is therefore likely 

that airways and airspaces grow isotropically throughout childhood [51]. A recent 

longitudinal study suggested that airways and airspaces continue to grow 

isotropically in boys during adolescence, whereas in girls airway growth lags behind 

that of the parenchyma at this stage [52]. This is one reason why sex-specific 

comparisons should be considered when interpretations of lung function are made 

during periods of dysanaptic growth.

1.4.4 Submucosal glands

The submucosal glands are continuous with the epithelium and are found from the 

trachea to the end of the small bronchi. A narrow ciliated tract is continuous with a 

collecting duct that leads into mucous and serous tubules. The submucosal glands are 

the major source of tracheo-bronchial mucus. Glands appear early in gestation and 

during childhood the gland area is relatively large in comparison with that of the 

adult [53]. This may have implications for relative hypersecretion in distal airways 

during early life [54]. Excess mucus production in infancy, as occurs in CF, more 

readily results in airway obstruction.
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Quantitative analysis of the exocrine pancreas has demonstrated a significant defect 

in its development and maturation in infants with CF that commences in utero [55]. 

This observation raises an important question as to whether a fimdamental defect 

exists in the development or maturation of exocrine glands within the lung. Chow 

reviewed the post-mortem details of thirty babies who died fi"om meconium ileus in 

the first three weeks of life and showed that there is marked normal variation in the 

size of bronchial mucous glands between subjects. Most measurements of mucous 

gland size were similar in CF infants and controls. Small differences were noted, 

however, when specimens fi-om non-infected infants with CF were compared with 

those of controls [7]. Bedrossian also identified bronchial mucous gland hypertrophy 

compared to controls in pathological specimens obtained fi-om fourteen infants who 

died before four months of age [41]. By contrast, Sturgess did not identify structural 

differences in the tracheal mucous-secreting glands of forty-seven infants with CF 

less than four months of age who died from various causes and suggested that 

tracheo-bronchial gland hypertrophy and hypersecretion identified in older subjects 

are secondary findings and do not reflect abnormal development [9]. These studies 

represent the most severe end of the spectrum in CF and suggest that there may be 

minor hypertrophy of bronchial mucosal glands. No studies have assessed function 

of these glands in infancy but there is evidence to suggest that free neutrophil 

elastase increases expression of mucin genes when studied in vitro [56], providing 

one mechanism by which mucus production could be increased in infants with CF.

1.4.5 Bronchial smooth muscle \

Bronchial smooth muscle is found in the gaps between the cartilage plates in the 

trachea and extrapulmonary bronchi, whereas in the intrapulmonary airways muscle 

entirely circles the lumen internal to the cartilage in two spirals such that, with 

contraction, the airways shorten and constrict. Muscle first appears at 6-8 weeks of 

gestation and has been found in all the airways to the adult level by 26 weeks of 

gestation [40]. The muscle in the airway wall in man is structurally mature at birth, 

contracts spontaneously in utero and postnatally and is responsive to 

chemostimulation [57].

Measurements of bronchial smooth muscle in fetal life and infancy show that there is 

an increase with age up to one year of age. There is a particularly rapid increase in
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the relative amount of bronchiolar smooth muscle immediately after birth [40], 

which is probably related to the change to air breathing. There is excessive bronchial 

smooth muscle in babies who have been artificially ventilated, those with 

bronchopulmonary dysplasia and in children with asthma [40; 58; 59] which 

increases reactivity and diminishes airway calibre. Little is known of changes in 

airway smooth muscle in the lungs of infants with CF. One possible mechanism for 

increased bronchial tone could be that a relative deficiency of nitric oxide in infants 

with CF [60] contributes to bronchial obstruction through dysregulated constriction 

of airway smooth muscle [61].

Relative changes in bronchial reactivity through life remain controversial. In animal 

studies, maximal airway narrowing during bronchoconstriction has been shown to be 

greater in immature than mature rabbits, and may result in increased ventilation 

inhomogeneity in early life [62; 63].

1.4.6 Interstitium

The framework of the lung is made up of bundles of elastin and collagen fibres, 

which extend from the larger airways to the alveoli and pleura. During development, 

collagen appears first in the primitive airways and blood vessels while immature 

elastin appears in what will become the mouths of the alveoli. Both types of fibre 

increase in number after birth with elastin contributing approximately 12% of dry 

lung weight by about six months. The proportion of collagen continues to increase 

throughout childhood. Though collagen and elastin are relatively indistensible, they 

can move with respect to each other, thereby facilitating lung expansion. They also 

make a major contribution to the elastic recoil of the lung thereby providing an 

essential traction to maintain airway patency (airway-parenchymal interdependence) 

thus influencing the pattern of ventilation distribution throughout the lungs.

In CF, neutrophil elastase has been shown to induce degradation of elastin in older 

subjects [61; 64]. Destruction of the interstitium by this process could occur in 

infancy and if so, would impact on lung function.
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1.4.7 Innervation and receptors

Within the lung there are nerve bundles running alongside airways and blood vessels 

as far as the acinar region and within the alveolar region individual fibres are found. 

Nerve plexuses supply the submucosal glands, bronchial smooth muscle and 

epithelium. The lungs are innervated by afferent sensory nerves and efferent motor 

nerves. Irritant or rapidly adapting receptors within the epithelium and between 

smooth muscle cells respond to chemical or particulate irritants. Afferent C-fibres are 

also located in the epithelium and between smooth muscle cells and are activated by 

chemical and mechanical stimuli. Both lead to reflex bronchoconstriction via efferent 

cholinergic motor nerves. Slowly adapting sensory receptors in the smooth muscle of 

central airways respond to airway stretch and maintain respiratory drive.

The efferent nerves to the airways are autonomic excitatory cholinergic nerves and 

inhibitory non adrenergic, non cholinergic (NANC) nerves. Cholinergic nerves 

release acetylcholine into the bronchial smooth muscle and submucosal glands to 

cause bronchoconstriction and an increase in mucus production. NANC nerves 

provide inhibitory bronchodilation via vasoactive intestinal peptide. Recent evidence 

suggests that neural nitric oxide may also be involved [65].

In man the nerves appear early in development alongside bronchial smooth muscle 

and by birth there are as many nerves as there are in adults. In vitro studies show a 

similar level of responsiveness of tracheal muscle between 36 days of gestation and 

birth, but a decrease in response to acetylcholine after 4 weeks of age. A greater 

number of neuropeptides causing bronchodilation has been reported in the newborn 

than in children over 3 years of age [66]. Little is known on the development of 

receptors, although functional studies by Tepper [67] suggest that they are present in 

the first year of life. Indeed, there is clear evidence that fii-adrenoreceptors are 

present and functional in the airways fi*om birth. Current data suggest that the 

number of fi2-receptors may remain relatively consistent through life. However, there 

may be a progressive increase throughout the early childhood years and a decline in 

responsiveness with increasing age in patients over 40 years of age [68]. It is unclear 

what the effect of inflammation on these neural mechanisms is and whether or not 

this can result in increased bronchial tone in infants with CF.
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1.4.8 Chest wall development

Considerable structural changes occur in the chest wall, particularly during early 

postnatal life. The chest wall is highly compliant at birth and during early infancy so 

that lung compliance (Cl) is very similar to total respiratory compliance (Crs) [69]. 

Ossification of the rib cage, sternum, and vertebrae begins in utero and continues 

until adulthood. The ribs are relatively horizontal in the newborn but by 10 years 

they have the downward slope of adults [49; 70]. The floppy chest wall reduces the 

mechanical efficiency of breathing [71] but during parturition, permits deformation 

of the chest as it passes through the birth canal. Because of the compliant chest wall 

in infancy, the outward recoil pressure is relatively low [72; 73] resulting in 

relatively low transpulmonary pressures [74]. The low outward recoil allows the 

lungs to deflate to low lung volumes where the small peripheral airways may close 

during late expiration [75]. Due to the small absolute size of the airways, infants are 

vulnerable to intrathoracic airway obstruction [76]. Gas exchange and ventilation 

perfusion balance is impaired, particularly in the dependent parts of the lung.

1.5 Factors influencing airway structure and function

A number of factors have been identified which are known to influence the 

development of the lung and may influence the performance and interpretation of 

lung function in infants.

1.5.1 Developmental physiology  ̂ ^

In adults, lung volume at end-expiration (FRC) is determined passively by the 

balance of the inward recoil force of the lung and the outward recoil of the chest 

wall. For the reasons mentioned above, it benefits infants to defend lung volume 

during expiration. One defence strategy is modulation of expiratory flow by a 

combination of laryngeal and postinspiratory diaphragmatic braking. These 

manoeuvres serve to elevate FRC dynamically by increasing the expiratory time 

constant [77-80]. The time constant of the respiratory system is a function of 

compliance and resistance and is defined as the time for the lung to deflate passively 

to 37% of its original volume. Dynamic elevation of FRC occurs in the presence of 

either a short expiratory time (rapid respiratory rate), and / or a long expiratory time 

constant (elevated expiratory resistance) so that the expiratory time is less than three
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expiratory time constants [77]. This dynamic elevation of FRC seems to persist to 

about 6-12 months of age, after which passive characteristics of the lung and chest 

wall determine resting end-expiratory lung volumes as in older subjects [73].

FRC increases_approximately threefold during the first year of life [81]. Lung 

compliance [82] and total respiratory compliance increase similarly [83]. Airway 

resistance [84; 85] halves during the first year of life. As there is a relatively greater 

increase in compliance compared to the fall in resistance, the time constant of the 

respiratory system increases during the first year and hence respiratory braking is no 

longer necessary to protect FRC [86]. These changes in the mechanics of the lung are 

accompanied by a reduction in the respiratory rate fi’om about 40 to 20 breaths per 

minute.

1.5.2 Effect of gender

The interpretation of sex and age related differences in airway ftmction have been 

reported previously [25; 51]. Although lung volume and alveolar number are greater 

in boys than girls, [87-89] airway ftmction is diminished in boys compared with girls 

during both infancy and childhood [90-94]. Girls have larger expiratory flows than 

boys [95; 96] and the smaller peripheral airways of boys seem to predispose them to 

wheeze [22; 90; 97-99].

Although girls are considered to have wider and / or shorter airways in childhood 

than boys, by adulthood boys have larger airways relative to lung size than girls. This 

enhanced airway growth in adolescent males [51; 94] may partly explain the more 

marked clinical improvement in males than in females with respiratory disease as 

they become adults [52; 100; 101]. Tracheal size does not differ between sexes 

during early life [102] but adult males have a larger trachea than females [103; 104].

1.6 Adverse Developmental Influences on the Lung

In addition to the natural influences of factors such as growth, sex and ageing that 

affect all individuals, there are numerous additional factors that may affect lung 

development and airway ftmction.
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The age-related decline in respiratory function which commences in mid adult life 

may be more rapid or reach a critical threshold at an earlier age in those in whom 

maximal fetal and early childhood growth potential has not been achieved [22; 105- 

107]. During early intra-uterine life, adverse factors will influence airway growth 

[107-109] while factors having their effect in later weeks of gestation and infancy 

will also affect alveolar development [110]. Abnormalities in airway branching 

cannot be corrected once the period of airway multiplication is complete. Thus 

airflow is likely to be abnormal in these subjects throughout life. Infants with 

congenital diaphragmatic hernia, renal agenesis and dysplasia, and thoracic 

dystrophy all have a reduced number of airway generations and subsequently fewer 

alveoli [111; 112]. Both pre- and post-natal experimental studies have shown that 

nutrition, gas tensions, hypoxia or hyperoxia, amniocentesis, drugs and nicotine all 

affect alveolar growth and airway responsiveness [111; 113].

1.6.1 Pre and postnatal therapy

The use of glucocorticoids to accelerate lung maturation or prevent inflammation 

may affect lung growth, especially since lung morphogenesis is regulated by growth 

factors which interact with endogenous glucocorticoids [114; 115]. To date, human 

functional studies have not demonstrated differences in lung function between babies 

who have been treated with betamethasone and those who have not [116]. However, 

it must be remembered that the tools currently available for assessing lung volumes 

and airway calibre in infants [117] are not able to detect a reduction in alveolar 

number if this has been compensated for by increased alveolar size. Experimental 

structural studies in animals [113; 118; 119] have shown that administration of 

glucocorticoids prevents normal alveolar development [43; 120] and reduces the 

multiplication of bronchial smooth muscle cells in culture [121].

Inhaled terbutaline does not seem to affect epithelial appearance [122] but P-agonists 

do appear to inhibit proliferation of smooth muscle cells [123]. Long-term use of 

bronchodilators may therefore lead to abnormally small amounts of muscle in the 

airway walls, which in turn could lead to changes in airway growth and 

responsiveness. Infants with CF may be prescribed bronchodilators on the basis of 

parental reporting of, or physician-diagnosed, wheezing. Differences in airway 

function between those with and without this history have not been studied.
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1.6.2 Influence of exposure to tobacco smoke and nicotine

Exposure to tobacco smoke, whether pre or postnatally, has a detrimental effect on 

lung health and respiratory function throughout life [124]. The age related decline in 

airway function is accelerated in those who smoke, and the prevalence of respiratory 

illness greatly increased [125-130]. The potential effects of smoking during 

pregnancy on lung and airway development may include structural alterations [131] 

as well as interference with the control of respiration [132; 133] and the developing 

immune system [134]. Animal studies have shown maternal exposure to cigarette 

smoke or nicotine results in offspring with small lungs and decreased airspaces 

[113], reduced elastin production [135], and increased collagen around the airways 

[136].

These findings are consistent with results of functional studies in human infants 

shortly after birth. Investigators from Boston reported significant reductions in 

maximal expiratory flow in infants bom to mothers who smoked during pregnancy 

among a cohort of infants tested between two and six weeks of age [137]. A dose- 

response relationship was apparent: greater reductions in forced expiratory flow 

measured at 50% of tidal volume were associated with increasing prenatal tobacco 

smoke exposure. Passive smoke exposure after birth among infants bom to non

smoking mothers did not cause a similar reduction. This study suggested that 

prenatal smoke exposure was associated with reduced airway function. By measuring 

respiratory function in preterm infants prior to discharge from the special care baby 

unit, Hoo et al. were able to examine the effect of matemal smoking during 

pregnancy separately from that of postnatal exposure to environmental tobacco 

smoke. They reported a reduction in the time to peak tidal expiratory flow ( I p t e f )  as a 

ratio of expiratory time (te) in preterm infants exposed to matemal smoking in utero 

after adjusting for body size, sex and ethnic group [96]. In this study, while maximal 

expiratory flow measured at functional residual capacity ( V ’maxFRc) was lower 

amongst those bom to smoking mothers this was no longer significant after allowing 

for age and body length, most likely due to insufficient power of the study but also 

because of the confounding effect of smoking on length. Tager et al. measured 

V’maxFRC longitudinally in 159 infants to examine the influence of antenatal exposure 

to smoking and identified a mean reduction of 33 mL.s'* in those exposed to
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smoking. The effect of matemal smoking was greater in girls and there appeared to 

be a reduction in magnitude of effect with increasing age in this study [138].

It is possible that decreased alveolar attachments following in utero smoke exposure 

is an additional important mechanism by which stmctural changes affecting airway- 

parenchymal interdependence alter physiological assessments of forced expiration 

[139].

1.6.3 Neonatal lung disease and subsequent airway function

Premature delivery itself is considered to have little effect on overall alveolar 

multiplication or airway growth [40; 140; 141], although there is some evidence of 

increased bronchial reactivity in later childhood amongst those bom very preterm 

[142-144]. Recently, Hjalmarson has suggested that preterm birth does affect 

alvéolisation and formation of elastic tissue in the lungs. In 32 healthy premature 

infants bom between 25 and 33 weeks of age, FRC was reduced, and compliance of 

the respiratory system and dead-space ventilation was increased, when measured at 

40 weeks postmenstmal age and compared with 53 healthy term infants [145]. The 

lung function abnormalities identified in this study could have started before or after 

birth. Only two mothers reported smoking during pregnancy and so the authors were 

able to separate the influence of prematurity from that of in utero exposure to 

tobacco smoke and nicotine. However, twenty-one mothers received antenatal 

corticosteroids which is a potential confounder of these lung function findings (see 

1.6.1). There are numerous postnatal factors which could influence the lung 

development of healthy infants bom prematurely and with no requirement for 

mechanical ventilation. These include mechanical forces related to breathing, 

exposure of epithelial and endothelial cells to higher oxygen tensions than during 

fetal life, influence of airflow on airway epithelium, absence of the distending 

influence and growth-factors of lung fluid, change of lung perfusion and blood 

volume, absence of matemal or placental hormones and nutritional and endocrine 

differences between fetal and extrauterine life.

Artificial ventilation leads to long-term abnormalities of alveolar growth and 

architecture and also influences airway wall stmcture [40; 59; 146], these changes 

being worse in infants who develop bronchopulmonary dysplasia (BPD) after
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ventilatory assistance [147-149]. Wheezing occurs more frequently in adolescents 

and young adults who had BPD in infancy than in age-matched controls of similar or 

normal birthweight [150]. Follow-up studies have suggested relatively mild long

term sequelae in survivors [151] although an increased prevalence of symptoms and / 

or reduced airway function is still present in adults [150]. With the increased survival 

of severely affected infants and more sophisticated methods of assessment, recent 

studies have demonstrated a greater prevalence of abnormalities. Abnormal central 

and peripheral airway function have been detected in survivors with chronic 

respiratory symptoms, while there is evidence of unequal ventilation even in those 

without symptoms [107; 152; 153].

1.6.4 Infant lung function measurements as outcomes measures and 

predictors of respiratory disease

The studies reviewed in this section show how lung function measurements in infants 

have been used in epidemiology studies to assess the impact of respiratory disease on 

subsequent lung function and as markers of an increased risk of subsequent 

respiratory morbidity when performed prior to respiratory illness.

Among 127 infants from the Tuscon Children’s Respiratory Study, nine infants with 

signs of current upper respiratory tract illness had measurements of V’maxFRC (see 

2.4.4.2) that were 40% lower than measurements in 109 infants without current 

symptoms [154]. Mean V’maxFRc was 74 mL.s'^ in those with a current upper 

respiratory tract illness compared with 126 mL.s'  ̂ in controls. However, the standard 

deviations of these mean values were large. Mean V’maxFRC was no different in nine 

infants with prior upper respiratory tract symptoms but well at the time of 

measurement from that of controls. However, assessments did not allow for 

differences in body size so interpretation of the results of this study is difficult. One 

study of 45 infants tested at six months of age found that V’maxFRC was 40% lower 

among 23 infants with a history of antecedent lower respiratory illness (LRI) 

compared to 22 infants with no such history [155]. Bronchial responsiveness was 

used to assess differences in these two groups. Although bronchial responsiveness 

was present in most infants, there was no difference in the median concentration of 

histamine required to induce a 30% fall in V’maxFRC between those with or without a 

history of prior LRI. However, a difference in FRC in response to challenge could
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have masked a true difference in bronchial responsiveness. For example, an increase 

in FRC as a result of gas trapping secondary to bronchoconstriction leads to an 

elevated volume landmark and could result in V’maxFRC remaining unchanged, thus 

masking a response to histamine. Another study of 18 infants tested four and ten 

months after an episode of bronchiolitis found that V’maxFRc was lower and airway 

responsiveness heightened compared with these measurements made in 24 control 

infants at both follow-up visits [156]. These studies suggest that ongoingjespiratory 

symptoms are associated with diminished lung function but do not clarify whether 

diminished lung function predisposes infants to wheezing LRI or is a result of prior 

respiratory tract infection.

Several longitudinal cohort studies have been reported which relate measurements of 

baseline infant lung function to subsequent respiratory morbidity in childhood. There 

are data to suggest that some infants have impaired airway development that 

predisposes to respiratory symptoms with common early childhood respiratory 

infections. Young et al. found that infants recruited from a hospital outpatients 

department with a clinical diagnosis of bronchiolitis had a trend for lower premorbid 

lung function ( V ’maxFRc) than matched controls [157]. In this study the diagnosis of 

bronchiolitis was made in 17 of 253 infants but only confirmed by definitive virology 

in two cases. Therefore, it is possible that viral associated lower respiratory wheezing 

illness other than bronchiolitis was being identified. There were no differences in 

pre-morbid airway responsiveness or cord IgE between the infants with bronchiolitis 

and the healthy cohort. Although a recent study observed reductions in V’maxFRC at 

two months of age in infants who subsequently developed pneumonia [158], these 

findings were not statistically significant. However, Colley measured crying 

ventilatory capacity soon after birth and again at one year in 543 infants. Flows did 

not differ between those who did and did not develop pneumonia or bronchitis by the 

age of five [159]. It cannot be concluded that pre-morbid airway function exists in 

infants who later develop bronchiolitis or other LRI from the studies reviewed above.

In 1988 Martinez et al. reported data which suggested that diminished lung function 

is a predisposing factor for the development of a first wheezing illness in infants. The 

first report of the Tuscon cohort used tidal flow and volume profiles as an indirect 

measure of airway fimction. Males in the lowest tercile for tpiEF/te (n=18 of 58 male
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subjects) were four times more likely than children in the upper tercile to develop 

wheezing illness. Odds ratios were also significantly increased for females in the 

lowest tercile (n=18 of 51 female infants) for FRC using helium dilution (FRChc). 

These findings were independent of exposure to matemal smoking or gestational age. 

However, no differences were observed for V’maxFRC and respiratory conductance 

[160].

Subsequent studies in the same cohort [21] reported outcomes in relation to V’maxFRC 

measured at two months corrected age. By the age of six years 51.5% of infants had 

never wheezed, 19.9% had only wheezed before the age of three years (transient 

wheezers), 15.0% had only wheezed since the age of three years (late wheezers), and 

13.7% wheezed both before and after three years (persistent wheezers). The transient 

wheezers had diminished V’maxFRc both before the age of one year and at the age of 

six years. Persistent wheezers were more likely than those who had never wheezed to 

have mothers with a history of asthma, raised serum IgE at nine months and six years 

of age, normal lung function in infancy (although mean V’maxFRC for this group lay 

between that for the transient group and late onset group of wheezing infants) but 

diminished lung function at six years. These data suggest that reduced airway 

function rather than atopy is associated with transient wheezing in infancy. This 

cohort has been studied subsequently using spirometry at 11 years of age. Although 

persistent wheezers had the largest decrement in FBVi at this age, the transient 

wheezers still had a lower FEVi than those who had never wheezed [161] suggesting 

that low airway function early in infancy predicted diminished airway function in the 

second decade. V’maxFRC was measured in 176 infants from the Tuscon cohort as part 

of a study to determine the long-term outcome of physician-diagnosed croup in the 

first three years of life. In children who developed croup associated with wheezing 

(10%), V ’maxFRC was significantly lower (88 mL.s'^) than in those with no history of 

lower respiratory illness (128 mL.s'^) or those with croup not associated with wheeze 

(112 mL.s'*) [162]. These values were expressed as geometric means but did not take 

into account discrepancies in body size between the infants, which could have 

explained these differences. As infant lung function was performed in only 

approximately 10% of the birth cohort of 1246 infants in the Tuscon series, it is 

necessary to be cautious when extending these findings to the entire cohort and to
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populations from different environments, for example non-homogenous, mobile 

populations residing in temperate climates.

The population-based longitudinal study in Boston identified lower measurements of 

forced expiratory flow (length corrected V’maxFRc) in infants less than six months of 

age who later developed wheezing LRI in the first year of life independent of a 

matemal history of smoking [163]. Pulmonary function tests were performed in 

ninety-seven infants from the cohort of 359 infants. In the 59 infants who had infant 

lung function tests and subsequently developed LRI, mean V’maxFRC corrected for 

length was lower for both males and females compared to the 38 infants with no 

subsequent LRI. However, these findings were not statistically significant suggesting 

that correcting for length in the Tuscon cohort may have accounted for some of the 

differences in their various subgroups. As individual data were not presented in these 

studies it is not clear whether difficulties in discriminating between groups may, in 

part, have been due to the wide inter-subject variability of V’maxFRC, meaning that 

despite the large number of subjects in most of these studies, there may still have 

been inadequate power to answer the various study hypotheses.

The Perth longitudinal infant cohort consists of 252 infants in whom infant lung 

function was assessed at 1, 6 and 12 months of age. In this study, flow limitation 

during tidal expiration in early life (n=19) was associated with a parental history of 

asthma and the development of physician-diagnosed asthma by two years of age 

[164]. Differences in V’maxFRC did not persist to one year of age in those flow-limited 

at one month. Nor were there differences in responsiveness to histamine (defined in 

this study as the dose required to cause a 40% fall in V’maxFRc) between those with 

and without prior flow limitation when measured at six months of age. However, 

although the authors reported increased responsiveness at twelve months of age in 

those flow-limited at one month, it is not clear how many of the infants were 

successfully followed-up to one year. The small number of infants in this study make 

a type one statistical error possible such that further studies are required to confirm 

their findings and to identify further the relationship between infant lung function, 

family history of asthma, subsequent development of asthma and airway 

responsiveness during the first year of life.
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Dezateux et al. [165; 166] found that specific airway conductance was significantly 

diminished at eight weeks of age and prior to any respiratory illness in previously 

healthy infants who subsequently developed one or more episodes of wheezing by 

their first birthday. Infants with lower levels of specific airway conductance were 

also more likely to have recurrent wheezing in the first year and to start wheezing at 

an earlier age. Whereas in the Tuscon study a matemal history of atopy was not 

associated with a reduction in V’maxFRC, this was the case in the study of Dezateux 

suggesting that differences in central airway calibre, as reflected by measurements of 

specific airway conductance, were present in this group of infants.

Diminished airway function, perhaps reflecting diminished airway calibre, is 

generally now accepted as a risk factor for subsequent wheezing LRI, but the 

identification of pre-morbid lung function abnormalities in infants who subsequently 

develop bronchiolitis or asthma is more controversial because studies were 

inadequately powered, there were difficulties in determining affected subgroups 

objectively, and in determining the appropriate lung function tests and statistical 

approach to analyses. Few studies adjusted for the numerous potential confounding 

variables (such as sex, body size and exposure to matemal smoking). As will be 

discussed (see chapter 2) similar problems can be identified in studies where lung 

function has been performed in infants with CF.

1.6.5 Longer term consequences of early impaired lung function

There has been increasing interest in the paediatric origins of adult disease [167]. An 

association identified by Barker’s group between birth weight and cardiovascular 

disease has led to the concept of ‘programming’ -  the permanent alteration of the 

stmcture and function of organs and tissues by factors operating during sensitive 

periods in fetal or early postnatal life. This concept has been used to explain 

associations between birth weight and childhood respiratory infections with adult 

lung function and death from chronic obstmctive airways disease [168] and more 

specifically the relationship between early lung growth and chronic airflow 

obstmction [169]. Factors implicated in programming have been discussed in this 

chapter and include nutrition, exposure to matemal smoking in pregnancy, 

environmental allergens and predisposition to asthma or atopy. It is likely that 

outcome is determined by a combination of genetic, environmental and familial
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factors and that these factors will influence the interpretation and longer-term 

implications of lung function measurements made in infants with CF.

40



2 Lung Function in Infants with CF

Awareness of the difficulties in assessing lung fimction in the very young, combined 

with the increasing need to identify and develop appropriate techniques for non- 

invasive assessment of pulmonary fimction in infants with CF was reflected in the 

summary of the 1992 Cystic Fibrosis Foundation Consensus Conference [170]: 

“Standardised equipment ... is not available, so reproducibility fi"om one centre to 

another may be difficult. Inter-subject and intra-subject variation may be relatively 

large...A single pulmonary fimction test that could reproducibly assess subjects in a 

serial fashion from infancy through the pre-school and school-years would be 

particularly advantageous for clinical trials that include early intervention and 

extended follow-up. Currently no test meets these criteria.”

The aims of this chapter are to summarize available data and critically discuss the 

potential role of lung fimction testing in infants and young children with CF: What 

do we already know? - what do we need to know? - what are the challenges that lie 

ahead?

2.1 Methods of assessing lung function in infants with CF

Before reviewing the various studies that have measured lung fimction in infants 

with CF during the past 30 years, it is important to consider what information such 

tests have provided in older subjects, what is feasible in infants and young children, 

and what their relative limitations are in this particular population.

2.2 What have LFTS contributed in older children and adults with CF?

Children older than approximately 5 years of age are able to perform standard 

pulmonary fimction testing including forced expiratory manoeuvres and 

measurement of lung volumes using whole body plethysmography or gas dilution 

techniques. In CF, lung volume should be measured using body plethysmography, as 

gas trapping will lead to underestimation of lung volume if helium dilution or the 

nitrogen washout techniques are used. Air trapping will also lead to an elevation of 

residual volume relative to total lung capacity, and eventually, vital capacity will 

decrease secondary to hyperinflation. FEVi has been shown to reflect progression of 

pulmonary disease in CF and to correlate with mortality [171]. However, although
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FVC, FEVi and derived ratios are reproducible, they are not very sensitive to early 

disease. In a retrospective study, mean maximal expiratory flows (MEF) during the 

middle half of the forced vital capacity (MEF75.25) showed the earliest and most 

dramatic changes [172; 173]. Yet, even in this study, most patients had normal 

pulmonary function tests when first tested at an age of 5 to 6 years. As the disease 

progresses, plugging of the small airways is considered to be the most prominent 

early manifestation [19]. Evaluation of the smallest airways is difficult because 

peripheral airways contribute little to total resistance and only extensive small 

airways disease will be picked up by commonly used techniques [174]. The earliest 

functional abnormalities of the lung were considered at one time to be disturbances 

of ventilation and perfusion with an increased alveolar-arterial oxygen gradient 

[175]. Attempts to find sensitive ways of detecting early pulmonary changes in 

children with CF have included measurement of the ratio of residual volume to total 

lung capacity (RV/TLC) as a marker of hyperinflation, maximum expiratory flow- 

volume curves breathing gases of different density, and the single breath nitrogen 

washout for assessment of the slope of the alveolar plateau [176-179]. While it is 

recognized that demonstration of frequency dependence of compliance does reflect 

small airways disease, this method has not gained wide acceptance possibly because 

of the relatively invasive procedure involved to perform the measurement [176]. In 

addition, no single test has yet been identified that is considered sensitive enough to 

detect initial pulmonary changes.

With regard to assessment of lung function in infancy and early childhood, the 

problem is that most of the methods mentioned above are not easily applicable - or 

not applicable at all - to an age group in whom no active co-operation can be 

expected. Furthermore, the problems of selecting the most appropriate test to use in 

infants are compounded by the fact that the underlying factors determining various 

parameters of lung function may vary considerably according to age, and that the 

assumptions underlying many lung function techniques may not be valid in the 

presence of lung disease. Studies which have used one or more of these techniques in 

infants and young children with CF are presented in the following sections and the 

advantages and limitations of the different approaches discussed in more detail.
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2.3 Overview of respiratory function testing during infancy and eariy 

childhood

The majority of infant lung function tests are performed with the infant being sedated 

and take a long time. Thus, unlike spirometry, they cannot be used very frequently. 

Details of the theoretical background and practical application of the various tests 

available for use in infants have been published recently [117] together with 

recommendations regarding the specifications for equipment and software that 

should be used in this age group [180-185].

FRC is the only lung volume that is routinely measured in infants, by either whole 

body plethysmography or gas dilution techniques. Of the gas dilution techniques, the 

helium closed-circuit and the open-circuit nitrogen washout technique are used most 

commonly. Plethysmography measures all thoracic gas including areas of trapped 

gas, while gas dilution techniques measure only that lung volume that readily 

equilibrates with the inspired gas during tidal breathing. In the presence of impaired 

gas mixing, the time required for equilibration is long and airway closure may result 

in underestimation of FRC when using gas dilution techniques. For whole body 

plethysmography, calculation of the intrathoracic gas volume during occluded 

breathing efforts against a closed shutter is made using Boyle's law. However, a 

number of potential problems arise when applying this to infants, including gas 

compression within the box and underestimation of alveolar pressure changes at the 

airway opening, particularly in the presence of obstructive airways disease. The lack 

of suitable commercially available equipment has meant that, in the past, this test has 

been restricted to specialised centres. In addition, the end-expiratory level defining 

FRC is actively determined early in life and may vary considerably over time [77]. 

Therefore, relating other parameters of lung function to FRC may introduce 

significant error.

It has been suggested that even in healthy infants plethysmographic measurements 

are consistently higher (approximately 15%) than those derived by gas dilution [186; 

187], necessitating the use of different prediction equations for the two techniques 

[188]. Unfortunately, there have been no studies in infants with CF which directly 

compare both techniques thereby allowing estimation of trapped gas.
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The mechanical properties of the respiratory system are described by measurement of 

compliance (C) and resistance (R). Depending on which pressure has been measured, 

an appropriate suffix is added (i.e. C l, C^, Raw, etc.). Airway function may be 

assessed directly by measuring resistance or forced expiratory flows or indirectly by 

measuring indices of gas mixing. Resistance may be assessed using various methods 

including the Single Breath Technique (SET) for measuring the resistance of the 

respiratory system (Rn,), oesophageal manometry for measuring the resistance of the 

lung (R l) , and body plethysmography for measuring the resistance of the airways 

(Raw). However, as discussed above, none of the available techniques measure 

resistance of the intrathoracic airways alone, which may lead to relative insensitivity 

when only minor airway disease is present. In addition, in the presence of more 

severe disease, the underlying assumptions for the various techniques may no longer 

be valid. The reciprocal of resistance is the conductance, (G). If either compliance or 

conductance are related to the lung volume at which they were measured, the prefix 

“s” is added to indicate specific compliance (i.e. sCrs) or conductance (i.e. sGaw). In 

the earlier studies, compliance and resistance were most commonly assessed using 

oesophageal manometry. Non-invasive techniques such as weighted spirometry and 

the occlusion techniques have generally replaced oesophageal manometry. Weighted 

spirometry, although measured during dynamic conditions, assumes relaxation of the 

chest wall at end-expiration during positive pressure breathing [189]. This positive 

pressure is applied by adding a weight to a closed spirometer circuit and, by using 

the resulting change in end-expiratory lung volume, respiratory compliance (Crs) can 

be calculated. However, because most systems have a large dead space and a 

compliance which is similar to that of a neonate, this technique may be relatively 

insensitive in this age group. The occlusion techniques rely both on the absence of 

airflow so that alveolar pressure can be measured at the airway opening (Pao) during 

occlusion, and on invoking the Hering-Breuer reflex and complete relaxation of all 

respiratory muscles, so that the recorded Pao plateau reflects the elastic recoil 

pressure of the respiratory system at any given volume above the end-expiratory 

level [190-192]. The two most commonly used techniques have been the Multiple 

Occlusion Technique (MOT) which measures the compliance (Crs) and the SET for 

assessment of resistance (Rrs) and time constant (trs) of the respiratory system. 

Both techniques assume that the respiratory system can be described by a single 

compartment model, an assumption which is clearly not valid in many disease states
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and in particular CF with patchy and variable airflow obstruction. In previous 

publications, body plethysmography has often been used to assess airway resistance, 

Raw [193; 194]. While this technique does not assume a linear relationship of 

pressure and flow to calculate resistance, the complexity of the equipment, the need 

to achieve body temperature and pressure saturated conditions and the lack of a 

standardised approach to calculate Raw ft̂ om pressure and flow data has limited the 

usefulness of this approach for routine clinical use in the past.

The primary technique to measure MEF in infants and young children is the rapid 

thoracoabdominal compression technique (RTC) (see 2.4.4.2), which utilizes sudden 

application of a positive pressure at end-inspiration via an inflatable jacket covering 

the chest and abdomen to produce a forced expiratory flow-volume curve (FEFVC) 

[182]. In the past, this technique has been limited to the tidal volume range only, 

with the maximal flow occurring at the previously established end-expiratory level 

( V ’maxFRc) being most commonly reported. High inter- and intra-subject variability of 

this parameter, the debate over whether flow limitation can always be achieved over 

the narrow volume range covered [195] and the search for a method that would 

produce parameters comparable to those obtained in older children and adults has 

recently led to the development of a technique which produces FEFVC from raised 

lung volumes approaching TLC [196; 197] Using this technique (see 2.4.4.3), MEF 

at different percentages of expired FVC and timed expired volume parameters 

(FEVt) have been reported [196; 198; 199]. Such results may be expressed as FEF%, 

when the % indicates how much of the FVC has been expired, or MEF%, where % 

reflects how much of FVC remains to be expired. These techniques are discussed in 

detail below (see 2.4.4).

2.4 Which assessments of lung function are feasible in infants with 

CF?

2.4.1 Measurement of lung volumes

Due to the relatively long wash-out periods required in infants with lung disease, it 

may be difficult to obtain repeat measurements of FRC using gas dilution while the 

infant remains in quiet sleep. One advantage of the gas dilution techniques is that, 

provided a gas washout technique is used, indices of gas mixing can be calculated

45



simultaneously which may in fact prove to be far more sensitive indices of early 

airway changes in diseases such as CF [200-202].

Other static lung volumes such as TLC or RV, which have been suggested as indices 

of early pulmonary changes in CF in older children [176], have not been available in 

infants in the past. However, recent introduction of the raised volume technique 

which allows the lungs of spontaneously breathing infants to be inflated to 

predefined pressures may permit lung volumes close to TLC to be measured more 

reliably in the future [203]. In addition, adult-type static lung volumes have recently 

been measured in infants [199]. Studies that have used plethysmography in infants

with CF [204-210] have found increased FRCpieth in subgroups of patients and 

suggest that hyperinflation is one of the earliest features of CF (Table 2-1). However, 

extremely high values of FRCpieth particularly in the youngest infants suggest that 

there may have been methodological problems in some of these studies [204; 207].

2.4.2 Lung and chest wall compliance

Several studies have reported measurements of either lung compliance (C l)  using 

oesophageal manometry or total respiratory compliance (C^ = combined compliance 

of lungs and chest wall) using either the passive occlusion techniques or weighted 

spirometry [200; 201; 204; 205; 211-213] (Table 2-1). The first reported study of 

lung function in infants with CF included assessment of dynamic lung compliance 

and resistance using oesophageal manometry [204]. However, the volume changes 

used for calculation of compliance in this study were taken from a plethysmographic 

signal rather than from flow measured directly at the mouth which makes 

comparison of the results with those from other studies difficult. Dynamic lung 

compliance (C l)  using oesophageal manometry and a pneumotachometer (PNT) for 

measurement of flow has been assessed in three further studies [205; 211; 213]. 

While Godfrey et al. reported specific compliance (i.e. corrected for lung volume: 

sC l) , Hardy et al. did not measure lung volume concomitantly and reported 

compliance corrected for body weight. Clayton et al. [213], on the other hand, only 

reported Cl as percent predicted without providing any absolute numbers, making 

comparisons between these studies difficult. Reduction of Cl in the latter study was 

attributed to local gas trapping which improved following in-hospital treatment for 

pulmonary exacerbations. However, as lung volume was not measured this
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hypothesis can not be verified fi-om the data presented. Considerable hyperinflation 

or uneven distribution of ventilation would have to be present to shift the compliance 

to the flat end of the S-shaped compliance curve.

Newborn infants have a highly compliant chest wall so that measurements of total 

respiratory compliance (Crs ) generally give a reasonable estimate of Cl especially in 

young infants with lung disease. Crs has been assessed in infants with CF using either 

weighted spirometry [200; 201] or the SBT [212]. The latter study assessed the 

relationship between genotype and pulmonary fimction shortly after diagnosis and 

found no difference in Crs between infants with CF and healthy controls. The 

observed decrease of compliance in asymptomatic infants who had normal FRC 

when using weighted spirometry is difficult to explain [200]. Frequency dependence 

of compliance, which has been proposed as a sensitive index of small airways 

disease [176], is not applicable to static measurements and could not be reflected by 

measuring “passive” respiratory mechanics. Parenchymal changes or hyperinflation 

would have to be quite severe to affect static compliance, which is unlikely to be the 

case in the presence of a normal FRC, unless this was associated with gross 

inhomogeneity of ventilation distribution. Again, results are difficult to compare as 

different methods were used in each study. In view of the early pathological changes 

that are thought to occur primarily in the small airways it appears unlikely that 

measurement of either respiratory or lung compliance would be the most sensitive 

index of early pulmonary disease in CF. In addition, once more severe pathology is 

present leading to more severe airway obstruction, application of the occlusion 

techniques or weighted spirometry may be invalidated by the assumption that the 

respiratory system behaves like a single compartment model. Similarly, more severe 

airway changes may invalidate the use of oesophageal pressure changes as an 

accurate reflection of pleural pressure [214].

2.4.3 Assessment of airway function from resistance measurements

Plethysmographic measurements of airway resistance (Raw) have been reported by 

several authors in infants with CF [206-208; 210; 215] (Table 2-1). This technique 

also allows simultaneous measurements of FRCpieth which may be particularly useful 

if there is hyperinflation secondary to severe airway obstruction. In the presence of 

severe airway obstruction, lung volumes may be overestimated due to slow
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equilibration of pressures throughout the respiratory system [216-218]. The other 

potential disadvantage of this technique, in common with all methods of assessing 

resistance in infants, is that since measurements are usually made during nose 

breathing, they include nasal resistance. This is responsible for approximately 50% 

total Raw in healthy infants [219] and may severely distort recorded values of Raw if 

there is any evidence of nasal congestion, as well as reducing sensitivity to changes 

in intrathoracic airway calibre per se.

Lung (or pulmonary) resistance (R l) , which represents the sum of the resistance of 

the airway plus tissues (R l  = Raw + Rti), can be measured in infants using 

oesophageal manometry [220], and has been used in CF [204; 205; 211; 213] (Table 

2-1). With care, reliable measurements can be obtained even in small infants. 

Nevertheless this technique remains technically demanding and again includes nasal 

resistance. Furthermore, the need to pass an oesophageal catheter, which is poorly 

tolerated by older infants and young children, has limited the application of this 

technique to early infancy.

Alternative methods of assessing R^ that have been reported in infants with CF [212] 

include the SBT [184; 191; 221]. Meaningful interpretation of data from the SBT 

depends on expiration remaining entirely passive after release of the occlusion, and 

the ability to describe the respiratory system by a single time constant. While the 

latter assumption is probably valid in most healthy infants, this is unlikely to be true 

in the presence of lung or airway disease, which may invalidate its use in infants with 

CF. Again, nasal resistance is included in such measurements.

2.4.4 Indices of forced expiration

In older subjects, forced expiration is the most common method of assessing 

pulmonary function in both clinical and research settings. Spirometry relies on the 

physiological property of expiratory flow limitation. As parameters derived from 

forced expiratory manoeuvres were primary outcomes in this thesis, the theoretical 

principles behind flow limitation and the background to these manoeuvres in infants 

are discussed in detail in this section.
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2.4.4.1 Flow limitation

For more than two decades considerable effort has been directed at measuring forced 

expiratory flows in infants and young children. This was partly as a result of the 

mechanisms of flow limitation becoming better understood in adults. In 1958 Hyatt 

and Fry measured intrathoracic pressures with an oesophageal catheter and plotted 

this pressure versus expiratory flows measured at the mouth at specific lung volumes 

[222]. These isovolume pressure-flow curves demonstrated that expiratory flow 

became limited or effort-independent at relatively modest positive intrathoracic 

pressures. This permitted their data to be presented as maximal flow-volume curves.

An explanation of this phenomenon of flow limitation was provided in 1977 by 

Dawson and Elliott who stated that the mean flow through a flexible tube cannot 

exceed the speed at which the pressure driving that flow can be propagated along that 

tube [223]. The velocity of pressure propagation along the tube is referred to as the 

tube wave-speed. During flow limitation the speed of gas molecules flowing in the 

tube at the site of flow limitation (choke point) equals the wave-speed and therefore 

bulk flow is the product of the wave-speed and the cross-sectional area at the choke 

point. The equation for tube bulk flow at wave-speed is:

Bulk flow at wave-speed = (A. ôPtm /

Where A is the airway cross-sectional area, p is the gas density and ôPtm /  <5L4 is a 

measure of tube wall elastance (the slope of the transmural pressure-area 

characteristic). Thus, forced expiratory flows limited by this mechanism are 

inversely proportional to gas density, and directly proportional to airway wall 

elastance and cross-sectional area at the choke point. Both intrinsic properties of the 

airway wall (airway wall compliance or ‘tube-law’) and extrinsic properties (Ptm) at 

the choke point give us further insight into this mechanism.

The tube-law, although influenced by neighbouring airway wall properties, is locally 

determined. Studies in the bronchi of dogs show that the slope of the transmural 

pressure area curve increases as airway area increases [224]. The slope increases 

(airway stiffens) when the airway area is very small or large.
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Ptm is therefore an important determinant of wave speed -  as Ptm rises wave-speed 

increases. Ptm depends on two extrinsic properties of the lung as shown by the 

equation:

Ptm = (Palv - Ppl) -  (Palv -  Pib)

Where Palv is the alveolar pressure, Ppl is pleural pressure and Pib is the 

intrabronchial pressure at the choke point. The first term (Palv -  Ppl) represents the 

elastic recoil pressure of the lungs. Therefore, Ptm (and thus wave-speed) increases 

as elastic recoil increases. The second term (Palv -  Pib) is the gas pressure difference 

from the alveolus to the choke point. Under static conditions this is zero and 

therefore Ptm is determined by elastic recoil only. During expiration Palv is greater 

than Pib and therefore Ptm (and wave-speed) decreases. The opposite is the case 

during inspiration. This explains why flow is more likely to be limited during 

expiration than inspiration. The pressure drop between the alveoli and the choke 

point is a result of convective accelerative losses and frictional losses in the flowing 

gas. Convective accelerative losses of pressure are determined by the cross-sectional 

area at the choke point. Frictional losses are determined by the lengths and diameters 

of the airways between the alveoli and the choke point and also depend on flow, 

viscosity and gas density. For laminar flow, the pressure loss depends on viscosity 

and flow but is independent of gas density. For turbulent flow, it is dependent on gas 

density and flow squared.

Wave-speed is thus greatest under static conditions when real flows are zero. As 

actual expiratory flow develops the wave-speed decreases until at some point (the 

initial choke point) the wave-speed will begin to limit the real flow. Three factors act 

to make the site of the initial choke point more likely to be in the proximity of the 

thoracic outlet during forced expiration: Ptm decreases from alveoli to thoracic 

outlet; total cross-sectional area of the airways decreases in the same direction; 

mechanical interdependence between intrapulmonary airways and surrounding lung 

parenchyma serves to stiffen the intrapulmonary airways but has no effect on airways 

close to the thoracic outlet. However, the slope of the pressure-area curve of tracheal 

airways is greater than that of more peripheral airways (i.e. the trachea is stiffer) 

[224]. The initial choke point is thought to be near the carina, and, as the forced 

expiration continues, moves peripherally to upstream airways as the wave-speeds in
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these airways diminish. A summary of factors which impact on wave-speed flow is 

shown below (Figure 2-1).

As forced expiration proceeds in healthy subjects, choke points multiply and cascade 

from central to peripheral airways. Flows measured at the mouth, however, reflect 

the integrated output of all the airways and therefore demonstrate only the stepwise 

movement of global sites of flow limitation as these sites move from one level in the 

bronchial tree where flow has become limited in all contributing pathways to the 

next. A direct relationship cannot be made between flow measured at the mouth and 

the function of airways of any particular airway generation.

The descending portion of the maximum expiratory flow-volume curve is flow- 

limited. However, this portion of the curve is not necessarily smooth but is instead 

frequently discontinuous. Mead has proposed the concept of ‘jumping* choke points 

to explain the successive bumps in the curve [225]. He suggested that sudden 

movements of choke points occurred upon completion of an upstream parallel set of 

simultaneously existing choke points (with wave-speeds less than at the site of the 

preceding choke point). The occurrence of choke point movement by this model was 

confirmed by McNamara et al. [226] who demonstrated kinematic interdependence 

of regional expiratory flows in healthy excised canine lung: within a region of lung 

whose emptying is controlled by a regional choke point, more peripheral upstream 

airways may become flow-limited asynchronously. As their contribution to regional 

flow diminishes the contribution to flow made by other non flow-limited airways 

increases. Subsequently the authors demonstrated that reductions in flow from 

obstructed regions appear to be compensated by increases from flow from 

unobstructed regions, thus masking upstream non-uniformities. This explains in part 

why the maximum forced expiratory flow-volume curve is considered a less sensitive 

tool for the detection of early non-uniform airway disease [227].

51



Figure 2-1. Factors determining wave-speed fiow.
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2.4.4.2 Background to the RTC

Adler in 1978 first described a means of obtaining partial expiratory flow-volume 

curves in healthy sedated infants by means of rapid thoracoabdominal compression 

(RTC) [229] and this has become the most commonly reported method for assessing 

forced expiration in infants [230-232]. The technique was developed further in the 

1980s by the introduction of an inflatable jacket [230; 233; 234] and, due to its 

relative simplicity, has become one of the most extensively used techniques for 

assessing airway function in infants with CF (Table 2-1). The aim of the technique is 

to permit assessment of airway function by achieving flow limitation during 

expiration. However, this assessment is limited to the tidal volume range, so that it is 

considered an assessment of partial forced expiratory flow only. Maximal flow at 

functional residual capacity ( V ’maxFRc) is measured as shown in Figure 2-2.
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Figure 2-2. Measurement of V’maxPRc
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2.4.4.S Advantages of the RTC

The RTC is a relatively simple technique to perform. V'maxFRc is thought primarily to 

reflect airway mechanics upstream (peripheral) to the airway segment subjected to 

flow limitation and therefore is relatively uninfluenced by the resistance of the upper 

airways. The RTC has been standardised by a joint American Thoracic Society / 

European Respiratory Society committee [182] which should enable comparable data 

to be collected in different centres and facilitate the development of reference data.

2.4.4.4 Limitations of the RTC

In addition to the need for sedation of the subject, there are several potential 

disadvantages of the RTC technique. One critical factor is whether or not 

physiologically determined flow limitation is reliably produced by the RTC. 

Although flow-limited isovolume pressure curves have been demonstrated during 

RTC manoeuvres in infants with severe airway obstruction [235], flow limitation in 

healthy infants has not been documented consistently. When comparing healthy and 

disease groups this could result in an underestimation of maximal flow in the healthy 

group, making discrimination between the groups more difficult, and increasing the 

variability of measurements. Another major disadvantage of the RTC is the lack of a 

reliable volume landmark. The measurement of V’maxFRC relies on FRC not changing 

between forced expirations. However, as the end-expiratory level (BEL) is actively 

controlled during infancy, FRC is known to be variable in this group. FRC may vary 

with dead space, disease state, and sleep state [79; 231]. All these factors contribute 

to the variability of V’maxFRC. The intra- and inter-subject coefficients of variation 

have been reported as approximately 15% and 50% respectively [234; 236].

Since the calibre of the small (intrathoracic) airways is determined not only by their 

anatomic dimensions but by the distending pressures surrounding them, full 

interpretation of results may require simultaneous measurements of lung volume, 

elastic recoil of the respiratory system and airway wall mechanics [237; 238].

The flow-volume relationship produced by the RTC represents only a small segment 

of the full FEFVC. A single flow point will be inherently more variable than timed 

volume parameters. Thus, a technique enabling measurements of both MEF and
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forced expiratory volume parameters (FEV) over a larger portion of the vital capacity 

range may overcome issues of variability and an unstable volume landmark.

2.4.4.5 Background to the RVRTC

Turner, in 1995, and Feher, in 1996, described new techniques to generate and assess 

forced expiration from raised lung volumes in infants [197; 236]. This raised volume 

rapid thoracoabdominal compression technique (RVRTC) involves using a pump or 

passive manual inflations to raise lung volume closer to total lung capacity prior to 

generation of FEFVC. Timed forced expiratory volume parameters (FEVJ and MEF 

can be derived from these curves providing similar measurements to those derived 

from spirometry curves in older subjects. The success of obtaining such measures 

from raised lung volume depends largely on the Hering-Breuer inflation reflex [239]. 

This is a vagally-mediated reflex which results in inhibition of inspiration following 

lung inflation. The reflex is stronger and more consistently present at higher lung 

volume [240]. Thus, expiration can be forced without the interference of phasic or 

tonic respiratory muscle activity. This has been confirmed using measurements of 

oesophageal pressure [197]. Indeed, repeated augmented inflations usually result in a 

short period of apnoea. These are short-lived, lasting up to 15 seconds [241].

2.4.4.6 Advantages of the RVRTC

This technique has the advantage of assessing lung fimction over the full 

physiological range from near total lung capacity to residual volume. As lung volume 

is standardised by a preset inflation pressure, there is no reliance on FRC. Therefore, 

the parameters produced should be less variable. This could result in increased ability 

to identify differences between different groups of infants. Importantly, flow 

limitation is more likely to be achieved in healthy infants due to a greater driving 

pressure. Flow limitation occurs at lung volumes below 25% of FVC if sufficient 

pressure is transmitted to drive expiration (usually at least 2kPa) [242]. Feher 

demonstrated flow limitation at higher lung volumes using isovolume pressure- 

volume curves in 7 healthy infants [197]. The RVRTC has been used to demonstrate 

airway responsiveness in infants [243] and has been applied to the study of infants 

with CF, preliminary data suggesting that it may identify diminished airway function 

in more infants with CF than the RTC. It has been suggested that this technique may
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be more reproducible than partial flow volume curves and may provide data 

comparable to that obtained from spirometric measurements in older subjects, such 

as FVC, FEVt and MEF% (e.g. FEF75% or MEF2s%) [196; 197; 241]. Since forced 

expiration is frequently completed in less than 1 second in infants, values of FEV0.5 

or FEVo.75 have been reported rather than FEVi in this age group.

2.4.4J Limitations of the RVRTC

Sedation is also required for the RVRTC. The technique is more difficult to perform 

than the RTC. As yet, the RVRTC remains unstandardised with respect to 

equipment, methodology or analysis, making comparisons of data collected in 

different centres extremely difficult [244; 245].

Little is known about the effects of augmented inflations on the subject and whether 

they influence the measurements obtained. Repeated deep inflations may have a 

direct effect on airway mechanics. Gaseous distension may also occur which could 

result in impaired transmission of jacket pressure to intrathoracic structures, splinting 

of the diaphragm, and waking of the subject due to discomfort. Numerous other 

methodological issues remain unclear with this technique such as the number of 

augmented breaths required to ensure relaxation, the optimum inflation pressure and 

timing of the augmented breaths and the appropriate parameters to report [246].

Limited data from the RVRTC exists for infants with CF. Evidence is still required 

as to whether this more complicated approach will prove to be more sensitive than 

the RTC in detecting changes in airway function or response to therapy in infants 

with CF.
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Table 2-1. Summary of published studies of lung function In CF Infants

Author Year Type o f Study/ 
Study Design

Aim o f  Study Number

ofCF

Patients

Control Group Methods Parameters Results and Authors’ Conclusions

Phelan [204] 1969 TI, Longit, 

short-term

To assess effect o f  

inhalation and 

physiotherapy

18 Unpublished 

RD from same 

centre

HOP, EM FRCpieih, Gl, Cl t  FRCpieth first fimctional abnormality, followed by 

TRl and 4 Gl; reversed by inhalation therapy (related 

to weight, length or FRC).

Godfrey [205] 1978 EC, Longit, 

Long-term

Longitudinal evaluation o f  

LF

5 Infant: own 

RD; age 5: 

uiq>ublished 

RD

Infant: WBP; 

Age 5 years: 

V-P scan

FRCpirth, sGaw Normal lungs initially and progressive changes even 

in the absence o f  clinical symptoms.

Tepper [200] 1987 EC, CS To assess whether Crs is a 

marker for early lung 

disease

11 36 controls WS, HeDil Crs, FRChc m i Reduced MI and Crs in CF. Lower MI secondary to 

small airways disease.

Beardsmore

[206]

1988 EC, Longit Longitudinal evaluation o f  

LF during 1®* year o f life

28,

(repeated 

in 17)

Collated RD 

from other 

centres [230]

WBP, RTC FRCpicth, sGaw, 

V ’maxFRC

LF preserved initially. No evidence that small airways 

disease is the earliest manifestation o f CF. Majority 

had abnormal LF at repeat test.

Hiatt [247] 1988 TI To assess BDR in relation 

to LRI

28 22 controls RTC V ’maxFRC T V ’naxFRc following metaproterenol in CF. CF infants 

have an increase in bronchomotor tone early in life.

Tepper [201] 1988 EC, CS To relate mode o f  

presentation with LF

25

(5MEC,

8FTT,

12 COMB)

33 controls HeDil, RTC, 

WS

FRChc

V niaxFRC? CrS

MEC and FTT have normal LF, COMB have evidence 

o f impairment.

Hardy [211] 1989 TI, BDR To assess BDR, and effect 

o f  CRT

13 None EM Rl, Cl. WOB i  Rl and WOB following combined treatment.
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Kraemer

[207]

1989 EC, BDR, CS To assess LF at diagnosis 

To assess BDR

24 RD from 

different centre 

[193]

WBP FRCpicd,, Raw Response to bronchodilator either as iFRCpicth or i  

Raw.

Maayan [215] 1989 TI To assess the effect o f  

CPT, bronchodilator and - 

acetyl cysteine on LF

19 ( 5 - 8  in 

each

treatment

group)

Own RD and 

from different 

centre [232]

WBP, RTC SGaw, V ’maxFRC t  sGaw and V ’nBoFRC following combined therapy 

expressed as %predicted.

Ackerman

[248]

1991 BDR, CS To assess BDR 14 14 controls RTC;MP V'm«FRC, PC30 V'nwxFRĈ L, P C 30iin C F .

Mohon [212] 1993 EC To assess relationship 

between genotype and LF 

in asynçtomatic CF 

infants

18 18 age and sex-

matched

controls

SBT, N 2WO FRCn2 , Crs, 

Rrs, sGrs, RR, 

V t,M V

AF508 homozygous have ÎRrs, BDR; FRCn2  not 

reported.

Tepper [249] 1993 EC, Longit, 

Retro

To relate LF to clinical 

presentation and follow- 

up after 1 year

32 RD from same 

centre [232]

HeDil, RTC FRChc

V ’maxFRC»

Mean age at diagnosis 5.2 months; FRC not related to 

clinical symptoms (respiratory vs. non-respiratory 

presentation); V ’omxfrc discriminates clinical groups 

and correlated at 1 year with value at diagnosis.

Beardsmore

[208]

1994 TI, Longit, RCT To assess effect o f  

prophylactic antibiotics

42 Own RD WBP, RTC FRCpieth

V ’maxFRC

High interindividual variability; clinical benefit but no 

measurable iii^rovement o f  LF in continuously treated 

infants.

Turner [196] 1994 EC

(methodology)

Evaluation o f  RVRTC to 

detect early CF lung 

disease

12 26 controls RTC, RVRTC V ’maxFRC» 

FEVo.5, 0.75

RVRTC parameters differentiate CF group from 

normals.
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Beardsmore

[209]

1995 EC, Longit Longitudinal evaluation o f  

LF

29 Own RD Infant: WBP, 

RTC; school 

age: spirometry

Infant FRCpieth, 

sGaW, V'm«FRC, 

Child FVC, 

FEV,, MEF2 5

and 50

Expressed as Z-scores. Normal lung function in CF 

infants. TFRC, iM EF 2 5 md so school age. No 

correlation between FEF at different ages.

Tepper [250] 1997 TI, serial

measurements,

placebo

To assess effect o f  

systemic steroids on LF in 

infants hospitalized for 

LRI

2 0 ( 1 0  

steroid, 1 0  

placebo)

Own RD N 2WO, RTC FRCn2 ,

V ’maxFRC

absolute data 

and Z-scores

i  FRCn2 , t  V ’maxFRc hi steroid treated group; no 

inyrovement during standard treatment (including 

antibiotics) alone.

Clayton [213] 1998 TI, Longit, open Clinical: to assess effect 

o f  hospital treatment 

Methodological: to 

compare EM and RTC

17 RD [232; 251] EM, RTC Rl, Cl, 

V ’naxFRC

Significant inqirovement ofV^axFRc during 

hospitalization and antibiotic treatment 

RTC better than EM.

Kraemer

[2 1 0 ]

1998 EC To characterize clinical 

findings, LF and lab data 

in relation to CF genotype

60 RD [193] WBP FRCpieth, sGaw ÎFRCpieth first functional abnormality. 70% were 

hyperinflated at diagnosis. Degree o f  hyperinflation 

partly influenced by genotype.

Hiatt [252] 1999 Longit

(prognosis)

To assess clinical course 

after LRI (pre- and post

season LF)

2 2 27 age-matched 

controls

HeDil, RTC FRChc,

V ’maxFRC

Baseline V ’hhxfrc 4- in CF; deterioration in lung 

function associated with LRI.

Abbreviations:- COMB = mixed pulmonary and gastrointestinal presentation; CPT = chest physiotherapy; CS = cross-sectional; EM = esophageal manometry; EC = early changes; 

FTT = failure to thrive; HeDil= helium dilution; HOP = head-out plethysmography; Longit = longitudinal study; MEC = meconium ileus; MP = methacholine provocation; NgWO = 

nitrogen washout; Open = open study design; PC30 = dose o f  methacholine to induce 30% fall in V ’hhxfrc; RCT = randomised controlled trial; RD = reference data; Retro= 

retrospective; TI =therapeutic intervention; WBP = whole body plethysmography; WS = weighted spirometry; all other abbreviations: see list o f  abbreviations.
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2.5 Use of lung function measurements In Infants with CF to detect 
early pulmonary changes

The natural course of pulmonary involvement in infants with CF before infection 

occurs and disease becomes clinically evident remains poorly understood, despite 

numerous studies that have attempted to use changes in lung function as a means of 

identifying early onset of pulmonary disease during the first year of life (Table 2-1). 

For many reasons the results have been inconclusive. For example:

a) It may be difficult to perform initial lung function testing prior to the onset of 

respiratory tract infection and inflammation: only a minority of patients are 

diagnosed by screening, or present with pure gastrointestinal disease such as 

meconium ileus. Thus, the majority will still present with overt respiratory 

disease of varying duration. In addition, in those infants presenting with overt 

respiratory disease, there may be considerable delay to allow the infant’s 

condition to stabilize before the first lung function test can be performed.

b) In contrast to older children, tests cannot be repeated at short-term intervals.

c) Some of the studies reviewed have not used appropriate reference data or control 

groups for interpretation of their data. For example, in the presence of failure to 

thrive, definition of a healthy control group is difficult and relating measured 

values of pulmonary function in an underweight infant to a reference population 

with normal weight and height for age may lead to erroneous conclusions.

d) The tests applied may be too insensitive to detect early changes.

e) The small number of infants included in most studies results in a lack of 

statistical power, and increases the likelihood of differences between studies 

being primarily due to sampling bias.

One of the earliest studies to report changes in lung function in infants with CF was 

in 1969 by Phelan et al. [204]. When looking at the infants according to the mode of 

presentation (i.e. neonates presenting with meconium ileus or no respiratory 

symptoms (n=5), older infants without respiratory symptoms (n=4) and infants with 

clinical evidence of pulmonary disease (n=9)) even those presenting with meconium 

ileus had apparent pulmonary function abnormalities as reflected by raised FRCpieth 

compared to healthy control infants. In contrast, older asymptomatic infants had
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increased resistance (measured by oesophageal manometry), while symptomatic 

infants showed an increase in resistance and a variable increase in FRCpieth-

In 1978, Godfrey et al. [205] published results of lung function testing in 8 infants 

with CF, diagnosed by neonatal screening or following meconium ileus, using body 

plethysmography and oesophageal manometry. When correlated with clinical status, 

they found no functional abnormalities in the asymptomatic infants, a reduced 

specific conductance as the only abnormality in the mildly affected infants and 

hyperinflation, low compliance and reduced conductance in those infants with more 

severe respiratory symptoms. Nine years later, Tepper et al. [200] reported FRChb, 

the mixing index (MI) and Crs by weighted spirometry in 11 asymptomatic infants 

with CF aged between 1.5 and 22 months and found that Cn and specific compliance 

(sCrs = Crs/FRCne) Were the most sensitive markers of diminished lung function in 

asymptomatic infants with CF. In contrast, in a further study from the same group a 

year later, in which mode of presentation was related to pulmonary function at 

diagnosis [201], Crs was not significantly different from that of healthy controls in 

any of the 3 groups (presenting symptom meconium ileus, failure to thrive or a 

combination of respiratory symptoms and failure to thrive). When adjusted to the 

average body length, infants presenting with meconium ileus appeared to have an 

elevated FRC but no evidence of ventilation maldistribution as reflected by a higher 

mixing index when compared with healthy controls. In these infants, both FEF and 

compliance fell within the normal range if related to measured values of FRC. For 

infants presenting with failure to thrive but without respiratory symptoms, there was 

only a trend for FRC to be elevated. On the other hand, those presenting with 

respiratory symptoms at diagnosis exhibited significant reductions in V'maxFRc, 

increased FRChc and a reduced mixing index.

Kraemer [207] used whole body plethysmography to assess lung function in 28 very 

young infants (mean age 2.8 months) shortly after diagnosis and found that, by 

comparison with previously published reference data [193], FRCpieth was elevated in 

all infants, irrespective of whether or not Raw was also elevated. As discussed later, 

the elevation of FRCpieth expressed as z-scores was considerably higher than that 

reported from other centres that have used plethysmography in CF infants. Almost 10 

years later, the same group related lung function at diagnosis to the genotype and
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suggested that those infants with pulmonary hyperinflation had a different genotype 

than those without [210]: infants who were compound heterozygote for 3905insT 

(n=9) had a mean z-score for FRCpieth of 8.4 (SD 4.9) above the mean of the 

reference population, whereas 8 infants who were compound heterozygotes for the 

nonsense mutation R553X were not significantly different from normal. However, as 

weight gain was abnormally low in the former (58% predicted) the elevated values 

for FRC may at least in part reflect inappropriate comparison of FRC in underweight 

infants with CF to that in the reference population healthy infants. Another study also 

attempted to relate functional changes to genotype [212]. However, the two studies 

are difficult to compare due to the different physiological methods used and 

genotypes studied. In the latter study by Mohon et al., infants were grouped 

according to homo- or heterozygosity for AF508, lung volume was measured using a 

washout technique, and the SBT was used to assess respiratory mechanics. Mohon et 

al. found that infants homozygous for AF508 had elevated Rrs, low sGrs when Rrs 

was related to FRCn2, and a positive bronchodilator response.

2.6 Changes in lung function foiiowing treatment

Several studies have been designed to assess response to treatment including 

physiotherapy, antibiotics and corticosteroids (Table 2-1).

Phelan et al. [204] assessed the effect of inhalation therapy (normal saline plus 

orciprenaline with or without nebulised neomycin) over a period of 6 to 42 weeks in 

18 infants with CF diagnosed before the age of 9 months. Following initiation of 

inhalation therapy the abnormalities in respiratory function (FRCpieth, R l, C l) 

returned to normal in all infants. The effect of physiotherapy was investigated by 

Maayan et al. in 1989 [215]. In 19 infants, divided into 4 subgroups, the effects of a) 

inhaled salbutamol, b) N-acetyl cysteine, c) physiotherapy alone or d) a combination 

of all 3 (inhalation plus physiotherapy) on V'maxFRC, FRCpieth and specific airway 

conductance were assessed by performing repeat lung function measurements 

directly pre- and post-intervention. Following therapy a significant improvement of 

V'maxFRC and sGaw was only observed in the group that received combined treatment 

(n=6) and there was no change in FRCpieth- From these small numbers, the authors 

concluded that a combination of inhalation and chest physiotherapy should be used in 

infants with CF.
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A different study design to assess the effect of combined therapy, using inhalation of 

a bronchodilator followed by chest physiotherapy, was chosen by Hardy et al. in 

1989 [211]. Dynamic mechanics were assessed in 13 infants between 1 and 16 

months of age without respiratory symptoms before and after inhalation of 

metaproterenol and physiotherapy. Although no control group was studied and no 

indication of intra-subject variability was given, a statistically significant group 

reduction in pulmonary resistance and work of breathing immediately after treatment 

was reported. However, it is impossible to separate simple bronchodilator 

responsiveness from chest physiotherapy in this particular study.

The use of prophylactic oral antibiotic treatment in asymptomatic infants with CF 

identified by screening during the neonatal period is controversial. Beardsmore et al. 

performed two measurements of FRCpieth, sGaw and V'maxFRC at 3-4 months and 1 

year of age in 42 infants enrolled in a prospective trial of antibiotic prophylaxis 

[208]. When expressed as a score derived from collated normal values from several 

laboratories (number of standard errors deviation from predicted normal value), mean 

values were normal for all parameters in both treatment groups with no significant 

difference between the groups. However, when looking at individual data, some 

infants, despite diagnosis by screening, showed abnormal lung function (low sG@w) 

even at the first test, before clinically detectable pulmonary disease was present. 

Although there was no demonstrable change in lung function, other criteria, such as 

fewer hospital admissions during the first 12 months, led the authors to conclude that 

antibiotic prophylaxis is indicated in newly diagnosed infants with CF. Therefore, 

lung function did not appear to be a useful outcome measure in this study probably 

because the study was underpowered.

Lung function improves in children with CF in response to in-patient treatment with 

antibiotics [253]. The only study which assessed the effect of this intervention in 

infants with CF was published by Clayton et al. [213]. As part of this study, changes 

in dynamic lung mechanics and V'maxFRc were measured in 17 infants aged between 

2 and 45 months before and following antibiotic treatment for a pulmonary 

exacerbation. For the group, there was significant improvement in all lung function 

parameters following two weeks of antibiotic treatment. However, there was 

considerable variability in the response between infants, and improvements in
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V'maxFRc Were not necessarily accompanied by improvements of Gl or Cl. As 

expected, those with the poorest baseline lung function improved most following 

antibiotic treatment, but some infants showed either no change or even a 

deterioration during the course of the hospital admission. The authors concluded that 

V'maxFRC may be the most appropriate outcome measure when assessing airway 

function in response to treatment in infants with CF.

In contrast, in a randomised placebo controlled study, Tepper et al. found no 

improvement in pulmonary function (V'maxFRC and FRCnz) in 20 infants during a two 

week period of hospitalisation for pulmonary exacerbation, whether or not systemic 

steroids (n=10) were added to the conventional treatment, which included antibiotics 

[250]. It was only at follow up, one to two months after treatment that some 

improvement in lung function was noted amongst the group treated with steroids, in 

that there was a statistically significant decrease in FRC which had tended to be 

elevated in this group compared to the placebo group at time of first measurement. 

Since both this study and that by Clayton et al. used V'maxFRc as an outcome variable 

and used similar reference values [232], it is not easy to identify why such discrepant 

results should occur, other than the small numbers enrolled in each study which 

could have led to sampling bias.

2.7 Bronchodilator responsiveness In Infants with CF

Two reports proposed that bronchial responsiveness is a marker of structural or 

inflammatory changes in infants with CF. Hiatt et al. used measurements of V’maxFRC 

to measure bronchodilator responsiveness in infants and young children with CF

[247]. Twenty-eight infants between one and 41 months were studied, 14 of whom 

had acute respiratory symptoms at the time of measurement and 14 of whom were 

asymptomatic. Results from these infants were compared to a control group of 22 

healthy infants of a similar median age. While there was no change in either group 

following inhalation of normal saline as placebo, V’maxFRc increased significantly in 

the CF group following inhalation of metaproterenol, reaching similar values to those 

recorded in the control group. For individual infants, a significant within-subject 

increase in V’maxFRc was observed in 43% of the CF group, regardless of age or the 

presence of acute respiratory symptoms. It was concluded that increased airway tone, 

indicated by reduced V’maxFRC, represents a significant component of airway
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obstruction early in the course of CF which, in contrast to findings in older children 

and adults with CF, is not necessarily related to the presence of severe chronic lung 

disease. The same group assessed bronchial hyperresponsiveness to methacholine in 

14 infants with CF and 14 healthy control infants and found that diminished forced 

expiratory flows were associated with heightened methacholine responsiveness

[248]. The authors concluded that bronchial hyperresponsiveness is also a feature of 

CF early in the course of pulmonary disease. Further work is required to clarify these 

findings.

2.8 Longitudinal studies

Some of the problems in interpreting data such as those discussed above could be 

solved if longitudinal changes were taken into account. It is well recognized that 

assessments of lung function are far more valuable if serial measurements are 

performed rather than a single spot assessment [254]. However, very limited 

longitudinal data are available for infants due to difficulties in performing 

measurements frequently enough. Furthermore, the ability to follow-up has been 

limited by a relative dearth of techniques that are applicable to both infants and older 

subjects and the extreme difficulties in testing children during the pre-school years 

when too old to be sedated but too young to co-operate. Consequently, few studies 

have attempted to perform serial measurements and, in those that have, there have 

been long gaps between measures in infancy and later life.

Beardsmore et al. performed repeat measurements of V'maxFRc, FRCpieth and sGaw on 

two or three occasions in 17 infants with CF during the first year of life [206]. When 

re-tested after 5 to 36 weeks, most of the infants who had initially had normal lung 

function had deteriorated with respect to both sGaw and V'maxFRc- There was no 

evidence that V'maxFRc was affected before sGaw and the authors therefore concluded 

that there was no functional evidence that small airways were the site of primary 

pulmonary involvement in CF. This conclusion was based on the assumption that 

small airway disease is best reflected by flow limitation at low lung volumes (i.e. 

V'maxFRc) rather than by plethysmographic estimates of airway conductance. It is 

difficult to confirm this as, due to the improved survival of children with CF, 

correlating functional changes with pathological findings in young children with CF 

is rarely possible. In 1993, Tepper et al. reported serial measurements that were
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performed at diagnosis (mean age at first measurement 5.2 months, range 1 to 27) 

and on average 12 months later, which showed that FRChc was not a very sensitive 

marker of changes in lung function. Poor equilibration of helium during 

measurement of FRC in the presence of lung disease and thus underestimation of 

lung volume has been invoked to explain these results. In contrast, V'maxFRc was 

clearly different between infants presenting with respiratory symptoms and those 

without. During the first year of life V'maxFRc improved in those infants with lowest 

baseline values, but remained lower than in asymptomatic CF infants [249].

A study published by Godfrey et al. in 1978 looking at changes in lung function from 

infancy to 5 years of age highlights some of the problems of performing longitudinal 

studies [205]. Eight infants with CF who underwent lung function testing using 

plethysmography and oesophageal manometry within the first 7 months of life, were 

restudied at 5 years of age using ventilation-perfusion scanning. Even those infants 

who were asymptomatic at both initial testing and follow-up and who had normal 

pulmonary function tests in infancy, had abnormalities on their ventilation-perfusion 

(V-P) scan. However, since V-P scans were not performed in infancy and neither 

oesophageal manometry nor plethysmography were attempted at 5 years of age, it 

remains unclear whether lung function deteriorated between infancy and pre-school 

age or whether the lung function tests selected in infancy were too insensitive to 

detect changes in the smallest airways that would have been evident on a V-P scan.

Another study which attempted to relate lung function measured during infancy to 

measurements in childhood was published in 1995 [209]. Twenty-nine CF patients 

(19 diagnosed by screening), in whom FRCpieth, Raw and sGaw and V'maxFRC were 

measured between 1 and 24 months of age, were reassessed between 4 and 7 years of 

age using body plethysmography and maximal forced expiratory manoeuvres. 

Although parameters obtained in infancy and at school-age were not directly 

comparable, the authors tried to bridge the gap in time by expressing the results as z- 

scores. It was reported that lung function deteriorates before school age in most 

children, with a significant correlation between the FRCpieth-score in infancy and at 

school-age. The relationship between V'maxFRC and MEF25 was less clear, however.
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2.9 Discussion

Several factors have to be considered when trying to collate or interpret the 

information currently available on lung function in infants with CF, including:

• the variety of methods used in the studies (see Table 2-1).

• the equipment and protocol used, which may be unique to each infant lung

function laboratory.

• the number of infants studied which was small in most studies.

• the age at diagnosis, clinical presentation and age at lung function testing which

varied considerably within and between studies.

• the lack of any validated clinical scoring system to compare clinical status in 

infants within and between studies.

• the inappropriate use of reference data.

• the lack of an appropriate control group.

Underlying differences in the respiratory physiology of infants make interpretation of 

any lung function measurements in this age group notoriously difficult. 

Measurements may be confounded by an unstable EEL, the compliant chest wall, the 

dominance of the upper airways, shunting of gas flow in the oropharynx as a result of 

pulmonary gas compression and central airway compliance, difficulty in achieving 

flow limitation in healthy infants, and the variability of respiratory, lung or airway 

resistance which increases the difficulty of assessing the significance of changes in 

V'maxFRc or resistance as a result of treatment or challenge [24; 255].

The methods used in the studies discussed above have not always been selected with 

respect to particular relevance to CF, but rather on the equipment available in any 

one laboratory. However, the diversity of techniques used reflects not only the lack 

of an ideal test, but the fact that the early pathophysiological changes in CF lung 

disease are still not fully understood and hence selection of the ‘best test* is not 

necessarily intuitive. While standard spirometry and body plethysmography have 

been the methods of choice to monitor progression of lung disease and assess 

prognosis in older children with CF, this may not be applicable to young children 

even if the equipment was available. Until it has been shown that MEF from raised \ |

lung volumes are superior in detecting early pulmonary changes, continued ^  

application of the conventional RTC from tidal volumes is necessary. As discussed
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above, unless quite severe lung disease is already present, measurement of 

compliance is unlikely to be very useful and should not therefore be a priority when 

assessing lung function in infants with CF.

Differences between centres apply not only to the methods selected, but also to the 

equipment used, the software used for data acquisition and analysis, and the 

measurement protocol. Such factors may play an even greater role if centres are 

participating in collaborative studies when small differences in equipment, 

methodology and measurement conditions may invalidate comparison of results (see 

below).

Thus far, the majority of studies have recruited relatively few patients (Table 2-1) 

and none have published details regarding the power of the study. It is unlikely, for 

example, that any of the published studies aiming to assess lung function differences 

in phenotype subgroups have had sufficient power, as reported results on subgroups 

have contained less than 10 subjects rendering interpretation of results susceptible to 

both type 1 and type 2 errors. In addition, in most studies, there has been 

considerable variability with regard to age at diagnosis, mode of presentation and age 

at the time the lung function measurement was performed. Very little information has 

been provided regarding current treatment and other objective parameters of clinical 

status such as markers of inflammation, microbiology or chest x-ray score.

Many of the studies highlighted in this review compared lung function of the CF 

group to “reference” data. The definition of what an “abnormal value” is depends on 

the sample size and distribution of the reference values and the repeatability of the 

parameter in question, in addition to the physiological methods used. All these 

factors may contribute to the misinterpretation of measured values in relation to 

published reference ranges [188; 256; 257]. Valid reference values are not currently 

available for any infant lung function test, except possibly by the laboratory where 

they were developed, if the same equipment and software are used. While many 

research groups have reported so called “normative data”, this is generally only 

applicable to their specific population (bearing in mind ethnic, sex, social and age 

related factors), their specific equipment and the type of respiratory function test used 

(e.g. values of resistance will vary markedly according to the measurement technique
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used). This is one of the main reasons why lung function tests have not been widely 

used yet as a clinical tool in infancy [257; 258].

One way to solve some of these problems could be to collate data collected in 

different centres that have employed similar techniques, equipment and software. 

Such collated data using standardised procedures and equipment will soon be 

available for the RTC technique [181; 182; 259]. Preliminary reference data for the 

RVRTC have been published recently [198; 199] but, as this technique has not been 

standardised, and there are wide differences in methodology between centres, these 

are not currently widely applicable. Differences between centres with respect to 

populations and precise methodology may still limit the potential value of this 

approach unless considerable effort is made to take such factors into account (see 

chapter four). The most powerful approach, therefore, remains to recruit and study an 

appropriate control group prospectively. Few studies have been able to achieve this.

Attempts to synthesise a unifying picture of CF lung disease in early life from data 

that are currently available are bound to be difficult, given the wide variety of 

techniques and marked inter-subject variability whereby some infants appear to have 

entirely normal respiratory function, irrespective of the mode of presentation, while 

others show functional abnormalities in the absence of any symptoms. This is 

reflected by considerable controversy in the literature as to the nature and severity of 

any abnormalities in lung function in CF infants during early life. These changes may 

be reflected by an increase in FRC, increased ventilation inhomogeneity, increased 

resistance, decreased forced expiratory flows or decreased compliance, or a 

combination of any of these, which may be related to phenotype and / or genotype. It 

remains to be demonstrated whether refinement of techniques, increasing 

standardisation and improved study design will clarify our understanding of early 

lung function changes in CF.

2.10 Improving the outlook for studies of lung function in infants with 

CF

Several issues need to be addressed if more meaningful data are to be obtained from 

infants with CF. Firstly, the number of patients studied and thus the power of the 

study needs to be increased. Multi-centre studies of infant respiratory function are
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necessary in order to achieve sufficient statistical power to address clinically relevant 

questions regarding respiratory disease during early childhood over a realistic time 

period [260; 261]. Newer, more sensitive and less variable techniques are required 

and a concurrent control group should be studied prospectively.

The review in this chapter of the available data and a critique of the numerous studies 

of lung fimction measurements obtained in infants with CF have informed the 

methodology and protocol employed in this thesis. The next chapter will review the 

equipment and methods actually selected and the patients studied.
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3 Subjects, equipment and methods

3.1 Summary of Study Design

This research used a prospective longitudinal cohort study design, recruiting newly 

diagnosed infants from five paediatric CF clinics within the Thames region of 

London. Infant respiratory fimction was assessed using the raised volume technique 

to obtain full forced expiratory manoeuvres, as well as the established RTC. Infants 

with CF were studied as soon as possible after diagnosis. Study and control infants 

were tested on two occasions, approximately six months apart.

3.2 Subjects

The study was a collaboration between the five major centres responsible for the 

tertiary care of infants with CF in the Thames regions of London. These centres are: 

Great Ormond Street Hospital, King’s College Hospital, Royal Brompton Hospital, 

The Royal London Hospital and University Hospital, Lewisham.

Each of these units is referred children newly diagnosed with CF from several district 

general hospitals. Therefore, the catchment area for this project is at least London- 

wide, with a few infants recruited from well outside London. All infants newly 

diagnosed with CF under the age of 24 months were eligible for the study. 

Recruitment commenced on 1/1/1999. It was estimated that approximately 40 infants 

newly diagnosed with CF present to these centres each year. The majority of these, 

approximately 30 children, are likely to be under 2 years of age at the time of 

presentation. Assuming a conservative accrual rate of 66%, at least 20 infants were 

expected to be recruited into the study per year with recruitment of new subjects 

ending 31/05/2001.
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3.3 Inclusion and exclusion criteria 

Inclusion criteria for CF infants:

CF diagnosed by a positive sweat test and / or homozygosity (or compound 

heterozygosity) for known disease producing mutations in the CF gene [262].

• Greater than 35 weeks gestation.

• Less than 2 years of age at diagnosis.

• Less than 6 months post-diagnosis.

• Sufficient proximity to the test centre to permit day-attendance.

Exclusion criteria for CF infants:

• Presence of additional coincidental heart, lung, renal or neuromuscular disease

• Inability of parents to understand and give informed consent

3.3.1 Recruitment

There were two sources of recruitment of controls. A system was established for 

recruiting from University College London Hospital. All new deliveries were 

registered on the patient administration system of the obstetric department. These 

details were transferred to an Excel spreadsheet. As most infants with CF are 

Caucasian, infants were selected preferentially if their ethnic group was recorded as 

Caucasian. Following an introductory letter from the consultant neonatologist, 

allowing parents to opt out if they did not wish to be contacted by the research team, 

a second letter was sent to parents of potentially suitable infants. A mail-merge was 

created for rapid mailing of study invitation letters, parent information leaflets and a 

laboratory brochure to the families of suitable newborn infants (see Appendix one). 

The letters were followed after 10-14 days by a telephone call from a project 

investigator. The study was discussed at length on the telephone and parents were 

given the opportunity to ask questions freely. Those interested were then given an
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appointment for a lung function test. At the appointment, the study was explained 

again in full before written, informed consent was obtained. Every effort was made to 

avoid putting any pressure on families to participate. If there was any doubt, no 

appointment was made and a second telephone call was arranged at a later date at the 

parents’ request. All those given an appointment were telephoned again on the day 

prior to the test so that any further concerns could be discussed, the test deferred if 

the infant had developed an upper respiratory tract infection and transport 

arrangements finalised.

Infants bom at the Homerton Hospital, London, who were recmited as part of an 

ongoing epidemiological study of the effect of low birthweight on airway function 

during the first nine months of life, formed the second group. In addition, these 

families were invited to attend for further tests if their infants fulfilled the criteria for 

controls.

Inclusion criteria for control infants:

• Greater than 35 weeks gestation.

• Less than 2 years of age.

Exclusion criteria for control infants

• History of chronic diarrhoea or failure to thrive.

• History of neonatal lung disease, or coexistent heart, lung, neuromuscular or

renal disease.

• Previous hospital admission for lower respiratory tract infections.

• Inability of parents to understand and give informed consent.

Infants with CF were recruited by the collaborating consultant responsible for their 

care at the tertiary centre. In some cases written informed consent was obtained by 

the consultant but for others consent was obtained following further discussion on the 

test date itself. Consultants were asked to complete a recruitment questionnaire (see
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Appendix one) for the child which was sent to the principal investigator at the 

Institute of Child Health. The family was telephoned on the day before the test to 

confirm that they were happy to attend and check that the child had no symptoms of 

upper respiratory tract infection.

3.3.2 Preparation of Infants and test procedure

Transport was usually arranged for the families. They were asked to try to keep their 

child awake on the journey to the laboratory. The appointments were arranged to 

coincide with normal periods of sleep and prior to a usual feed. On arrival the parents 

were taken through the study protocol and encouraged to ask questions. They were 

informed of the potential side effects of chloral hydrate and triclofos sodium and 

especially of their bitter taste which often upsets infants. The parents were then asked 

to sign a consent form approved by the local research ethics committee of the 

hospital (see Appendix one). Infants were assessed clinically by auscultation of the 

chest for wheeze or crackles, and heart rate was assessed either by palpation of the 

brachial pulse or by auscultation of the précordium for a full minute. Oxygen 

saturation (SaOz) was obtained using a Novametrix system (CO2SMO, Novametrix 

Medical Systems Inc. Connecticut, USA) recording the steady value over a two- 

minute period. During this examination evidence of coryza and nasal blockage was 

sought and if found, the test was delayed for a minimum of three weeks.

3.3.3 Sedation

The infants were then weighed unclothed. Sedation was prescribed according to 

weight and age (Table 3-1).

Table 3-1. Doses of sedation used in this study

Age Under three months Over three months

Chloral hydrate 60 mg/kg 100 mg/kg

Triclofos sodium 90 mg/kg 100-160 mg/kg
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These doses have been administered to over a 1000 babies both in our laboratory and 

in other respiratory function laboratories during the past ten years with no major 

adverse effects. As many older infants were able to spit out syrup, parents were able 

to request sedation of their infant by the rectal route using chloral hydrate 

suppositories. One gram of triclofos sodium is pharmacologically equivalent to 

660mg of chloral hydrate, therefore, higher doses of triclofos sodium were used for 

sedation. As both syrups contained lOOmg/mL the drawback of using triclofos 

sodium was that a greater volume of syrup was required.

Parents were advised of possible unsteadiness in infants post-sedation. Other side- 

effects of sedation with chloral hydrate or triclofos sodium include gastric irritation 

and abdominal distension and flatulence. Sub-optimal doses can result in 

hyperactivity rather than sedation. Following sedation, all infants underwent 

continuous cardiorespiratory monitoring until fully awake. Although never required 

to date, an emergency trolley containing equipment for advanced cardiorespiratory 

life support was available for all tests and staff involved in tests were trained in the 

administration of advanced paediatric life support. Infants were allowed home 

following the study when they were awake and capable of swallowing. Guidelines 

outlined by the American Academy of Pediatrics [263] were adhered to during the 

course of the study.

3.3.4 Study questionnaire

The study questionnaire (see Appendix one) was developed in consultation with the 

collaborators in the study. It enabled the recording of background and medical data. 

It was completed on each study occasion by the investigator directing the interview.

The genotype of the infant was often known to the consultant by the time of 

recruitment and was recorded on the recruitment form. If not, parents were usually 

aware whether genotyping had been attempted and the result by the time of the first 

lung function test. If necessary, the relevant CF nurse specialist was contacted at a 

later date to obtain this information. The CF centres in London use the ‘CFola’ kit 

which identifies the commonest thirty-one CF mutations (see appendix one). In some 

cases, the test did not identify the second mutation which was recorded as 

‘unknown*.
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A simple assessment of coughing and its frequency was sought from the parents on 

each occasion. As parental identification of wheezing is more difficult [264] no 

questions quantifying this symptom were asked. A clinical examination was made in 

every case prior to sedation, as described above. Quantification of chest recession 

and hyperinflation were felt to be too subjective and therefore assessments of these 

signs were omitted.

A full medical history was taken at the interview. All admissions to hospital were 

recorded. On the first test occasion the number of these admissions due to respiratory 

exacerbations and the number of courses of intravenous antibiotic therapy for 

respiratory exacerbations since birth were determined and recorded. On the second 

visit, these were recorded for the interval between the first and second occasion. All 

current therapies were also recorded on each test occasion. These were subdivided 

into ‘pulmonary* and ‘nutritional* therapies. In addition to all current medications 

and courses of intravenous antibiotics, the number of intermittent therapies with 

inhaled or oral antibiotics, bronchodilators, and oxygen was recorded. Parents were 

also asked about the frequency with which they administered physiotherapy.

An adapted questionnaire was used for the control subjects.

3.3.5 Consultant assessment of clinical status

A clinical assessment was performed by the collaborating consultants at the time of 

recruitment. This assessment was relatively simple so that a consultant could rapidly 

complete it within a busy clinic (see Appendix one). It was returned in a sealed 

envelope to an investigator not involved in performing the respiratory function tests 

[JS]. The principal investigator remained blinded to the assessment until the end of 

the study, and the consultants blinded to the respiratory function test results.

3.3.6 Microbiology

Cough swabs were taken from the infants with CF on each test occasion. A standard 

hospital swab (Transswab, Medical Wire and Equipment Co. Ltd., Wiltshire, 

England) was inserted above the tongue and the tip aimed towards the back of the 

oropharynx. A cough was elicited by agitation of the tip and the swab then removed 

and inserted into a sterile container. The swabs were processed at the test centre
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(Camélia Botnar Laboratories, Great Ormond Street Hospital). Each swab was 

innoculated onto 5 media plates: blood agar, chocolate agar, MacConkey’s, 

Sabouraud’s and Cepacia medium (Oxoid Limited, Basingstoke, UK). Blood agar 

and chocolate agar plates were incubated for 48 hours in 5% carbon dioxide at 37® 

centigrade. MacConkey’s media and Sabouraud’s media were incubated for forty- 

eight hours at 37® centigrade. A methyl red indicator was added to MacConkey’s 

media so that lactose-fermenting organisms could be identified as red colonies. 

Colonies of P. aeruginosa, which are non lactose-fermenting, were clear in colour 

and possessed a metallic sheen. Sabouraud’s medium was selective for fimgi such as 

Candida and aspergillus species. As B. cepacia is slow growing in vitro. Cepacia 

medium was incubated for forty-eight hours at 37® centigrade before extending 

incubation for a further seventy-two hours at room temperature. In addition to the 

cough swabs on the day of test, a history of positive cultures fi-om past cough swabs 

was reviewed and recorded in the questionnaire.

3.3.7 Subject monitoring

The subjects were monitored during the study using the Novametrix system and a 

permanent record kept. Post-sedation heart rate and oxygen saturation were recorded 

as the mean values obtained during the monitoring period. The post-sedation 

respiratory rate was determined following analysis of tidal breathing data. The post

sedation recordings of these parameters were measured as evidence for the safety of 

the test procedure rather than for the purpose of any subsequent analysis. As 

saturations immediately post-sedation did not appear to differ fi‘om those determined 

prior to sleep, the post-sedation values were used instead of pre-sedation values for 

this parameter when the latter were impossible to measure in an upset or active 

infant.

3.3.8 Anthropometric measurements

Weight was measured prior to sedation as this was required in order to calculate the 

dose of sedation. It was measured with the child naked and recorded in kilograms to 

two decimal places (Scales model 734, Seca, France). The weighing scales were 

calibrated every six months. All other anthropometric parameters were usually 

measured after the respiratory function tests. As infants were often mildly sedated at
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this point it was easier to measure crown-heel length (CHL) without upsetting the 

child too much. CHL was measured by two investigators using a calibrated 

stadiometer (Harpenden Infantometer, London, UK). One investigator supported the 

infant’s head and, with the infant lying in the midline without trunk rotation, the 

other adult gently depressed their knees and adjusted the footplate of the stadiometer 

until it was resting against the soles of the feet. The measurement was repeated three 

times or until two measurements were within 0.5 cm of each other and reported in 

centimetres to one decimal place. A steel metre rod was used to check and recalibrate 

the stadiometer annually. Body mass index (BMI) was calculated as:

Weight (kg) /  Crown-heel length (m f

3.3.9 Smoking history

Current exposure to environmental tobacco smoke was assessed on each test 

occasion by cotinine assay of urine specimens from the infant, obtained by placing 

cotton wool balls in the nappy, and maternal saliva obtained from a dental roll in the 

mouth of the mother. Cotinine is a by-product of nicotine and is a sensitive measure 

of recent smoke exposure, which discriminates well between active, passive and non- 

smokers [265; 266]. Samples were stored in a freezer at -40 ®C prior to analysis. The 

stored urine and saliva samples were periodically sent in batches to the Nicotine 

Laboratory, New Cross Toxicology Unit, London, for measurement of cotinine 

levels.

3.3.10 Discharge advice

The plasma half-life of trichloroethanol in toddlers is approximately 10 hours [267]. 

As a period of five plasma half-lives is usually quoted as necessary for elimination of 

a drug in normal states, parents were informed that they should remain vigilant for up 

to forty-eight hours. Repeated dosing was avoided because of this relatively long 

half-life. Parents were given an advice letter regarding effects of sedation and the 

telephone number of the paediatrician and nursing sister who performed the 

measurements. A further telephone call was made one or two days post-study to 

check that there had been no complications.
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3.4 Ethics

The study was approved by the North Thames Region Multicentre Research Ethics 

Committee and the Local Research Ethics Committees of each of the seven 

collaborating centres. For all subjects, informed written consent was obtained.

3.5 Equipment

3.5.1 Equipment for data collection

3.5.1.1 Choice of pneumotachometer (PNT)

Figure 3-1. Individual components of the Hans-Rudolph screen 
pneumotachometer including heater attachment

o

Different PNTs were used depending on the size o f the infant:

infants < 5kg model 3500, dead space 6.8 mL, linearity 0-35 L/min

infants > 5kg model 3700, dead space 13.9 mL, linearity 0-160 L/min

Selection was based on the need to maximise resolution and minimise dead space 

whilst providing an adequate range over which forced expiratory flows could be 

measured. The PNT was connected to a heating source (Series 3850A, Hans Rudolf, 

Kansas City, USA) for at least thirty minutes prior to testing and heated to body 

temperature. The temperature of the PNT was maintained during the test and for the 

duration of post-test calibration and quality control checks.
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3.5.1.2 Choice of facemask 

Figure 3-2. Rendell-Baker facemasks

Three sizes of Rendell-Baker facemasks (Ambu International, Bath, Avon, UK) were 

available (sizes 0, 1 and 2). Choice was determined partly by age and partly by the 

mid-facial dimensions of the infant. The mask was large enough to cover the mouth 

and extend to the nasal bridge without compressing the nares. A water displacement 

method was used to estimate the dead space of the masks [181]. The estimated 

effective dead space o f the facemasks are shown in Table 3-2. These were similar to 

more direct measurements of mask dead space made by other investigators [268].

Table 3-2. Size of facemask

Rendell-Baker size 0 1 2

Dead space (mL) 5 7.5 10

3.5.1.3 Transducers

The PNT pressure ports, used to measure a flow signal, were connected by equal 

lengths o f narrow gauge stiff polyethylene tubing (Portex Ltd., internal diameter 

3mm, external diameter 5mm) to a Validyne MP45 differential pressure transducer, 

range ± 0.2 kPa. This ensured that the coefficient o f displacement was equal on both 

sides o f the transducer diaphragm [269; 270]. Identical tubing connected the airway 

opening pressure port to a Validyne MP45 differential pressure transducer, range ± 

5.0 kPa referenced to atmospheric pressure. Similarly, jacket pressure was recorded
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by attaching one of the tubes from the jacket pressure transducer (± 10 kPa) to the 

pressure port situated on the proximal portion o f the reservoir tap (see 3.5.2.2) and 

again referenced to atmosphere.

3.5.1.4 Amplifier settings

Figure 3-3. Validyne MC 1-3 amplifier

The amplifier (Figure 3-3) was left on permanently to ensure thermal stability of the 

output signals. Gain settings on the amplifier were adjusted depending on the PNT 

selected (see Table 3-3).

Table 3-3. Amplifier gain settings according to the selected PNT
Signal Gain for HR 0-35 Gain for HR 0-160
Pressure at airway opening (Pao) 10 10
Flow 10 5
Volume (flow on 10) (flow on 5)
Jacket pressure (P,) 25 25

3.5.1.5 Signal processing

The signals from the amplifier were filtered at a frequency of 10 Hz and then 

channelled via an integrator (Junction Box, Biomedical Engineering Department, 

Great Ormond Street Hospital, London) before further amplification and digitisation 

by an Analogue to Digital interface card (A/D) (Analog Devices RTl-815) installed 

within the personal computer used for data collection, analysis and storage (Elonex 

PC 433). The output from the amplifier was matched to the input range of the A/D 

card (Bipolar -5V to +5V).
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3.5.2 Respiratory Analysis Program (RASP)

All data were collected using the Respiratory Analysis Software Program (RASP, 

version 7, Physio Logic LTD, Newbury, UK). RASP was developed in conjunction 

with the Institute of Child Health and The Royal Postgraduate Medical School at 

Hammersmith Hospital, London. Data streams from input transducers, as well as 

derived streams of integrals or filtered inputs were displayed as time series or X-Y 

plots during data collection. RASP contained a library of physical channels which 

referred to a physical entity such as flow. Each channel contained one entry for every 

variable monitored during data collection or computed by one of the analysis 

modules. Each type of respiratory function test, such as RTC or RVRTC, was 

analysed in a customised collection of channels called a “profile”. Physical channels 

were classified into several types:

• analogue inputs: input from pressure transducers.

• derived inputs: channels derived mathematically from the analogue inputs during 

data collection, such as volume (integrated from flow).

• analysed results: channels computed from data collected during measurements

such as V maxFRC*

The dataset consisted of individual ‘savesets’ or epochs where data fix>m each 

manoeuvre could be stored. Infants were assigned a unique infant number and test 

number so that no identifying details were stored on the study computer.

3.5.2.1 Inflatable bladder and polythene jacket

The inflatable jacket consisted of two parts: an inflatable bladder that was placed on 

the child’s anterior chest wall and upper abdomen (Figure 3-4) and a non-expansile 

outer jacket (Figure 3-5). The jackets were of a cummerbund design (Hannover 

Medical School Engineering Department) with an outer layer of cotton-lined PVC. 

Jackets were available in three sizes, and were adjustable in circumference so that a 

snug fit could be obtained in each infant while allowing for a space of at least two of 

the investigators’ fingers when fitted. The jacket extended from axillae to symphysis 

pubis. A detachable inflatable plastic bladder with a 30mm diameter cuff (Columbus, 

Ohio) was inserted within the jacket, which was wrapped around the infant’s chest 

and fastened with velcro™.
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Figure 3-4. Inflatable plastic bladder

Figure 3-5. Polythene jacket

3.S.2.2 Air reservoir

The air reservoir tank of capacity 50 L (Biomedical Engineering Department, Great 

Ormond Street Hospital, London) was connected to a wall compressed air supply. 

The flow outlet from the tank could be adjusted using a pressure regulator (Therapy 

Equipment Ltd., England) which was set to ensure the air pressure within the air tank 

did not exceed 10 kPa. Wide bore delivery hose (diameter 30 mm) permitted rapid 

inflation of the inflatable plastic bladder when a three-way tap was opened.
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Figure 3-6. Reservoir tank in transport casing, incorporating pressure 
gauge, blow-off valve, delivery hose and three-way tap

3.5.3 Augmented inflation delivery system

The PNT was connected to a T-piece connector (Intersurgical 22M, Wokingham, 

UK) and elephant tubing (Fisher and Paykel Healthcare, Auckland, New Zealand). 

The inspiratory limb of the T-piece received a constant flow of 12 L/min via a 

pressure relief valve (Neopuff, model RDI 000) (Figure 3-7). The relief valve was set 

to 3.0 kPa (» 30 cmH20) and repeated occlusion and release of the expiratory limb 

when the system was connected to the infant permitted augmented breaths to be 

delivered (see 3.7.4.1).

Figure 3-7. Neopuff inflation system

cJ
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3.6 Setting up the equipment

Before each study the computer unit was turned on, the RASP program loaded and a 

dataset created for the subject. An appropriate PNT was assembled and connected to 

the heater for at least 30 minutes before a pre-test calibration was performed. Three 

lengths of thick-walled translucent PVC tubing (Portex BSS52, outer diameter 5mm, 

internal diameter 3mm) were used to connect the pressure ports of the PNT to the 

pressure transducers. Calibrations were performed for measurements of V’, Pao and Pj 

before each respiratory function test. Checking known signals for V’, Pao and Pj 

allowed faults in the set up of the measurement system to be detected and corrected if 

necessary prior to the test itself.

3.6.1 Fiow caiibration

Signals were checked within the RASP program using a wall air supply and a 

calibrated rotameter to direct airflow into the study PNT. Known flows and a zero 

flow signal were recorded and saved. Mean values during zero and known flows 

were then measured using RASP. The orientation of known signals was also noted. 

Conventionally expiratory flow was displayed as negative (below zero on the time- 

based display and above zero for flow-volume curves) in RASP. If the flow 

transducer tubing was connected incorrectly, signals were displayed inverted. If the 

mean measured signals were not within ± 2% of the delivered signals, the accuracy 

of the delivered signals was checked then, if still unsatisfactory, a recalibration was 

performed. Using the calibration menu, a two-point calibration was performed where 

a zero flow and a high reference signal of 150 mL.s'* (9 L.min'^) were delivered in 

the expiratory direction. The calibration was accepted and known signals of 0, 50, 

100,150 and 200 mL.s** (in the direction of expiratory flow) were again recorded. If 

the signals were within ± 2% of the delivered values, a note was made regarding the 

signals and then saved as part of the study datafile. It was important to select an 

accurate zero value when calibrating because even a small negative or positive value 

(offset) would have resulted in a steady drift in tidal volume when the flow signal 

was integrated within RASP, which could potentially have disguised drift due to face 

mask leaks.
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3.6.2 Volume calibration

Using a Hans Rudolph 100 mL calibrated syringe a known volume (usually 60 mL) 

was delivered to the study PNT at a frequency approximating that of the respiratory 

rate of the infant to be studied. The amplitude was checked by measuring the 

volumes between the peaks and troughs of the ‘inspiratory’ and ‘expiratory’ phase of 

the volume signals. Validation was accepted and saved if the measured signals were 

within ± 2% of the known value used. If outside these limits, flow was recalibrated 

after the zero voltage signal was checked to eliminate offset. The volume signal was 

then checked again and accepted onto the datafile if within ± 2%.

3.6.3 Calibration of pressure at the airway opening

Known signals between zero and 5 kPa (usually around 2 kPa) were delivered to the 

pressure transducer and measured by connecting one of the transducer tubings to a 

digital manometer (Digitron Instrumentation Ltd., Herts, England) via a three-way 

tap whilst the second tube was opened to atmosphere. The calibrations were accepted 

if the measured signals were within ± 2% of the manometer recordings. If not, the Pao 

signal was calibrated by delivering known low and high set points to the pressure 

transducer. A zero reference point was recorded when the 3-way tap was opened to 

the atmosphere. To establish a high reference point, a 5-mL syringe was attached to 

the 3-way tap and a pressure signal was delivered to the differential transducer via 

the manometer. This signal was < 5 kPa which was the upper end of the range for the 

transducer. This calibration was subsequently validated and the accuracy of the 

calibration was assessed by repeating the delivery of known pressure signals. The 

displayed signals were checked for accuracy by placing measurement cursors over 

the respective portions of the pressure signal and checking the mean pressure of three 

known signals as recorded by the measuring system. This check was accepted and 

saved if the values were within ± 2% of the known signals.

3.6.4 Calibration of jacket pressure

A similar method was used as for Pao except that a larger known signal of around 5 

kPa was used to check and recalibrate the transducer. Three-point calibration was
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assessed using known signals and the calibration accepted and saved if the values 

were within ± 2% of the known signals.

3.6.5 Checking the Neopuff system

Before each measurement the system was connected and checked to ensure that the 

pressure relief was set to deliver no more than 3 kPa. The actual inflation pressure 

delivered to the infant was checked during the study.

3.6.6 Checking the air reservoir

The reservoir was connected to its air source. The pressure regulator was checked 

and the three-way tap assessed for free unhindered movement. The latter was 

important to ensure rapid and efficient delivery of Pj to the infant during a 

measurement. If required, silicon grease spray was used to lubricate the tap.

3.6.7 Resuscitation equipment

Suction and resuscitation equipment were checked before each measurement. The 

emergency trolley was stocked and maintained according to hospital policy. A 

resuscitation bag and mask of appropriate size were selected and made readily 

available for each study. A wall source of oxygen was available for all studies.

3.7 Lung function protocoi

The lung function laboratory was air-conditioned. The ambient room temperature 

was maintained at 21°C. The subject was clothed lightly for comfort and so as not to 

restrict breathing movements. The shoulders of the infant were supported with a roll 

so that the neck rested in slight extension. The infant was studied supine and in quiet 

sleep determined behaviourally by the presence of stable posture, infrequent startles 

and regular breathing pattern, and by the absence of rapid eye movement or frequent 

sucking movements [271]. The facemask was placed over the nose and mouth and a 

seal was created using therapeutic silicone putty (Carters, Bridgend, Mid Glamorgan, 

Wales). Data recording commenced once the infant was breathing through the PNT 

and the measurement signals were assessed on the computer screen. Parents were 

encouraged to remain in the laboratory and observe all lung function measurements.
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3.7.1 Occlusion test

The measurement protocol commenced with an occlusion test to assess the facemask 

seal. After recording at least 5 tidal breaths with a stable EEL, a test occlusion was 

performed at end inspiration. If the EEL returned to its original level after release of 

the occlusion, and there was absence of flow and no loss of Pao during the occlusion, 

the mask was considered to be adequately sealed and the measuring circuit leak ft-ee 

[192]. If necessary, leaks were corrected by repositioning the mask or reapplying the 

putty and the test occlusion was subsequently repeated. The lung function protocol 

then continued with the tidal RTC being performed prior to the RVRTC.

3.7.2 Rapid Thoracoabdominal Compression Technique (RTC)

3.7.2.1 Equipment

Figure 3-8. Apparatus for the rapid thoracoabdominai compression 
technique
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The bladder was placed on the chest and the outer jacket wrapped around the infant 

with the arms outside the jacket to avoid splinting of the chest [272]. At least 10 

breaths were recorded to establish a stable EEL. Manoeuvres were not performed if 

the EEL was very variable as this was usually indicative of active rather than quiet 

sleep. The jacket was inflated at end-inspiration and held until all volume had been 

expired or the next inspiration had commenced. Then, pressure was vented to 

atmosphere and the jacket deflated. Using RASP, the data could be viewed as a time- 

based trace or as an X-Y plot of flow against volume and V’maxFRC immediately 

calculated after each manoeuvre.
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Pj usually started at 2.5 kPa, and was increased by increments of 0.5 to 1 kPa until no 

further increase in V’maxFRc occurred. The starting pressure was usually lower in 

smaller or sick infants and higher in larger healthy infants, reflecting the increased 

driving pressure required to achieve flow limitation in the latter. The maximum 

jacket pressure that could be delivered by this system was 10 kPa. Manoeuvres were 

repeated at a Pj that was 2-3 increments above that at which maximal flows were 

originally recorded to ensure that flow did not increase further. Once optimal jacket 

pressure was established (i.e. the Pj at which no increments in Pj resulted in further 

increases in V’maxFRc) the manoeuvre was repeated to determine a consistent V’maxFRC 

[182]. In some infants, especially those who were flow-limited at low jacket inflation 

pressures, increasing jacket pressure could actually reduce forced expiratory flows 

below maximal for that infant. This negative pressure dependence is probably related 

to dynamic compression of the airways. If it occurred the Pj was reduced to that 

providing the highest V’maxFRc-

3.7.2 2 Analysis

3.7.2.2.1 Squeeze analysis programme

All data were collected using RASP software but exported at the end of the study as 

American Standard Code for Information Interchange (ASCII) files for analysis in 

the Squeeze programme, a software package developed in collaboration with 

Imperial College of Science, Technology and Medicine. This software facilitated the 

analysis process, allowing for interactive operator quality control and was upgraded 

(version 2.04) to permit calculation of several parameters from the RVRTC (Table 

3-4).

Criteria for acceptable RTC data were:

• The EEL was stable prior to the chest compression.

• There was no leftward shift of the flow-volume curve indicative of a facemask 

leak.
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• Time to peak jacket inflation was less than 100 ms from the onset of inflation to 

peak jacket pressure. A slow rise time occasionally occurred due to a loosely 

applied jacket or if the inflation valve became stiff and required lubrication.

• The ratio of the volume at which peak expiratory flow occured (V p e f )  in relation 

to the expiratory volume ( V e )  of the previous tidal breath was less than 0.4. This 

provided another indication of the timing of the forcing pressure (Figure 3-9).

• The expiratory flow-volume relationship was smooth and there was no evidence 

of glottic closure (Figure 3-10). Occasionally, curves with transient alterations in 

flow were accepted if they occurred prior to mid-expiration and if the rest of the 

curve displayed a smooth relationship.

• Subsequent inspiration did not commence before FRC was reached (Figure 3-11)

Figure 3-9. Unacceptable flow-volume curve due to late attainment of 
peak expiratory flow
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In this subject VPEF/VE was 0.44
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Figure 3-10. Unacceptable flow-volume curve showing glottic closure
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This pattern occurred repeatedly in this infant, even when jacket inflation was initiated just 
before end-inspiration as shown above in an attempt to avoid the problem.

Figure 3-11. Unacceptable flow-volume curve showing early inspiration
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3 7.2.3 Reporting criteria for V'maxFRc

The standard approach was to report the mean of the three highest, technically 

acceptable and reproducible curves. If only two technically acceptable curves at the 

highest Pj were available, the mean was reported provided the values of V’maxFRc 

were within 10% or 10 mL.s'\ In addition, it was necessary that the descending 

segments of the flow-volume curves could be overlaid and that 2-3 increments in Pj 

did not result in an increase in flow (i.e. further evidence that flow limitation had 

occurred). The jacket pressure used to produce V’maxFRC was recorded.

3.7.3 Assessment of transmission pressure

In all subjects, a simple static occlusion manoeuvre to estimate jacket efficiency was 

performed. The airway was occluded at end-inspiration and the occlusion maintained 

until the airway pressure trace had plateaued. The jacket was then inflated using the 

optimal jacket pressure derived from the preceding RTC manoeuvres and the jacket 

pressure trace also allowed to plateau. The change in airway pressure during jacket 

inflation (above that due to the elastic recoil pressure recorded at end inspiration) 

represents the pressure transmitted to the intrathoracic structures at end-inspiration 

(see arrow Figure 3-12) and approximates the change in intrapleural pressure [273; 

274]. The jacket was then deflated and the infant allowed to breathe tidally before the 

transmission pressure check was repeated. This transmitted pressure was expressed 

both in absolute terms and as a percentage of the Pj measured at the jacket pressure 

port.
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Figure 3-12. Time based trace showing how jacket pressure 
transmission was measured
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Pj= jacket inflation pressure, Pao= pressure measured at the airway opening, Paoj= pressure 
transmitted and measured at the airway opening following thoracoabdominal compression

If the transmission pressure to the airway opening was at least 2 kPa, the protocol 

continued and RVRTC manoeuvres were performed using the same Pj. If 

transmission pressure was less than 2 kPa, Pj was increased for the subsequent 

RVRTC manoeuvres unless the infant was markedly flow-limited during tidal 

breathing or there was evidence of negative pressure dependence. This approach was 

piloted during pilot studies in fourteen infants by repeating measurements at raised 

lung volume using a jacket pressure that was 1-2 kPa higher than that used during 

partial manoeuvres. We found that values of F VC and FEVt were within 1% and 

MEF25 were within 2.5% (see 3.7.4) at both jacket pressures. Thus, an assessment of 

flow limitation was made during both techniques used in this study by assessing 

jacket transmission pressure, by overlaying FEE VC on the descending portion of the 

expiratory curves, and by failing to demonstrate an increase in forced expiratory 

volumes or flows when applying higher jacket pressures.
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3.7.4 The Raised Volume Rapid Thoracoabdominal Compression 

Technique (RVRTC)

Figure 3-13. Apparatus for the raised volume rapid thoracoabdominal 
compression technique
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3.7.4.1 Measurement protocol

The PNT used for the RTC was used during RVRTC manoeuvres. The PNT was 

attached to the T-piece connector and Neopuff system. Repeated occlusions o f the 

expiratory limb at a frequency approximating the infant’s respiratory rate resulted in 

augmented inflations and deflations of the respiratory system. Four or five such 

inflations were administered to induce respiratory muscle relaxation before the jacket 

was inflated at the end of the subsequent augmented inspiration. To aid relaxation the 

individual inflations were held until a pressure plateau was observed on the airway 

pressure trace (see Figure 3-14).
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Figure 3-14. Time based trace showing augmented inflations and timing 
of jacket squeeze
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Thoracoabdominal compressions were performed at end-inspiration. The manoeuvre 

was repeated until at least three acceptable (absence of leaks, early inspiration, glottic 

closure or flow transients determined by visual inspection) and reproducible full 

flow-volume curves were obtained. Following each individual manoeuvre, data were 

recorded until regular tidal breathing recommenced. The airway inflation pressure 

(Pinf) was checked for each infant to ensure that Pmfwas close to 3.0 kPa (acceptable 

if between 2.8 and 3.1 kPa). This inflation pressure has been used by others, has been 

shown to be safe, and permits inter-centre comparison of data. An inflation pressure 

that is too low (< 2.8 kPa) not only precludes comparison with data collected 

elsewhere (see 2.4.4.4) but may not induce respiratory muscle relaxation and does 

not increase lung volume sufficiently near to total lung capacity. However, an 

inflation pressure that is too high (>3.1 kPa) is more likely to result in leaks, glottic 

closure and gastric distension. An inflation pressure of 3.0 kPa appears to provide a 

suitable balance between these factors.

S.7.4.2 Analysis

The data were exported and analysed using the Squeeze software. Technically 

acceptable flow-volume curves were chosen in a similar way to the RTC curves. As 

yet, there are no standardised criteria regarding the acceptance or failure of an 

individual flow-volume curve produced from this manoeuvre. In addition to glottic 

closure, it is possible for an infant to inspire before residual volume has been
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reached. If there was any evidence for either of these two events the curve was 

rejected. Another problem, particularly during the training period of the investigators, 

was poor coordination of the squeeze timing with the end of the augmented 

inspiration such that a loss in inflation pressure occurred prior to the onset of the 

forced expiration. A flow-volume curve produced from such a manoeuvre was also 

rejected (see Figure 3-16). Several parameters were recorded for each curve (see 

Table 3-4) as little was known about the feasibility and appropriateness of the various 

parameters from the RVRTC. An assessment of these issues is provided in chapter 

four.

During the study the best curve was determined as that which was technically 

acceptable and gave the greatest sum of FVC and FEV0.4. The parameters were only 

reported if at least one other curve with FEV0.4 and FVC within 10% of the values 

obtained from the ‘best’ curve was obtained. Therefore, the manoeuvre was 

acceptable if at least two curves within 10% were available. The mean (SD) of the 

parameters from the best 3 curves (or mean of 2 within 10% if a third curve was not 

available) was also recorded.
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Table 3-4. Parameters measured using the RVRTC

Parameter Abbreviation

Jacket inflation pressure pj

D uration o f  forced expiration tpE

Inspiratory  tim e o f  the squeeze breath tij

Inflation volum e o f  the squeeze breath Vij

Inflation pressure o f  the squeeze breath Pinf

Forced vital capacity  at Pmf FV C

Forced expiratory  volum e at tim e t FEVo.3, FEVo.4, FEVo.5, FEVo.75» 

FEV i

M axim al expiratory flow  at x%  o f  FV C M EFio, M E F i5, MEF25

M EF betw een x\%  and X2% o f  FV C MEF75.25
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Figure 3-15. Technically acceptable full flow-volume curve obtained 
using the RVRTC
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Figure 3-16. Unacceptable full flow-volume curve showing late squeeze 
timing
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Figure 3-17. Unacceptable full flow-volume curve due to glottic closure 
and flow transients
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Figure 3-18. Unacceptable full flow-volume curve due to early 
inspiration
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3.7.5 Airway function outcomes in this thesis

Specific outcomes from the RVRTC were assessed following an evaluation of their 

appropriateness in healthy infants. The details of this evaluation are given in chapter
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four. In this section the choice of outcomes available from the RTC and RVRTC and 

their interpretation in terms of wave-speed theory are discussed.

3.7.5.1 V’maxFRO

V’maxFRc was Selected as the outcome parameter from the RTC. The derivation of this 

parameter has been discussed previously (2.4.4.2.).

V’maxFRC does not necessarily reflect peripheral airway function per se but is likely to 

reflect the airway pathology specific to a disease process. That is, in a disease where 

central airways are affected, these will determine the progression of global sites of 

flow limitation if the local properties of the airways impact sufficiently on wave- 

speed flow, whereas in a disease where the peripheral airways are involved, flow 

limitation may be determined by distal choke points much earlier during the forced 

expiration (at higher lung volumes) than in healthy subjects. Like MEF% (see below), 

V’maxFRC measures how airway properties effect a reduction in wave-speed at global 

sites of flow limitation (see 2.4.4).

5.7.5.2 Forced vital capacity (FVC)

The FVC represents the volume of gas exhaled after a maximal inspiration to total 

lung capacity is followed by a maximal expiration to residual volume. This definition 

is not accurately applied to the equivalent parameter derived from the RVRTC as 

total lung capacity may not be reached during the augmented inflations. For the 

infant technique the inspiratory volume is determined by the inflation pressure 

applied to the lung and the compliance of the lung. As this differs from the accepted 

definition for FVC, the parameter should ideally be written as FVCp to reflect the 

inflation pressure applied. However, for the purpose of clarity, FVC will be used in 

this thesis to represent FVC3.0.

3.7.5.3 Forced expiratory volume at time t (FEVt)

The volume expired in time t during a forced expiration from a maximal inspiration 

to total capacity is defined as FEVt. FEVi is the most commonly reported FEVt in 

older subjects although it has been suggested that FEVo.75 is a more appropriate 

parameter in younger children due to a shorter total forced expiratory time in these
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subjects (the time taken to produce an FVC) [275]. FEVt measured using the RVRTC 

in this research were calculated from a starting volume derived from an inflation 

pressure of 3 kPa. It was unclear at the outset of the research which would be the 

most appropriate FEVt to report. Therefore, attempts were made to calculate FEV at

0.3, 0.4, 0.5, 0.75 and Is. The calculation of FEVt was made from a volume-time 

graph. An example is shown for FEV0.4 (Figure 3-19).

Figure 3-19. Calculation of FEV0 .4

Jacket inflated FEVO.4

FVC

tpE

Time (s) 0.4 0.7

According to wave-speed theory, FEVt should reflect how airway properties 

determine the initial choke point, the reduction in wave-speed of the initial choke 

point, the changes and movement of choke points and the reduction in wave-speeds 

of these subsequent global sites of flow limitation.

3.7.S.4 Maximal expiratory flow at x% of FVC (MEF%)

As it was not clear which was the most appropriate parameter to report in infancy, 

MEF at 25, 15, and 10% of FVC (derived from an inflation pressure of 3 kPa) were 

all recorded. These parameters were calculated from the FEFVC as shown in Figure 

3-20.
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Figure 3-20. Calculation of MEp2 5 and MEFisfrom the full forced 
expiratory flow-volume curve
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MEF% reflects how airway properties cause a reduction in wave-speed at global sites 

of flow limitation. At lower lung volumes this is likely to assess numerous 

synchronous choke points but as it is measured at a single lung volume, dynamic 

changes in airway properties with lung volume and their impact on wave-speed are 

not reflected by MEF%.

3.7.5.S MEF between Xi% and X2% of FVC

An averaged flow calculated over a range of expired volume is likely to be less 

affected by flow transients and therefore less variable than a flow measured at a 

specific volume (such as MEF25). MEF75.25 is frequently reported in older subjects 

with airway disease and was therefore also chosen as an outcome parameter for this 

research. As flow limitation may not always be reached at 75% of FVC [197], 

MEF50-25 was also calculated.

This parameter is a measure of how airway properties cause jumping choke points in 

the mid-volume range. Within a global site, it reflects how the airway properties 

cause a reduction in wave-speed as lung volume decreases. As it is not just a 

snapshot, it is likely to assess these properties in a large number o f airways as the 

choke points jump.

103



3.7.6 Post-study procedure and data back-up

After each study, known signals for flow, volume, Pj and ?ao were applied to the 

transducers and the signals measured by RASP, assessed again and accepted if within 

± 2%. If the signals had drifted, RASP was recalibrated and the data recalculated 

using this profile. As the post-test validation was performed immediately after the 

test it was more likely to reflect the true measurement conditions than the pre-test 

calibration which was usually performed between two and four hours prior to the 

test. Therefore the post-test calibration was always used if there was a discrepancy. 

This occurred in less than five percent of tests.

ASCn files were created for the savesets to permit analysis in Squeeze (see 

3.7.2.2.1). They were backed up onto two study-specific zip disks which were stored 

in different sites. Oxygen saturation and heart rate data from the Novametrix system 

were saved with the calibration and lung function data.

3.7.7 Data quality control

As the investigator performing and analysing the lung function tests could not be 

blinded to the status of the infant, all data underwent strict quality control by an 

investigator (JS) unaware of the subjects’ health status, who ensured adherence to 

acceptability and reproducibility criteria. Furthermore, cross-analysis of the data 

from the first twenty CF and control infants was performed by two independent 

researchers unaware of the status of the subjects to ensure that there was no 

analytical bias by the principal investigator. All analyses were stored on two separate 

zip disks and paper copies were stored in a folder separate from any identifying 

background details.

3.7.8 Datastorage

Data were stored on a relational database (Microsoft Access) specifically designed by 

a member of the research team (RAC) for this study. Identifying details were stored 

on a separate, secure database. The data, once entered, were double-checked by two 

investigators before further analysis was performed.
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3.7.9 Cleaning of equipment

As there was an increased risk of nosocomial infection in the group of infants with 

CF, a strict cleaning policy was developed in conjunction with the risk assessment 

and infection control departments of the hospital. Wherever possible, disposable 

equipment was used. The most rigorous protocol was adopted for non-disposable 

items (Table 3-5).

Table 3-5. Cleaning strategies for lung function equipment

Equipment List

Putty 

Face mask

Pneumotachometer:

Plastic casing 

3 mesh screens

2 port connectors 

Lead to heating circuit

Cleaning Strategy

High temperature decontamination 

Heat treated decontamination

Ultrasonic agitation, then washed and dried 

Cleaned with soapy water and soft brush then 

soaked in alcohol for 10 minutes 

Washed in soapy water and soaked in alcohol 

Cleaned with alcohol

Transducer tubing 

T-piece connector 

Elephant tubing to Neopuff 

Inflatable bladders 

Squeeze jackets 

Large-bore tubing 

3-way tap of reservoir tank

Sleeping surface and mattress

Sheets and linen 

Toys

Discarded and replaced after each baby 

Discarded and replaced after each baby 

Discarded and replaced after each baby 

Washed in hot soapy water 

Washed in hot soapy water 

Wiped down with alcohol 

Wiped down with alcohol

Washed with soapy water, dried and wiped 

down with alcohol

Laundered. Fresh linen for each subject 

Washed in soapy water

105





4 Analytical issues and rationale for selection of 
parameters for the raised volume rapid 
thoracoabdominal compression technique

4.1 Introduction

Recent international collaboration has led to recommendations for standardisation of 

many of the commonly used tests of infant lung function, including the RTC [117; 

181; 182; 257]. By contrast, despite the increasing interest in and use of the RVRTC, 

there is as yet no consensus regarding equipment, methodology or analysis when 

performing this technique [245; 246]. It is widely acknowledged that considerable 

further experience of the technique may be necessary before many of these issues can 

be resolved, but in the meantime steps could be taken to allow more direct 

comparison of data collected in different centres, including the analysis of similar 

parameters. Currently the variety of parameters reported means that, even if similar 

methodology is used, it is impossible to collate data from healthy infants studied in 

different centres in order to develop more reliable reference data [245; 246]. In 

addition, it is not yet clear what the parameters measured by the RVRTC actually

represent in infancy, nor which are the most appropriate parameters to report for

specific research or clinical applications. A study was conducted in jiealthy control 

t infants in order to identify appropriate parameters from the RVRTC and to provide

[ further information regarding suitable outcome measures for this thesis. The data

presented in this chapter have been accepted for publication [276].

The specific aims of the study were to:

1. Assess the feasibility of calculating a range of FEVt in healthy infants, and assess 

the relationship of FEVt to FVC and forced expiratory time (tpE)-

2. Examine the relationship between V’maxFRC and MEFio, MEFis and MEF25.

3. Assess the within-subject variability of V’maxFRC, when measured according to 

recently standardised methods [182], and that of parameters derived from the 

RVRTC.
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4.2 Methods

4.2.1 Subjects

Infants bom at either the Homerton Hospital, Hackney, East London, or University 

College Hospital, London between January 1998 and December 1999, were 

recmited. The inclusion and exclusion criteria and method of recruitment were 

described in 3.2. À11 the infants were healthy on the day of test with no evidence of 

upper respiratory tract infection in the preceding 3 weeks. All infants were studied in 

the supine position following sedation with an oral or rectal dose of 60-100 mg/kg of 

chloral hydrate or an equivalent dose of triclofos sodium as described in chapter 

three.

4.2.2 Lung function

RTC manoeuvres were performed as described in 3.7.2. RVRTC manoeuvres were 

performed as described in 3.7.4 and repeated until at least 3 acceptable (absence of 

leaks, glottic closure, flow transients or early inspiration) and reproducible (sum of 

FVC + FEVo.4 from the ‘best* curve within 10% of the next best) curves were 

obtained.

For FEVt, the number of infants in whom each parameter could be obtained was 

calculated. When assessing such parameters in older subjects, strict criteria exist 

regarding the minimum duration of forced expiration before results are considered 

technically acceptable [277]. Consequently, the number of infants in whom duration 

of the forced expiration was at least 20%, 50% and 100% greater than each FEVt was 

also recorded (e.g. when calculating FEV0.5, the number of infants in whom tpE was 

>0.6s, >0.75s and >ls respectively was recorded). The variability for both volume 

(FEVt and FVC) and flow parameters (V’maxFRC and MEF%) was assessed from the 

within-subject coefficient of variation [CV = (SD/Mean) x 100] [278].

4.2.3 Statistical analysis

The relationship between the different FEVt and MEF% parameters was examined 

using least squares linear regression analysis and that between V’maxFRC and MEFio, 

MEF 15 and MEF25 was assessed by Bland and Altman analysis. Spearman rank
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correlation was used to determine whether there was any relationship between the 

relative variability of V’maxFRC and MEF% within infants.

4.3 Results

Three technically acceptable FEFVC were obtained for both the RTC and RVRTC in 

98 of 115 infants in whom these comparisons were made. The median (range) age, 

length and weight were 7 (1-69) weeks, 57.8 (49.0-80.1) cm and 5.0 (2.5-12.2) kg 

respectively. Despite considerable inter-subject variability there was a significant 

increase in tpE with both length (/^= 0,34, Figure 4-1) and age (/^= 0.27). Within this 

population, tpE ranged fi*om 0.38 -  2.54s (median 0.95s). Five infants had a tpE 

shorter than 0.5s.

Figure 4-1. The relationship between the duration of forced expiratory 
time (tpE) and crown-heei length

tPE (s)

Crown-heei length (cm)

Note how this parameter increases with body size and the wide inter-subject scatter. Younger 
infants can have a tpE less than 0.5 s.

Typical flow-volume curves obtained using the RVRTC in a younger and older 

infant with the position of relevant timed intervals for FEVt are shown in Figure 4-2. 

It can be seen that FEVt measured in infancy appear to encompass the majority of the 

F-V curve and are close to FVC.
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Figure 4-2. Examples of forced expiratory flow-volume curves obtained 
using the RVRTC in a 6 week old (top) and 61 week old infant (below)
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Appropriate FEVt at various timed intervals have been superimposed. At 6  weeks of age, 
FEVo.5 was not achieved and only FEV0.4 is shown for clarity.

The percentage of infants in whom each FEVt parameter could be analysed is 

summarised in Table 4-1. FEV0.3 and FEV0.4 could be calculated in all infants, 

whereas FEV0.5, FEVo.75 and FEV] could only be determined in 95%, 74% and 45% 

of infants respectively. If quality control criteria were to be introduced regarding the 

relative duration of forced expirations, technically acceptable results would have
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been available in far fewer infants -  especially with respect to FEVo.75 and FEVi 

(Table 4-1). Thus only 80%, 26% and 7% of infants would have been able to produce 

an FEVo.5, FEVo.75 and FEVi if tpE needed to be at least 50% greater than the duration 

of the specific measurement (i.e. 0.75s, 1.125s and 1.5s respectively). This 

proportion would fall to 41%, 8% and 2% respectively if the designated criterion was 

for forced expiration to be twice as long as the timing of the measurement (i.e. Is, 

1.5s and 2s respectively).

Table 4-1. Percentage of Infants in whom selected FEVt could be 
calculated.

Parameter FEVoj FEVo.4 FEVo.5 FEVo.75 FEV,

Percentage 

if tpE ^ t

100% 100% 95% 74% 45%

tpE at least 

20% ^ t

100% 98% 87% 55% 20%

tpE at least 

50% a t

99% 87% 80% 26% 7%

tpE at least 

100% ^

87% 73% 41% 8% 2%

There was a strong negative correlation between both FEV0.4/FVC and FEV0.5/FVC 

with increasing length or age (see Figure 4-3). For many infants under 3 months of 

age, FEV0.5/FVC was so close to unity that for these infants FEV0.5 simply reflected 

FVC.

110



Figure 4 - 3 .  a) F E V 0.4  /FVC and b ) F E V 0 .5/F V C  against crown-heei iength

a)

FEVo.4/FVC

b)

FEVo.5/FVC
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The graphs show that this ratio is often close to unity in smaller infants under 60 cm 
especially for FEV0.5 / FVC.

For all the respiratory function parameters, the within-subject SD increased 

proportionately to the mean (i.e. there was heteroscedastic variability), thereby 

justifying expression of variability as the CV [278]. Table 4-2 shows the CV for 

selected parameters for the 93 subjects in whom calculation of FEV0.5 was possible.
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As expected, measures of MEF were more variable than the volume parameters. 

However, V’maxFRc measured by the RTC was less variable than any of the MEF% 

parameters measured using the RVRTC. There was no significant relationship 

between the within-subject variability for V’maxFRc and that for any of the MEF% 

parameters.

Table 4-2. The mean (95% Cl) within-subject CV for forced expired 
volume and flow parameters (n=93 infants).

Parameter CV (95% Cl)

FEVoj 5.3 (4.6, 6.1)

FEVo.4 4.1 (3.5,4.6)

FEVo.5 3.6 (3.1,4.1)

FVC 3.4 (2.9, 3.8)

MEF75.25 7.8 (6.7, 8.8)

MEF25 8.9 (7.6, 10.0)

MEF15 11.2 (9.5, 12.9)

MEFio 12.0(10.2, 13.9)

V’maxFRC 6.3 (5.1, 7.5)

Within the population studied, V’maxFRc was closest in magnitude to MEF15. 

However, there was considerable inter-subject variability in this relationship, with y  

wide limits of agreement (Figure 4-4). MEF25 was greater than V’maxFRC in alfbut 10 

infants, whereas V’maxFRc was greater than MEFio in 79% of them.
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Figure 4 ^ .  Difference between V ’maxPRc and M E F 15 piotted against mean 
of these 2 measurements according to Bland and Altman.
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The relationship of MEF25 to both MEF15 and MEFio are shown in Figure 4-5. These 

relationships can be represented by the regression equations:

MEF25 = 1 .5  (MEFis) + 22.7 ( /  = 0.97)

MEF25 = 2.0 (MEFio) + 32.5 ( /  = 0.87)
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Figure 4-5. The relationship between a) M E F 25  and M E F 15 and b) M E F 25 

and M E F 10 shown as regression
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4.4 Discussion

In this study airway function was measured in healthy infants using both partial and 

full forced expiratory manoeuvres in order to address some of the controversial 

analytical issues surrounding these techniques. FEVi, FEVo.75 and even FEV0.5 could 

not be calculated in all infants as tpE is too short in this population. The duration of 

tpE increased rapidly with growth. As expected, since volume is integrated from flow 

the FEVt were less variable than any of the MEF parameters. V ’maxFRc was most 

closely related to MEF 15 but V ’maxFRc was less variable than any of the MEF% 

parameters measured using the RVRTC.

4.4.1 Timed volume parameters

Although it is likely that FEVt in infants reflects similar mechanical properties of the 

airways and alveoli, there may not be anatomical concordance with FEVi measured 

in older subjects. Measuring FEV at different intervals after the start of forced 

expiration on any one occasion, or even measuring the same FEVt in the same infant 

longitudinally, is unlikely to provide physiological information from the same airway 

generations on each occasion. As in older subjects [279], there appears to be a strong 

dependence of FEVt on body size [198]. FEVi is not an appropriate parameter to 

report in infants as the majority of infants under 6  months of age will complete their 

forced expiration before Is. For the same reason, although FEVo.75 has been reported 

in some studies [236; 280], this calculation was not possible in 26% of infants in this 

study. Most authors have therefore chosen to report FEV0.5, often in addition to 

FEVo.75 [198; 236; 280], but even this was not possible for 5 of the infants studied, 

all of whom were less than 8  weeks of age. Clearly, with any technique such as the 

RVRTC, which requires specialised equipment and sedation of the subject, it is 

essential that parameters selected for use as major outcome variables should be 

feasible in most infants. Even though an FEVo.75 or FEVi may be achievable in 

infants with airway disease due to the prolongation of forced expiration in such 

subjects, it will be necessary to measure FEVt at shorter intervals if the severity of 

any changes are to be interpreted in relation to healthy infants of a similar age. In this 

study, only FEV0.3 and FEV0.4 could be calculated in all infants. While it could be 

argued that FEV0.3 is the most appropriate parameter in younger infants since it was 

consistently lower than FVC as tpE was greater than 0.3s in all the infants studied, the
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first 0.3s of forced expiration are theoretically more subject to artefacts in older 

infants and could occur too early in the forced expired breath to encompass the flow- 

limited portion of the FEFVC. Although FEV0.3 did occur within the descending, 

apparently flow-limited portion of the flow-volume curve for most subjects studied, 

the variability of this parameter was greater than that of the other FEVt. Therefore, 

reporting FEV0.4 appears to be the best compromise between a measurement made at 

a short enough time period but with minimal variability in infants during the first 

three months of life.

4.4.2 Forced expiratory time (tpe)

Both expiratory time and forced expiratory time increase with age during infancy as 

respiratory rate decreases and the time constant lengthens (Figure 4-1). This would 

suggest that, beyond a certain age, expiration would be long enough to produce an 

FEVo.5 in all infants. However, if FEV is measured at a time t which is too close to 

tpE then the value obtained will be so similar to FVC that it is unlikely to offer any 

additional insight into the mechanical properties of the airways above that gained 

from measuring FVC alone. This was demonstrated by the fact that FEV0.5/FVC was 

close to unity in many of the younger infants (Figure 4-3). In adults it is 

recommended that FEVi is taken from an FVC manoeuvre of at least 6  seconds to 

ensure complete expiration [277]. While such a recommendation would obviously 

not be feasible in infants, the possibility of introducing some recommendations 

regarding the minimal expiratory time required for data to be regarded as technically 

acceptable was considered. As can be seen from Table 4-1, the proportion of infants 

in whom technically satisfactory results could be obtained fell progressively for each 

FEVt as the required relative duration of tpE increased. FEV0.5 could not be measured 

in 13% of infants when tpE was required to be 0.6s (20% greater than 0.5s) (Table

4-1). Furthermore, the younger the infant, the lower the ‘success rate’ for any given 

criterion. Thus when analysis was limited to infants below 8  weeks of age, (n=49), 

the proportion whose tpE was 20% or 50% greater than 0.4s fell to 96% and 78% 

respectively, whilst for FEV0.5 these proportions fell further to 78% and 69%. It may 

therefore be difficult to introduce strict recommendations regarding the optimal 

relative duration of forced expiration when analysing different values of FEVt in 

infants without discarding a lot of potentially valuable data. However, ensuring that
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tpE is at least 20% greater than the FEVt used as a main outcome variable (eg FEV0.4 

if tpE is at least 0.48s) would seem to be a sensible precaution based on current 

findings.

4.4.3 FEVt/FVC

Whereas FEVi/FVC is commonly used in adults and older children as a means of 

distinguishing obstructive from restrictive lung disease, a ratio of FEV0.4/FVC, even 

though more appropriate than FEV0.5/FVC, is unlikely to be useful during infancy, 

especially in the first 6 months of life, due to its strong negative dependence on age 

and respiratory rate and its wide inter-subject variability amongst healthy infants 

(Figure 4-3). Some consider the changing relationship of FEVt/FVC in infancy to be 

due to the effects of dysanaptic growth of the airways and lung parenchyma [198] but 

it is equally likely to reflect changes in tpE with growth and development so that 

identifying and monitoring airway disease using this parameter is likely to be 

difficult.

4.4.4 MEF% parameters

The transmission of jacket pressure to the lung via the chest wall, in addition to the 

elastic recoil pressure, forms the pressure that drives flow during forced expiratory 

manoeuvres in infants. Theoretically, repeated measurements made during the flow- 

limited portion of the breath are likely to be the least variable. Of all the RVRTC 

parameters, MEF75.25 and MEF25 were the least variable forced expiratory flows. 

MEF75.25 represents the average flow over an extensive volume range and is therefore 

less likely to be affected by subtle flow transients [281]. However, it is not certain 

whether flow will in fact always be limited at the higher lung volumes encompassed 

by this range [242].

As lung volume decreases, smaller airways are more likely to be flow-limited [225] 

so that the integrated output of MEF at lower lung volumes (e.g. MEF25), while not 

directly indicative of smaller airway function per se, may contain more clinically 

useful information regarding smaller airway function. The usefulness of flows 

measured at even lower lung volumes as outcome measures (e.g. MEFio) is not 

known. However, in infants, as the lung volume decreases towards the end of the 

compression, both jacket pressure transmission (due to decreased compliance of the
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chest wall) and elastic recoil pressure, approach their nadir. Despite this, flow 

limitation at low lung volumes using the RVRTC has been demonstrated [197; 242].

The absolute magnitude of the MEF% parameters within a child depends not only on 

the inflation pressure used but also whether a full forced expiration to residual 

volume has been achieved. In some infants, particularly those with airway disease, it 

may not be possible to achieve this as inspiration may occur prematurely. When this 

occurs F VC is apparently reduced, leading to overestimation of MEF% as these 

parameters will be measured at a relatively higher lung volume under such 

circumstances. Some authors have chosen not to report either F VC or MEF% when 

applying the RVRTC to infants with bronchiolitis [282]. Others have found that, 

despite the higher within-subject variability, MEF% may be more sensitive to 

diminished airway function than FEVt indicating that reduced variability does not 

necessarily increase the utility of the parameter [281; 283]. Increasing the number of 

inflation breaths prior to forcing expiration in an effort to override the infant’s own 

respiratory reflexes may help overcome this problem, but the operator always needs 

to examine the time based records and shape of the flow volume curves to ascertain 

completeness of expiration.

For the inflation pressure used in this study (3 kPa), values for MEF 15 were found to 

be closest to those of V’maxFRc within infants. However, it cannot be assumed that 

these two parameters are reflecting the mechanical properties of similarly sized 

airways, and despite the similar mean values the two measurements are clearly not 

interchangeable (Figure 4-4).

4.4.5 Within-subject variability

The RTC relies on FRC as a volume landmark which is variable. Additional 

variability in V’maxFRc may be related to a lack of flow limitation, particularly when 

applied to healthy infants [284]. Nevertheless, these results show that if strict quality 

control criteria are applied, forced expired flows measured with the RTC are no more 

variable than those measured using the RVRTC. By ensuring that RTC is performed 

during quiet sleep, with steady end-expiratory levels, checking that selected curves 

overlay on the descending portion of the flow-volume curve and ensuring an 

adequate driving pressure, the potential variability caused by an unstable FRC and
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lack of flow limitation can be minimised. Indeed, whereas the within-subject 

variability for all the parameters derived from the RVRTC in this study was similar 

to that reported previously [236], the CV for V’maxFRC was considerably less than that 

documented in many studies [230; 234; 236; 285]. These studies were performed 

prior to the introduction of standardised methods [182].

As expected, and previously reported in older children [278], there was less within- 

subject variability for volume parameters (FEVt, FVC) than MEF parameters. MEF15 

and MEFio were more variable than MEF25, which may in part be explained by a low 

signal to noise ratio at such low measurements of flow.

4.4.6 Factors contributing to variabiiity of parameters derived from the 

RVRTC

One potential source of variability between centres is the difference in parameter 

selection strategies. Jones et al. selected the best flow-volume curve as that with the 

highest product of FVC and MEF75.25 [198] although it is not clear whether all 

selected parameters were derived from this curve alone or whether the highest value 

from any acceptable curve was selected. Modi et al. reported mean values of FEVt 

and MEF% parameters from all selected flow-volume curves [282]. Current 

guidelines in adults recommend that the best flow-volume curve be taken as that with 

the largest sum of FVC and FEVi providing that the curves meet acceptability and 

reproducibility criteria [277]. This approach was followed here. The strategy for 

selecting a best curve using FVC and FEVt is likely to be more robust than one 

relying on MEF%. Future studies should clearly report their strategy and efforts made 

to standardise this for the RVRTC.

In addition to the various analytical issues discussed above, there are numerous 

equipment and methodological related factors that could potentially increase the 

variability of parameters derived from the RVRTC. For example, in addition to the 

obvious marked discrepancies that will occur between data collected at 2 kPa [236] 

or 3 kPa [197], there may be subtle differences within and between infants at any 

given pressure, according to the actual inflation pressure (and hence volume) of the 

breath immediately preceding the forcing of expiration [286]. Depending on whether 

the system is fully automated or manually controlled, and the efficiency of any
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automated control of valve switching, this may differ from the mean inflation 

pressure of the augmented breaths. It is often not clear from previous studies exactly 

what the reported inflation pressure represents, making meaningful comparison of 

data between centres very difficult.

4.5 Conclusions

Although FEV measured at longer intervals are likely to be possible in infants with 

airway obstruction, measurements made at less than 0.5s are necessary when 

comparing measurements with healthy young infants. Results from this study suggest 

that FEVo.4 should be reported in infants younger than 3 months of age, since the 

rapid lung emptying at this age precludes measurements made beyond 0.5s in some 

infants. Measurements of FEV0.5 merely approximate FVC in a substantial proportion 

of infants during early life. Contrary to previous reports, within-subject variability of 

V’maxFRc was Icss than that of MEF25 (mean CV= 6.3 and 8.9% respectively). This 

suggests that, despite the introduction of the RVRTC, the tidal RTC may still have an 

important role to play in the assessment of airway function in infants, provided there 

is strict adherence to recommendations regarding standardisation and quality control 

issues.

These findings informed the outcome parameters selected for the assessment of 

airway function in this thesis. The first aspect of the study described in chapter five 

was to investigate the airway function at diagnosis in infants with CF.

120



5 Airway function at diagnosis in infants with CF

5.1 Introduction

The results derived from cross-sectional analyses of airway function measurements 

in healthy controls and soon after diagnosis in infants with CF are presented in this 

chapter along with an examination of the relative ability of the RVRTC and the RTC 

to detect diminished airway function in infants with CF. The main aim was to 

examine whether airway function at or soon after diagnosis is diminished in infants 

with CF and whether this is irrespective of prior LRI. The study protocol and 

methodology have been described previously (see chapter 3). Results from 

longitudinal analyses following a repeat lung ftmction test after six months are 

presented in the next chapter.

5.2 Statistical approach

The aim of this analysis was to examine the associations between airway function 

and presence or absence of CF using linear regression before and after allowing for 

sex, age, body size at test and exposure to maternal smoking. The infants with CF 

were classified according to the presence or absence of any clinical evidence of prior 

LRI and differences between these two subgroups and healthy control infants 

examined.

All statistical analyses were performed with the SPSS statistical package (version 

8.0). T-tests were used to compare groups of normally distributed data and for non- 

normally distributed data the Mann Whitney U test was used. Categorical variables 

were compare with Chi-squared tests. Those variables significantly influencing 

airway function in a univariate analysis were included in a multiple linear regression 

(MLR) model to assess the influence of CF (and the clinical CF subgroups) on 

parameters of airway function once potential confounders such as test length, age, 

weight, BMI, sex and exposure to maternal smoking had been taken into account.

The univariate relationships were initially assessed by simple scatter plots. 

Independent sample t-tests and Mann-Whitney non-parametric tests were then used 

to assess associations between each of the test outcomes and the binary (grouping) 

variables such as sex and maternal smoking. Pearson correlations were used to assess
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the univariate relationships between the outcome variables and the continuous 

independent variables such as test CHL, test age and test weight. Any independent 

variable significant at the 10% level for each lung fimction outcome was 

subsequently used for MLR modelling. Variables were added in ‘enter’ mode and 

any found to be non-significant were excluded if p>0.05 and if the predictive ability 

of the model, as judged by the adjusted was not improved by their inclusion. As 

some explanatory factors were potentially correlated, colinearity diagnostics were 

assessed. Those factors with low tolerance (< 0.1) and high variance inflation factor 

(>10) were considered to show that a high proportion of their variability could be 

accounted for by other independent variables in the model. Such variables were 

excluded. However, in all cases where a variable was excluded, the reduced model 

was assessed to see whether it accounted for a similar amount of variability in the 

dependent lung fimction variable. The model was therefore reconstructed for all 

remaining significant independent confounding variables. Binary dummy variables 

for controls and CF infants (Control=0, CF=1) were created and incorporated into 

each of seven models (for FVC, FEV0.4, FEV0.5, MEF25, MEF75.25, MEF50.25 and 

V’maxFRC ) to estimate the influence of CF on lung fimction. Then, binary dummy 

variables were created for controls and individually for each of the CF subgroups 

(control=0, CF subgroup=l) and incorporated into the models to estimate the 

influence of the respective clinical CF subgroups on lung fimction. The influence of 

CF genotype was also reassessed by incorporating binary dummy variables 

(heterozygous for AF508=0, homozygous for AF508=1) into the respective models. 

A similar method was employed to assess the influence of socio-economic class and 

the identification of P. aeruginosa in bacterial cultures. The null hypothesis was 

rejected if p<0.05.

5.3 Power

The study was powered to identify group differences between those with and without 

CF. It was assumed fi*om previous data that body size, sex and exposure to maternal 

smoking might account for 40 to 80% of the variability in FEV0.4 and FEF75. Were an 

additional 10% of this variability due to CF, a sample of 90 controls and 30 CF 

patients would be sufficient to detect this with at least 80% power at the 5% 

significance level.
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If there was less imbalance between the numbers of healthy and CF subjects, then 

this study would have greater power to detect the specified difference. As with any 

statistical testing, for a given total sample size, power is maximised if group sizes are 

equal. If simple comparisons were made between measurements taken amongst 

infants with CF and controls (i.e. without adjustment), then two groups of 45 subjects 

(total 90) would give the same power to detect a difference of a specified size as one 

group of 30 and another group of 90 (total 120). For the same total (120) less 

imbalance (for example, one group of 40 and the other 80) will increase the power to 

detect a difference. The primary power calculation was based on table 9.3.2 within 

the referenced text [287].

5.4 Results

5.4.1 Subjects

5.4.1.1 Controls

Forty-one healthy infants were recruited from the Homerton and University College 

London Hospitals and studied between 5 and 60 weeks of age. In addition a further 

201 infants recruited into an ongoing epidemiological study and studied 

prospectively using identical methods by AFH and SL were also included. The 

epidemiological study aimed to assess the effect of low birth weight for gestational 

age on airway function (small for gestational age (SGA) defined as birth weight less 

than or equal to the 10*’’ centile). As a result of recruitment criteria, there was a 

disproportionate number of infants whose birth weight was less than or equal to the 

10*’’ centile in this pool of infants (n=73). The influence of being SGA on airway 

function was not known at the outset of the current study. Therefore, SGA infants 

were excluded randomly using a selection function of SPSS version 8.0 until only 

10% of the remaining controls were ‘SGA’ infants (10% of a normally distributed 

population would be expected to lie below the 10*’’ centile). Fifty-five infants were 

excluded in this way. Therefore, results from one hundred and eighty seven healthy 

infants were used for comparison with those from the CF infants, (18 of whom had a 

birth weight less than or equal to the 10*’’ centile) (see Figure 5-1 and Figure 5-2). If 

an infant had been tested on more than one occasion only data from the last 

measurement were used, which increased the age range at test of the healthy infants.

123



Fourteen (7%) infants had been diagnosed with wheezing LRI by a physician prior to 

lung function testing, but none had been hospitalised due to respiratory illness and all 

were well at test.

Figure 5-1. Recruitment of heaithy infants into the LCCFS
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Figure 5-2. Distribution of birth weight centiles in the healthy subjects
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5.4.1.2 Infants with CF

Eighty-six children were diagnosed with CF during the 30 month study period. 

Twenty-three (27%) were over 2 years of age at diagnosis and were therefore 

ineligible for the study: median age (range) at diagnosis: 4 (2 to 15) years. Of the 

remaining sixty-three subjects, sixteen were not studied: the parents of six infants did 

not wish to participate, two were ventilated for respiratory failure and were too sick 

to be studied, one was not recruited due to adverse social circumstances and one due 

to the family living too great a distance from the test centre, one had Amold-Chiari 

malformation and one Pierre-Robin syndrome and four, although recruited, failed to 

attend for lung function tests on at least two occasions. Forty-seven infants with CF 

were therefore recruited and studied. 1
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Figure 5-3. Recruitment of infants with CF
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The infants with CF were diagnosed at a median (range) corrected age of 10 (0-88) 

weeks and tested within a median (range) interval from diagnosis of 12 (0-38) weeks. 

There was no significant difference in the age at diagnosis, mode of presentation and 

genotype between those eligible infants who were and were not recruited.

Consultants determined the mode of presentation and ofren selected a number of 

different modes e.g. meconium ileus and failure to thrive. The main mode of 

presentation is shown in Table 5-1. Antenatal ultrasound scans indicated bowel 

pathology in six infants who were confirmed to have meconium ileus postnatally. 

The majority of infants with meconium ileus were not suspected of having this 

condition antenatally and were diagnosed in the newborn period.
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Table 5-1. Mode of presentation for 47 infants with CF recruited into the 
study

Mode of presentation Number

(%)
Recurrent chest infections 21 (45)

Failure to thrive / malabsorption 7(15)

Meconium ileus (neonatal presentation) 11(23)

Meconium ileus (antenatal bowel pathology) 6(13)

Rectal prolapse 1(2)

Hypoproteinaemia 1(2)

Eight infants (17%) had been infected with P. aeruginosa prior to the first lung 

fimction assessment. Other organisms identified prior to the first assessment were S. 

aureus (n=4), methicillin-resistant S. aureus (2), E. coli (6), klebsiella sp. (3), 

enterobacter sp. (2), S. pneumoniae (1), aspergillus sp. (1). In twenty infants (43%) 

no organisms were cultured prior to the first lung fimction test.

Twenty-nine (62%) were homozygous for AF508; 14 (30%) were heterozygotes for 

AF508; one infant was homozygous for the 621+lG—►T mutation; in three infants no 

mutation was identified with the CFola kit.

In addition to the 21 infants who presented with recurrent respiratory tract infections, 

14 infants had positive bacteriological cultures prior to the lung fimction test and / or 

had been prescribed intermittent courses of oral, inhaled or intravenous antibiotics 

for a respiratory illness. These 35 infants were classified as having clinical evidence 

of prior LRI. Of twelve infants with no prior LRI, ten presented with meconium ileus 

and two with failure to thrive or malabsorption. Further details are shown in Table

5-2.

5.4.1.3 Background characteristics

Both infants with CF and healthy infants were similar with respect to sex 

distribution, ethnic group, and exposure to maternal smoking (Table 5-2). Infants 

with CF were bom on average (95% Cl) 0.8 (0.3 to 1.3) weeks earlier than the
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controls. There was no significant difference in birth weight when this earlier 

gestation was taken into account.

Table 5-2. Background details of the infants

Detail Cystic

Fibrosis

Controls Difference (95%CI) 

CF - control

Number 47 187

Number (%) male 19 (40.4) 95 (50.8) -10.4% (-25.0, 5.5)

Number (%) white 46 (97.9) 186 (99.5) -1.6% (-10.6,1.4)

Number (%) maternal smoking 13 (27.7) 75 (40.1) -12.4 % (-25.3, 3.20)

Mean (SD) gestational age (weeks) 39.0 (2.0) 39.8(1.5) -0.80 (-1.3, -0.3)

Mean (SD) birth weight (kg) 3.09 (0.56) 3.33 0.47) -0.24 (-0.39, -0.08)

Mean birth weight centile 42.6 (32.7) 43.4 (25.1) -0.80 (-11.7,9.5)

Infants with CF and no clinical evidence of prior LRI were a median of 16 weeks 

younger when tested than those with prior LRI (p=0.005) reflecting the younger age 

at diagnosis of non-pulmonary modes of presentation. They were also significantly 

lighter and there was a trend for these infants to be shorter for age than those with 

prior LRI. Both groups of infants with CF were significantly growth retarded 

compared to the healthy infants. Thus, infants with CF, although older, were of 

similar length and weight to the controls when tested (Table 5-3).

128



Table 5-3. Details of the Infants at test*

Cystic Fibrosis Controls

Prior

respiratory

illness

(n=35)

No prior 

respiratory 

illness 

(n=12) (n=187)

Age (weeks) 31

(7 -93 )

15

(6 -6 1 )

7

(1-100)

Weight (kg) 7.6

(4.5-11.4)

4.7

(3.7-7.4)

5.2

(2.5 -14.8)

Weight percentile (%) 12.6

(0-98.5)

1.3

(0-48.5)

45.9

(0.1-99.5)

Length (cm) 68.9

(54.0-86.8)

59.2

(54.5-73.3)

58.0

(49.9-90.1)

Length percentile (%) 44.4

(0.1-99.8)

20.8

(0-80.0)

64.6

(2.2 -99.5)

*data are shown as median (range)

5.4.1.4 Smoking status

A smoking mother was defined as one who smoked at any time during pregnancy 

irrespective of the number of cigarettes smoked.

Maternal reports of smoking were validated by cotinine assay of maternal saliva and 

infant urine samples obtained at time of test. Generally, there was good concordance 

between maternal reports of smoking and cotinine assay of the saliva and urine 

samples. However, the mothers of five infants (4 controls and 1 infant with CF) were 

re-classified into the smoking category as maternal salivary cotinine concentrations 

ranged from 20.9 to 217.6 ng.mL'^ and were consistent with values from active 

smokers (>15 ng.mL'*) [288; 289]. Following re-classification of these five mothers 

into the smoking category, cotinine levels were negligible in the non-smoking group
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while significantly higher levels were observed in the smoking group in both the 

saliva and urine samples (Table 5-4).

Table 5-4. Cotinine results according to validated maternal smoking 
status.*

Non-smoking Smoking

Maternal salivary cotinine 0.25 (0.1-0.5)(n=86) 178.9 (55.7-295.0) (n=57)

Infant urinary cotinine 2.1 (0.9-4.4)(n=89) 10.1 (4.2-26.7) (n=57)

♦Data shown as median (inter-quartile range) ng.mL*^

No significant differences were identified in measurements of maternal salivary or 

infant urinary cotinine between controls and infants with CF. Table 5-5 shows the 

measurements for each group of infants according to maternal smoking status.

Table 5-5. Cotinine levels for controls and Infants with CF according to 
validated maternal smoking status.*

Non-smoking Smoking

Controls CF Controls CF

Maternal salivary 

cotinine

0.2 
(0 .1 -0 .6 )

0.3 

(0 .2 -0 .4 )

178.7

(55.7-295.0)

180.0

(3 4 .0 -3 7 0 )

Infant urinary cotinine 2.3 

(1 .2 -4 .5 )

1.4 

(0 .5 -3 .6 )

10.9

(4 .5 -3 0 .8 )

5.2

(3 .7 -1 7 .1 )

5.4.1.5 Cross-analysis

Results were similar irrespective of who analysed the data as the mean percentage 

difference between the principal investigator and two cross-analysing investigators 

(who did not perform the lung function test) for V'maxFRC, FVC, FEV0.4 and MEF25 

were 4.6, 2.0, 1.4 and 3.4% respectively. There was no systematic bias between 

analysers.

5.4.1.6 Airway function

At the beginning of the project, many of the subjects were studied using an inflation 

pressure < 2.7 kPa to inflate lung volume during the RVRTC. This was subsequently
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increased to 3.0 kPa and standardised for all ensuing measurements. The actual Pmf 

delivered sometimes varied slightly from that set by the inflation system. 

Measurements were only accepted if the Pmf was > 2.7 kPa. The RVRTC was 

successful in all 138 healthy infants where Pmf was > 2.7 kPa. The tidal RTC was 

successful in 186 / 187 healthy infants. Two infants with CF failed to sleep at all, one 

woke up during the RTC technique and two prior to the completion of the RVRTC 

technique. Therefore, airway function was measured successfully using the RTC and 

RVRTC techniques in 45 and 42 of the 47 infants with CF respectively. Early 

inspiration precluded measurement of FVC and hence MEF% in 2 infants in whom 

FEVo.4 could be measured. The mean (SD) Pmf during RVRTC was 2.92 (0.11) kPa 

and 2.92 (0.09) kPa for the controls and infants with CF respectively.

The associations of airway function with length according to disease status are shown 

below for FVC, FEVo.4, MEF25, MEF75-25 and V’maxFRc (Figure 5-4 to Figure 5-8). 

The scatter plots demonstrate how airway function increases with length during 

infancy and that the inter-subject variability for parameters of FEF is greater than for 

volume parameters. For each parameter measured by the RVRTC it can be seen that 

airway function appears to be diminished in many infants with CF in relation to body 

length. Infants with no clinical evidence of prior LRI also appear to have diminished 

airway function when measured by this technique. It is not clear from inspecting 

Figure 5-8, however, whether infants with CF have diminished V’maxPRC in relation to 

body length compared with controls.
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Figure 5-4. FVC vs length according to disease status.
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Figure 5-5. FEV0.4 vs length according to disease status.
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Figure 5-6. MEF25 vs length according to disease status.
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Figure 5-7. MEF75.25 vs length according to d isease  sta tus.

IIT)
b
b

1000

800

600

400

200
♦ CF: prior LRI

•  No prior LRI 

^ Control
40 50 60 70 80 90 100

Length (cm)

133



Figure 5-8. V’maxPRc vs length according to disease status.
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After adjustment for sex, body length, age, weight, body mass index and exposure to 

maternal smoking, FVC, FEVo.4 , MEF25, MEF75.25 and MEF50-25 were all diminished 

in infants with CF (mean reduction in these parameters was 45.1 and 38.8 mL for 

FVC and FEV0.4 respectively and 68.9, 120 and 98.4 mL.s'' for MEF25, MEF75.25 and 

MEF50.25 respectively). This diminution was of a similar magnitude in the subgroups 

of infants with CF whether or not they had clinical evidence of prior LRI. The 

regression coefficients for all contributing variables for these parameters are shown 

below (Table 5-6 to Table 5-10). Four of the infants with CF but no prior LRI had 

received intermittent positive pressure ventilation (IPPV) perioperatively in the 

neonatal period due to abdominal surgery for intestinal obstruction (1 to 48 hrs). 

However, even when excluding these four infants from the analyses, airway function 

remained significantly diminished in infants with no clinical evidence of prior LRI 

and this reduction was similar irrespective of a history of IPPV.

V’maxFRC appeared to be the most widely scattered parameter in relation to length. 

Attempts were made to transform the data but the regression model for V ’maxPRc did

134



not significantly improve following square root or log transformation of V ’maxFRC- 

V’maxFRC was diminished by 28.9 mL.s'^ in infants with CF (p=0.023). Although 

V’maxFRC was significantly diminished in those infants without prior LRI, this was not 

the case in those with prior LRI (p=0.159) (Table 5-11).

Thus, parameters from the RVRTC were able to identify diminished airway function 

in infants with CF with and without prior LRI. The RTC identified diminished 

airway function for the group of infants as a whole but not in the subgroup of infants 

with CF who had clinical evidence of prior LRI.
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Table 5-6. FVC (mL): Associations with body length, sex, maternai
smoking and cystic fibrosis

Difference in 

FVC

95% Cl p  value

Body length (per cm) 8.43 5.81,11.1 <0.001

Test weight (per kg) 14.0 3.75, 24.2 0.008

Sex

Baseline: male

15.7 3.36, 28.1 0.013

Cystic fibrosis: no prior 

lower respiratory illness

-31.0 -56.2, -5.74 0.016

Cystic fibrosis: prior 

lower respiratory illness

-50.8 -67.8, -33.9 <0.001

Intercept -396 -499, -293

Table 5-6 shows how explanatory variables found to be statistically significant using 

MLR influenced FVC. FVC was on average 8.43 mL larger per cm increase in 

length. FVC in males was on average 15.7 mL smaller than females. Exposure to 

maternal smoking did not influence FVC. Although there was no significant 

difference between the subgroups, infants with prior LRI appeared to have a lower 

FVC than those without prior LRI. The regression equation for FVC is therefore 

given by:

FVC = -396 + 8.43 (length) + 14.0 (weight) + 15.7 (female)

-  31.0 (CF: no prior LRI) -50.8 (CF: prior LRI)
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Table 5-7. FEV0 4 (mL): Associations with body length, sex, maternal
smoking and cystic fibrosis

Difference in 

FEVo.4

95% Cl p  value

Body length (per cm) 7.05 6.47, 7.63 <0.001

Maternal smoking

Baseline: no smoking

-14.0 -24.0, -3.94 0.007

Sex

Baseline: male

13.4 4.12, 22.6 0.005

Cystic fibrosis: no prior 

lower respiratory illness

-39.0 -57.7, -20.2 <0.001

Cystic fibrosis: prior 

lower respiratory illness

-39.0 -51.5, -26.1 <0.001

Intercept -266 -304, -228

Whereas exposure to maternal smoking did not influence FVC, it was associated with 

a reduction of 14 mL in FEV0.4. FEV0.4 was diminished to a similar extent in those 

with and without a history of prior LRI. Male sex was also associated with 

diminished FEV0.4.
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Table 5-8. MEF25 (mL.s*''): Associations with body iength, sex, maternai
smoking and cystic fibrosis

Difference in 

MEF25

95% Cl p  value

Body length (per cm) 7.91 6.32, 9.50 <0.001

Maternal smoking

Baseline: no smoking

-46.4 -73.9,-18.9 0.001

Sex

Baseline: male

43.3 18.3, 68.2 0.001

Cystic fibrosis: no prior 

lower respiratory illness

-84.0 -134, -33.8 0.001

Cystic fibrosis: prior lower 

respiratory illness

-62.1 -97.1,-27.2 0.001

Intercept -240 -344, -136

Exposure to maternal smoking, male sex and cystic fibrosis irrespective of subgroup 

were all associated with diminished MEF25. Although not statistically significant, 

MEF25 appeared to be lower on average in those with no prior LRI compared to those 

with prior LRI.
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Table 5- 9.  M E F 7 5 . 2 5  (mL.s'^): Associations with body length, sex,
maternai smoking and cystic fibrosis

Difference in

MEF75.25

95% Cl value

Body length (per cm) 12.9 11.9,16.1 <0.001

Maternal smoking

Baseline: no smoking

-55.7 -90.9, -20.5 0.005

Sex

Baseline: male

65.0 36.1,100.2 <0.001

Cystic fibrosis: no prior 

lower respiratory illness

-136 -203, -59.6 <0.001

Cystic fibrosis: prior lower 

respiratory illness

-113 -165, -65.7 <0.001

Intercept -344 -550, -280

Similar associations were identified for MEF75.25. This parameter was diminished in 

those exposed to maternal smoking and males. Diminished airway fimction was 

identified in infants with CF irrespective of prior LRI.
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Table 5- 10.  M E F 5 0 . 2 5  (mL.s'^): Associations with body length, sex,
maternai smoking and cystic fibrosis

Difference in 

MEF50.25

95% Cl p  value

Body length (per cm) 1 0 .8 8.82,12.7 <0 .0 0 1

Maternal smoking

Baseline: no smoking

-52.6 -86.3,-18.9 0.002

Sex

Baseline: male

56.1 25.6, 86.7 <0.001

Cystic fibrosis: no prior 

lower respiratory illness

-117 -178, -55.0 <0.001

Cystic fibrosis: prior lower 

respiratory illness

-90.2 -133, -47.3 <0.001

Intercept -303 -430,-175

Similar associations were identified for MEF50.25. Exposure to maternal smoking and 

male sex were associated with diminished MEF50.25. Diminished airway function was 

identified in infants with CF irrespective of prior LRI.
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Table 5-11. V’maxFRC (mL.s'^): Associations with body iength, sex,
maternai smoking and cystic fibrosis

Difference in

V̂ maxFRC

95% Cl p  value

Body length (per cm) 3.12 1.91,4.33 <0.001

Maternal smoking

Baseline: no smoking

-43.2 -64.1,-22.3 <0.001

Sex

Baseline: male

27.9 8.72, 47.1 0.005

Cystic fibrosis: no prior 

lower respiratory illness

-49.2 -92.6, -5.78 0.027

Cystic fibrosis: prior lower 

respiratory illness

-20.6 -49.3, 8.14 0.159

Intercept -33.7 -113,45.8

Exposure to maternal smoking, male sex and CF were all associated with diminished 

V ’maxFRC. Although V ’maxFRC was on average 20.6 mL.s'^ lower in those with prior 

LRI, this was not statistically significant. However, V’maxFRC was significantly 

diminished by 49.2 mL.s'^ in those with no prior LRI.

5.4.1.7 influence of socio-economic ciass

The influence of socio-economic class (SEC) on airway fimction was assessed by 

grouping subjects into those whose mothers had non-manual (groups 1 to 3NM) or 

manual (groups 3M to 5) occupations. The proportion of mothers with manual and 

non-manual occupations was not significantly different between those with healthy 

infants and those with CF infants (chi-square: p=0.69) (Table 5-12).
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Table 5-12. Social economic class of mothers divided into those with a 
manual or non-manual occupation for controls and infants with CF.
Occupation type: Number (%) Controls CF

Non-manual 146 (78) 28 (60)

Manual 35 (19) 8 (17)

Not classified 6(3) 11(23)

SEC did not significantly influence any of the parameters of airway function in this 

study.

5.4.1.8 influence of OF genotype

The infants with CF were grouped according to whether or not they were 

homozygous for the AF508 mutation and coded as binary variables. Twenty-nine 

infants were homozygous. No influence of CF genotype could be identified on any of 

the lung function outcomes in this study.

5.4.1.9 Influence of P. aeruginosa on airway function

P. aeruginosa was isolated in eight infants. No association was identified between 

the isolation of P. aeruginosa prior to lung function testing and any of the parameters 

of airway function measured in this study, nor was any trend identified.

5.4.2 Discriminative ability of the various parameters of airway 

function

Prediction models were created for the healthy infants using MLR and the 

measurements of airway function in infants with CF expressed as standard deviation 

scores (SD-scores) derived from these predictions:

SD score = (measured value -  predicted value) / SD of prediction

Prediction equations were calculated for F VC, FEVo.4, FEV0.5, MEF25, MEF75.25, 

MEF50.25 using data from 138 healthy infants and for V’maxFRC using data from 186 

infants. These are shown below:
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5.4.3 Prediction equations of airway function caicuiated from 

measurements made in heaithy infants

FVC (mL) = “528 + (12.1 Length) + (11.5 Female) + (-12.6 Smoking)

R^=0.882, SD=39.2

FEVo.4 (mL) = “269 + (7.13 Length) + (10.5 Female) + (-15.4 Smoking)

R^=0.832, SD=29.6 f

FEVo.5 (mL) = “335 + (8.44 Length) + (11.7 Female) + (-16.1 Smoking)

F^=0.848, SD=32.9 \

MEF25 (mL.s"') = “242 + (7.97 Length) + (41.2 Female) + (-48.2 Smoking)

R^=0.487, SD=83.6 '

MEF75.25 (mL.s'*) = “323 + (12.7 Length) + (50.6 Female) + (-55.3 Smoking)

I
R ‘=0.532, SD=ll5

MEF50.25 (mL.s'‘) = -282 + (10.5 Length) + (47.9 Female) + (-53.3 Smoking) 

R?=0.523, SD=102

V ’maxFRC (mL.s'') = 32.5 4- (2.05 Length) + (20.6 Female) 4- (-46.2 Smoking)

R^=0.193. SD=67.

Figure 5-9 shows the distribution of SD-scores for FEV0.4 for the healthy infants. The 

SD“Scores for the other parameters of airway function were similarly distributed with 

mean (SD) SD-score of 0 (1.0). The distribution of the SD-scores calculated from 

these prediction equations was assessed graphically, by kurtosis (a measure of the 

extent to which observations cluster around a central point), and by skewness (a 

measure of the asymmetry of a distribution). For a normal distribution, the value of 

the kurtosis statistic is zero (or close to zero in biological models). Positive kurtosis
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indicates that the observations cluster more and have longer tails than those in the 

normal distribution and negative kurtosis indicates the observations cluster less and 

have shorter tails. The normal distribution is symmetrical and has a skewness value 

of zero. A distribution with a significant positive skewness has a long right tail. A 

distribution with a significant negative skewness has a long left tail. As a rough 

guide, a skewness value more than twice its own standard error is taken to indicate a 

departure from symmetry. The SD scores had kurtosis o f 0.9, skewness of -0.2 and 

standard error of 0.2. These indicate that the SD-scores were normally distributed, 

that no transformation of the data was required and that the models were valid.

Figure 5-9. Distribution of individual SD-scores for FEVo.4 in control 
infants
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Figure 5-10. Distribution of SD-scores for FEV0.4 in infants with CF
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Figure 5-11. Overlay of the distribution of SD-scores for FEV0.4 for the 
control infants and infants with CF
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The graph shows how as a group, the infants with CF have diminished SD-scores. Individual 
infants with CF may have lung function within the distribution calculated from 
measurements in healthy infants.
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5.4.4 SD-scores in the infants with CF
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The mean SD-score for infants with CF was calculated for all the parameters. The 

mean SD-score was lowest for FEV0.4 and FEV0.5. Figure 5-10 shows how SD-scores 

for FEVo.4 were distributed in the infants with CF and a comparison of the 

distribution for healthy infants and controls is shown in Figure 5-11. These graphs 

demonstrate that the study population of infants with CF have diminished SD-scores 

with a mean o f-1.3 SD when compared with the controls.

As an SD-score of -1.96 represents the 2.5̂ *̂  centile, this was used as a cut-off to 

define diminished airway fimction in individual infants with CF. Twenty-six and 

thirty-one percent of infants with CF had airway fimction below the normal range 

when comparing measurements of FEV0 .4  and FEV0 .5  respectively with those of 

healthy infants. The mean SD-score and the number of infants with CF with airway 

fimction < -1.96 SD are shown for all the airway fimction parameters in Table 5-13. 

SD-scores for all parameters measured by the RVRTC were significantly lower than 

the SD-scores for V’maxFRC in the infants with CF.

Table 5-13. The mean SD-score and the number (%) of Infants with CF 
below the normal range for each parameter

Parameter

FVC FEVo.4 FEVo.5 MEF25 MEF75.25 MEF50.25 V’mtxFRC

Mean SD- 

score

-1.3 -1.3 -1.3 -0.82 -1 .0 -0.95 -0.27

SD-score

<-1.96

Number (%)

10 (24) 11(26) 13(31) 3(7) 5(12) 5(12) 1 (2 )
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Figure 5-12. SD-score for FEVo 4  versus SD-score for MEF2 5  in infants
with CF
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FEVo.4 was better at identifying diminished airway function than MEF25 as more 

infants with CF had airway function below the healthy population using this 

parameter. The SD-scores for infants with CF in whom both these parameters could 

be calculated are shown in Figure 5-12. This shows that SD-scores for FEV0.4 were 

positively correlated with those for MEF25 but that SD-scores were lower for FEV0.4.
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Figure 5-13. SD-score for FEV0.4 versus SD-score for FEV0.5 in infants
with CF
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SD-scores for FEV0.4 and FEV0.5 were well correlated, indicating that selection of 

either parameter would have discriminated airway function equally well between 

healthy subjects and infants with CF.
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Figure 5-14. SD-score for MEF25 versus SD-score for V’maxFRc in infants
with CF
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MEF25 was better at identifying diminished airway function than V’maxFRC a s  S D -  

scores were lower and airway function diminished in more infants using MEF25. This 

indicates that, even when restricting comparison to parameters o f maximal expiratory 

flow measured at specific lung volumes, the RVRTC remained a better tool for 

identifying diminished airway function than the RTC in infants with CF (Figure 

5-14). The findings were unaltered when prediction models were calculated for 

V’maxFRC usiug ouly thosc healthy infants in whom measurements from both the RTC 

and RVRTC were available (n=138).
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Figure 5-15. SD-score for MEF75.25 versus SD-score for MEF50.25 in
infants with CF
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There appeared to be no advantage in using MEF50-25 instead of MEF75.25 as the latter 

appeared to identify diminished airway function more frequently in infants with CF 

(Figure 5-15).

5.5 Clinical assessment of respiratory status

Clinicians in the tertiary centres provided assessments of respiratory status in the 

infants with CF at a median (range) of 5 (0-16) weeks prior to the first lung function 

test. The lung function team remained blinded to these assessments and the clinicians 

were unaware of the results of the tests of airway function. Clinical assessments were 

made in 45 infants. Measurements of airway function using the RVRTC were 

successful in 41 of these. The number (%) of infants assessed as having normal, 

mildly abnormal, moderately abnormal and severely abnormal respiratory status was 

17 (41), 15 (37), 7 (17) and 2 (5) respectively. The SD-scores for FEV0.4 for these 

groups are shown in Figure 5-16. There was no significant difference in the mean 

SD-score for FEV0.4 between those with normal (n=17) and abnormal (n=24) 

assessments (mean o f -1.2 and -1.4 respectively, p=0.519). Four (24%) and seven 

(29%) infants with normal and abnormal respiratory assessments respectively had
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measurements of FEV0.4 less than - 1.96 SD (below 2.5^̂ centile). Thus, 

approximately a quarter of infants with CF had diminished airway function shortly 

after diagnosis even when clinicians responsible for their care in tertiary centres 

considered their respiratory status to be normal.

Figure 5-16. SD-score for FEV0.4 in CF infants with normal and abnormal 
clinical assessments of respiratory status
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The dashed line represents an SD-score o f -1.96 and scores below this indicate diminished 
airway function. Blue diamonds and closed black circles indicate CF infants with and 
without prior LRI respectively.
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Table 5-14. The mean (95% Cl) within-subject CV for forced expired 
volume and flow parameters for control infants and infants with CF

Parameter CV (95% Cl) Statistical

difference*

(P-value)

Control

N=114

CF

N=24

FVC 2.7 (2.4, 3.1) 3.3 (2.3, 4.3) 0.542

FEVo.4 3.4 (3.1, 3.8) 5.3 (4.0, 6.5) 0.003

FEVo.5 2.9 (2.6, 3.3) 4.2 (3.2, 5.2) 0.007

MEF25 9.3 (8.1,10.4) 8 .8  (5.8,11.7) 0.475

MEF75.25 6 .8  (5.9, 7.7) 8.9 (6.9,10.9) 0.023

MEF5025 7.2 (6.3, 8.2) 7.8 (6.0, 9.6) 0.336

V ’maxFRC 5.3 (4.5, 6.1) 6.7 (3.0,10.4) 0.711

*Mann-Whitney U test

The within-subject variability was greater for most parameters in infants with CF, 

However, this was statistically significant for FEV* and the mid-expiratory flows 

only.

5.5.1 Post-sedation respiratory rate

The post-sedation respiratory rate was monitored for the duration of the lung fimction 

tests as a safety precaution. No adverse events were identified. The relationship 

between the post-sedation respiratory rate and length according to disease status is 

shown in Figure 5-17. The post-sedation respiratory rate decreased with body size. 

MLR was used to determine its relationship with body size, age and disease status. 

Length was the strongest predictor of post-sedation respiratory rate. Sedated infants 

with CF breathed on average (95% Cl) 5 (2 - 8) breaths per minute faster than
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sedated controls. This finding was confined to infants with clinical evidence of prior 

LRI. Post-sedation respiratory rate was not significantly different from that of 

controls in infants with no clinical evidence of prior LRI. Compared with the 

controls, the average (95% Cl) difference of the subgroups with and without prior 

clinical evidence o f LRI was 7 (4, 10) and -1 (-6, 4) breaths per minute respectively.

Figure 5-17. The relationship of post-sedation respiratory rate and 
length at test according to disease status
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5.5.2 Summary

Length (cm)

In this chapter the lung function of infants with CF was assessed soon after diagnosis 

and comparisons with healthy infants were made in individual CF infants as well as 

subgroups of infants. The natural history of such early lung function findings is 

unknown and so was assessed subsequently in a longitudinal study. The data are 

presented in chapter six.
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6 Longitudinal associations of airway function in 
infants newly diagnosed with CF

6.1 Introduction

The results derived from longitudinal analyses of airway function measurements 

made six months apart in healthy controls and in infants with CF are presented in this 

chapter. The study protocol, methodology and results from the first test occasion 

(which was performed shortly after diagnosis in infants with CF) have been 

described previously (see chapter 5 - Airway function at diagnosis in infants with 

CF). The aim of this analysis was to determine whether initial impairment in airway 

function noted in infants newly diagnosed with CF persisted by comparing 

longitudinal measurements with those from a similar group of healthy infants without 

CF.

6.1.1 Subjects

6.1.1.1 Controls

Longitudinal measurements were made in 90 healthy infants, in 44 of whom RVRTC 

measurements from a lung infation pressure greater than 2.7 kPa on both test 

occasions were available. Fifteen of these infants were SGA of whom eleven were 

excluded randomly as descibed previously (see 5.4.1.1). For this study, therefore, 

longitudinal measurements were available from 33 healthy infants, four of whom had 

birthweights less than the 10̂  ̂ centile (Figure 6-1). Although there was a report of 

wheezing associated with LRI in two infants, none of these infants had been 

hospitalised due to respiratory illness. The background details of the healthy infants 

are shown in Table 6-1. The healthy infants measured longitudinally were less likely 

to be exposed to maternal smoking (21%) than those tested in the cross-sectional 

aspect of the study (40%). This reflected the recruitment protocol of the 

epidemiology study which was weighted towards following up infants of non

smoking mothers, but it is possible that non-smoking mothers were more willing for 

their infants to be re-tested.
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Figure 6-1. Recruitment of healthy control Infants Into the longitudinal 
aspect of the LCCFS

Infants studied 
on 2 occasions 
n=90

1

I
Control infants 
remaining 
n=33

Acceptable PjnfOn 
both measurements 
n=44

SGA infants 
excluded randomly 
n=l 1

6.1.1.2 Infants with CF

Of forty-seven infants with CF studied soon after diagnosis, ten were not followed- 

up. Of these, two were too old by the time the second test was due, two had moved 

away and were considered to live too far from the test site and the families of six 

infants either refused further assessments or failed to attend for follow-up lung 

function tests on at least two occasions. Three other infants were still due to attend 

for measurements at the time of this analysis. Thus, thirty-four infants (77%) had 

been followed-up longitudinally and are reported here. The details of these infants 

are shown in Table 6-1.

Twenty-three (68%) infants with CF had been admitted to hospital for a respiratory 

illness on a median (range) of 2 (1-8) occasions and had received treatment with 1 

(0-7) course of intravenous antibiotics by the time of the second lung function 

assessment. Hospitalisation and treatment with intravenous antibiotics mainly 

occurred in those with prior LRI: 2 (0-8) admissions treated on 1 (0-7) occasion vs 0 

(0-2) admissions treated on 0 (0-2) occasions in the infants with no clinical evidence
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of LRI prior to the first test (Table 6-2). Eleven infants (32%) had never been 

admitted for treatment of a respiratory tract infection and had never received 

intravenous antibiotics. Nine of them had received 1-5 courses of oral antibiotics by 

the time of the second lung function test. Past microbiological assessments had failed 

to identify any organisms in the two infants who had neither been admitted nor 

received antibiotics. Thus, only these two infants fulfilled the definition of no clinical 

evidence of prior LRI used in the previous analysis (see 5.4.1.2 and Figure 6-2) and 

therefore, this subgroup was not analysed separately here. However, as eleven of the 

twelve infants previously classified as having no clinical evidence of prior LRI were 

measured longitudinally, their clinical progress and airway function are discussed 

below.

Figure 6-2. Recruitment of infants with CF by previous definition of prior 
or no prior LRI

Prior LRI (n=35) No follow-up (n=12)

Follow-up (n=23)

No Prior LRI (n=12)
No follow-up (n=l)

Follow-up (n=l 1)

LRI between test 1 

and 2 (n = 9)

1=)
No LRI between test 

1 and 2 (n = 2)

P. aeruginosa had been identified in seven infants by the time of the first test and in 

six more infants between the first and second test. The organism was identified in 

three of those classified as having no clinical evidence of prior LRI at the first visit 

and three in those with prior LRI. Thus, 13 infants (38%) were identified as having 

been infected with this organism by the time of the second lung function test, 10 

(43%) in those with prior LRI and 3 (27%) in those with no clinical evidence of prior
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LRI (Table 6-2). Other organisms identified by the second lung function assessment 

were S. aureus (n=5), methicillin-resistant S. aureus (2), E. coli (7), klebsiella sp. (4), 

enterobacter sp. (2), S. pneumoniae (2), aspergillus sp. (1). In nine (26%) infants no 

organisms were cultured by the second lung function test.

Nineteen (56%) of the infants with CF were homozygous for the AF508 mutation. 

There was no difference in terms of sex, age, length and weight at the first test, 

genotype, socio-economic class and exposure to maternal smoking in those followed 

and not followed-up longitudinally.

Table 6-1. Background details of the infants in the longitudinal study

Detail Cystic

Fibrosis

Controls Difference (95%CI) 

CF - control

Number 34 33

Number (%) male 14 (41) 16 (48) -7 (-20.1,6.1)

Number (%) white 33 (97) 33 (100) -3 (-11.4, 2.3)

Number (%) maternal smoking 11(32) 7(21) 11 (-5.2, 6.1)

Mean (SD) gestational age (weeks) 38.5 (2.1) 40.0(1.3) 1.5 (-0.8, -2.0)**

Mean (SD) birth weight (kg) 3.00 (0.58) 3.37 (0.36) -0.37 (-0.95, -0.52)**

Mean birth weight centile 43.2 (33.7) 43.7 (22.8) -0.5 (-8.8, 7.8)

**p<0.01
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Table 6-2. Details of infants previously defined as having prior or no 
prior ciinical evidence of LRI

Parameter Prior LRI 

(n=23)

No prior LRI 

(n=ll)

Difference 

(prior-no prior)

No. (%) male 9(39.1) 5 (45.5) -6.4 (-28.9,11.1)

Increase in length 

centile between tests

2.1 (-38.3 to 78.4) 21.0 (-7.51 to 66.6) -17.9 (-3.1,-32.7)*

Increase in weight 

centile between tests

6.9 (-13.2 to 61.7) 11.3 (-0.58 to 79.4) 4.4 (-18.3, 22.7)

No. admissions to 

hospital

2 (0-8) 0 (0-2) 2*

No. courses of

intravenous

antibiotics

1 (0-7) 0 (0-2) 1*

No. (%) 

Pseudomonas 

identified by second 

test

10 (43) 3(27) -16 (-28, 12)

Data are expressed as median (range) unless number (proportion). *p<0.05

6.1.1.3 Details of the infants at test

Although older, infants with CF were of comparable length to the controls: median 

[range] age (length) for the CF and healthy infants was 46 [7-124] weeks (72.1 [54.0- 

90.7] cm) and 25 [1-100] weeks (68.7 [50.8-90.1] cm) respectively. On average, tests 

were performed at an interval of 30 weeks and 32 weeks in CF and control infants 

respectively. The anthropometric details of the infants at test are shown in Table 6-3 

and the differences in growth between healthy infants and those with CF are
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summarised in Table 6-4. The average growth in weight and length in the interval 

between the tests was less in infants with CF. However, these differences were not 

significant when weight and length were compared as centiles. This is probably due 

to the infants with CF being older when measured and therefore more likely to be at 

an age where the weight-for-age and length-for-age curves are known to be flatter. 

Thus, although there was a trend for the weight centile to increase more between tests 

in infants with CF, there was no evidence of catch-up growth in length when 

compared with the control infants. There was a trend for BMI to increase by a greater 

amount in the control infants. These findings are summarised graphically as length- 

for-age and weight-for-age plots in Figure 6-3 and Figure 6-4. Each line in the graphs 

represents an individual infant and shows the change in length or weight between 

tests one and two. The figures show that although infants with CF were shorter and 

lighter for age than controls, growth was similar in both groups.

Measurements were delayed when necessary to ensure that the infants were in 

optimum health when tested. All infants had been free of symptoms of upper 

respiratory tract infection for at least three weeks on the day of test. Crackles were 

still identified on auscultation in two (6%) and wheeze in six (18%) infants with CF 

on the day of test.

Table 6-3. Anthropometric details of the infants at both test occasions

Detail 

Mean (SD)

Cystic Fibrosis Controls

Test 1 Test 2 T estl Test 2

Age (weeks)* 28.0

(7 -93 )

58.2

(37-124)

7.4

(1 -45 )

33.7 

(23 -100)

Weight (kg) 6.6 (1.9) 9.4 (1.7) 5.2 (1.4) 9.1 (1.5)

Weight centile 18 (27) 31(29) 49 (29) 54 (29)

Length (cm) 65.7 (7.5) 76.4 (5.2) 58.1 (4.8) 73.4 (5.0)

Length centile 37 (34) 48 (31) 63 (29) 77 (24)

BMI 15.1 (1.7) 16.0(1.4) 15.1 (1.4) 16.8(1.8)

♦Data expressed as median (range)
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Table 6-4. Differences in growth between test one and test two for 
infants with CF and controls

Detail Mean difference between 

test one and two

Difference (95% Cl) 

CF - control

CF Control

Age (weeks) 30.1 32.0 -0.9 (-8.6, 3.8)

Weight (kg) 2.8 3.9 -1.1 (-1.8, -0.5)**

Weight centile 14.3 4.6 9.7 (-5, 22)

Length (cm) 10.7 15.4 -4.7 (-2.6, -6.9)**

Length centile 11.9 13.9 -2 (-16, 9)

BMI 1.0 1.7 -0.7 (-1.6, 0.01)

**p<0.01
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Figure 6-3. Length plotted against age for controls and infants with CF
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Figure 6-4. Weight plotted against age for controls and infants with CF
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6.1.1.4 Details of the infants with CF at foi low up grouped by disease 

status at the first iung function test

Twenty-three infants with clinical evidence of prior LRI and eleven with no clinical 

evidence of prior LRI at time of first test were studied longitudinally (Figure 6-2). 

The clinical details of these infants are shown in Table 6-2. Infants with no prior LRI 

grew more in length than infants with prior LRI. The weight of those with no prior 

LRI increased more than that of infants with prior LRI but this difference was not 

statistically significant when this comparison was made using weight centiles. 

Although not statistically significant, infection with P. aeruginosa was identified in a 

smaller proportion of infants with no prior LRI.

6.1.2 Airway Function

Paired measurements of FEVo.4 and V’maxFRC using the RVRTC and RTC were 

obtained successfully in all of the 33 healthy control infants and in 32 and 33 of the 

34 infants with CF respectively. The mean values for these measurements in each 

group are shown in Table 6-5.
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Table 6-5. Airway function at the first and second visit for controls and 
infants with CF.

CF Controls

n Test one Test two n Test one Test two

FVC (mL) 30 205 (80.1) 360 (92.1) 32 163 (60.8) 367 (84.0)

FEVo.4 (mL) 32 154 (57.5) 236 (55.4) 33 137 (46.8) 267 (46.7)

FEVo.5 (mL) 32 170 (64.4) 268 (55.0) 32 144 (51.2) 298 (55.9)

MEF25 (mL.s’*) 30 211(102) 303(130) 31 212 (86.7) 381 (110)

MEF75.25(mL.s‘ )̂ 30 388(166) 531 (198) 30 418(160) 665 (144)

MEF5o-25(mL.s‘̂ ) 30 307 (144) 429(170) 30 322 (130) 531 (129)

V ’maxFRC (mL.S )̂ 33 148 (75.1) 206 (97.7) 33 141 (81.7) 187 (81.6)

*Data are shown as mean (SD). The table shows the group mean values prior to 

adjustment for potentially confounding variables.

In two infants with CF and one control infant, early inspiration during the RVRTC 

was suspected by the independent investigator responsible for quality control [JS] 

(see 3.7.4.1). Reporting FVC and MEF at low lung volumes from these babies may 

have been inaccurate (underestimating FVC and overestimating MEF). However, 

FEVt were reported as they were not affected by the early inspiration. The duration of 

forced expiration was less than 0.5s but greater than 0.4s in one control infant, 

permitting FEVo.4 but not FEVq.s to be reported. Overall, there was a high success 

rate in obtaining repeat measurements.

The association of airway function with length according to disease status for FVC, 

FEVo.4, MEF25, MEF75.25 and V’maxFRC together with these associations following data 

transformation are shown in Figure 6-5 to Figure 6-14. Four control infants and one 

infant with CF underwent three lung function tests. Although the measurements of 

airway function from the additional tests are shown in the graphs, these data were not 

included in subsequent analyses.
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6.1.3 Interpretation of graphical depiction of the data.

Each line in the graphs (Figure 6-5 to Figure 6-14) represents an individual infant 

and shows the change in airway function as the infant grows in length by joining the 

measurement of airway function for tests one and two. It can be seen that all 

parameters of airway function become increasingly scattered (heteroscedastic) as 

length increases. The inter-subject variability appears to be less for forced expiratory 

volume compared with forced expiratory flow parameters. Data transformation by 

logging removes the heteroscedasticity of the data. In all the graphs, except for 

V’maxFRC, airway function appears to be lower in infants with CF and to remain 

diminished at the second test. Overall, the increase in airway function with increase 

in length appears to be similar in control infants and infants with CF. Airway 

function on the second occasion appears to be related to that measured on the first 

occasion. However, there appears to be marked individual variability in the rate of 

change of airway function as some infants with CF appear to display steeper growth 

in airway function and some have a much flatter slope than that observed among 

healthy infants.
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Figure 6-5. FVC vs length in controls and infants with CF
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Figure 6-6. Log FVC vs length in control infants and infants with CF
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Figure 6-7. FEV0.4 vs length in control infants and infants with CF
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Figure 6-8. Log FEV0.4 vs length in control infants and infants with CF
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Figure 6-9. MEF25 vs length in control infants and infants with CF
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Figure 6-10. Log MEF25 vs length in control infants and infants with CF
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Figure 6-11. M E F 7 5 - 2 5  vs length in control infants and infants with CF
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Figure 6-12. Log MEF75.25 vs length in control infants and infants with 
CF
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Figure 6-13. V’maxFRc vs length In control Infants and Infants with CF
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Figure 6-14. Log V’maxFRc vs length In control Infants and Infants with CF
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6.2 Analysis

Log transformation of airway function data was performed due to the heteroscedastic 

relationship of these parameters with body length. The data were analysed using 

multi-level modelling (MlwiN vl.lO, Institute of Education, London) after 

accounting for differences in length, sex and exposure to maternal smoking. In a 

multi-level model, regression analyses are performed sequentially in units nested 

hierarchically. It is an appropriate technique when modelling data where covariance 

is likely to exist between repeated measures. In this analysis, for example, the models 

account for the covariance between measurements made in the same individual.

Multi-level prediction models (level 1 = individual tests, level 2= individual infants) 

were created for each airway function parameter. It is conventional to denote levels 1 

and 2 by i and j respectively (see Appendix two). Regression is therefore performed 

initially on the individual measurements and the relationships modelled between 

airway function and selected explanatory variables. Remodelling occurs at level 2, 

accounting for covariance of measurements within individual infants by the 

calculation of covariance matrices.

CF-length, female-length and smoking-length interaction factors were created in 

order to assess the influence of CF, female sex and exposure to maternal smoking on 

the rate of change of airway function with change in length (slope of the prediction 

models). Assumptions of normality were checked by creating normality plots. The 

estimated residuals were studied for any dependence on fitted values and their 

distribution checked in order to assess normality as described previously (see 5.4.3). 

Multi-level prediction models for the log of F VC, FEVo.4, FEV0.5, MEF25, MEF75.25, 

MEF50.25 and V’maxFRC and a key to the models is given in Appendix two. 

Interpretations of these models are given below.

6.2.1.1 Interpretation of model for FVC

The model indicates that the intercept (95% Cl) of log FVC in a male, control infant 

without CF was 1.75 (1.30, 2.20). The intercept (95% Cl) for infants with CF is 

given by the coefficient -0.225 (-0.328, -0.122) mL. The unlogged (exponentiated) 

value of this coefficient gives 0.80 (0.72, 0.89) which indicates that the intercept was 

reduced by 20 (-28, -11) % in infants with CF. Log FVC increased on average by
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0.057 (0.051, 0.063) per cm increase in length. Exponentiating gives 1.059 (1.052, 

1.065) indicating that FVC increased by 5.9 (5.2, 6.5) % per cm growth in length. If 

an infant has an FVC at the first test of 200 mL and grows 10 cm, the predicted FVC 

on the second occasion is given by:

FVC = Exp (0.057*10) * 200 mL

= 1.768* 200 m l

= 354 mL

Similarly, the lower 95% Cl can be calculated as 333 mL.

There was no influence of sex or smoking on the intercept. CF-length, sex-length 

and smoking-length interaction terms were incorporated into the model and did not 

influence the average slope (rate of increase of log FVC with length) of the infants. 

The influence of CF on the slope of Log FVC was 0.001 (-0.012, 0.014; p=0.840). 

Exponentiating gives 1.001 (0.988, 1.014). The lower 95% Cl indicates that we are 

95% confident that the slope of increase in FVC with growth in length in infants with 

CF is at least 98.8% of that in healthy control infants. In an infant with CF who also 

has an initial FVC of 200 mL and grows by 10cm, the lower 95% confidence limit 

can be calculated for the predicted value of FVC as 329 mL and thus any differences 

in the slope of growth of FVC with length between infants with CF and controls are 

unlikely to be clinically significant.

Thus, log FVC was diminished initially in infants with CF (p=0.022) but having CF 

(being female, or exposure to maternal smoking) did not significantly influence the 

average growth in this parameter as the infants grew in length. Log FVC in infants 

with CF remained diminished by -0.048 (-0.086, -0.011, p=0.013) at the second test 

when compared to controls (model not shown). There was no catch-up of FVC in the 

group of infants with CF.
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The model indicates that there was significant individual variation in the intercept 

and slope (given by the values of poj and pij and the standard errors respectively). 

The correlation between intercept and slope is given by:

Correlation = -0.045 /  (3.277 * 0.001)

— -0.786

Thus, there was a negative correlation between intercept and slope. Individuals with 

lower initial FVC tended to have a greater increase in airway fimction relative to 

length, and FVC in those with higher intercepts tended to grow more slowly. This 

correlation indicates that there was regression to the mean in the airway fimction of 

individual infants.

6. 2 .1 .2  Interpretation of model for F E V 0.4

The model shows that both CF and sex influenced FEV0.4. CF was associated with a 

reduction in log FEV0.4 of -0.248 (-0.372, -0.124) and being female with an increase 

of 0.128 (0.003, 0.253) mL. These were equivalent to a 22 (-31, -12) % reduction in 

FEVo.4 in infants with CF and a 14 (3, 26) % increase in female infants. No influence 

on the slope of log FEV0.4 growth was associated with CF, being female or exposure 

to maternal smoking. Log FEV0.4 increased on average by 0.046 (0.039, 0.053) per 

cm increase in length. Thus, FEV0.4 increased by 4.7 (4.0, 5.4) % per cm increase in 

length. The influence of CF on the slope was -0.001 (-0.015, 0.013; p=0.874) 

mL.cm'\ The mean (lower 95% confidence limit) of predicted FEV0.4 in a control 

infant and an infant with CF who both have an initial FEV0.4 of 200 mL who grow 10 

cm is 317 (295) mL and 314 (272) mL respectively. The difference is small and 

unlikely to be clinically significant.

Infants with CF had diminished FEV0.4 soon after diagnosis (p=0.002). This did not 

catch-up and remained diminished at the second lung fimction test (p<0.001).

There was significant individual variability in the intercept and slope and statistical 

evidence of regression to the mean in individual infants.
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6.2.1.3 Interpretation of model for FEVo.s

Similar associations were identified for log FEV0.5 as for log FEVo.4- Log FEV0.5 

increased on average by 0.049 (0.042, 0.056) per cm increase in length. Thus FEV0.5 

grew by 5.0 (4.3, 5.8) % per cm increase in length. Infants with CF had diminished 

FEVo.5 (p = 0.006)  and this remained diminished at the second test (p<0.001).

6.2.1.4 Interpretation of model for MEF25

In addition to CF and sex, exposure to maternal smoking was also found to influence 

the intercept of log MEF25. CF, being female and exposure to maternal smoking was 

associated with a -0.370 (-0.567, -0.173), 0.297 (0.092, 0.502) and -0.278 (-0.511, - 

0.045) mL.s'^ adjustment in the intercept of log MEF25 respectively. These 

corresponded to a 31 (-43, -16) % and 24 (-40, -4)% reduction in infants with CF and 

those exposed to maternal smoking respectively, and an increase in MEF25 of 35 (9.6, 

65) % in female infants.

Log MEF25 increased on average by 0.040 (0.034, 0.046) mL.s'* per cm increase in 

length which was equivalent to a 4.1 (3.5, 4.7) % increase in MEF25 per cm increase 

in length. The influence of CF, sex and exposure to maternal smoking on the slope of 

log MEF25 vs length was not significant. The influence of CF on the slope was 

-0.013 (-0.02, 0.006). Thus, for the example infants who have an initial MEF25 of 

200 mL.s'^ and grow 10 cm, the average (lower 95% confidence limit) predicted 

value for MEF25 is 298 (281) mL.s'^ and 295 (275) mLs'* in a healthy control infant 

and an infant with CF respectively. Log MEF25 remained diminished in infants with 

CF at the second test (p=0.006).

There was significant individual variability in the intercept and slope. The correlation 

between intercept and slope was -0.797 indicating regression to the mean for airway 

function of individual infants.

6.2.1.5 Interpretation of model for MEF75.25

CF, female sex and exposure to maternal smoking were associated with a -0.342 (- 

0.536, -0.148), 0.251 (0.048, 0.404) and -0.298 (-0.529, -0.067) mL.s'* adjustment in 

the intercept of log MEF75 .2 5  with length respectively. This was equivalent to a
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reduction in MEF75.25 of 29 (-41, -14) % and 26 (-41, -4) % in infants with CF and 

infants exposed to maternal smoking respectively, and an increase of 29 (5, 50) % in 

females. Log MEF75.25 increased on average by 0.033 (0.026, 0.040) mL.s'^ per cm 

increase in length, the equivalent increase in MEF75.25 being 3.4 (2.6, 4.1) % per cm 

increase in length. The rate of increase of log MEF75.25 with respect to length was not 

influenced by CF, sex or exposure to maternal smoking. Thus, log MEF75.25 remained 

diminished in infants at the second test (p=0.003).

6.2.1. 6  Interpretation of model for MEF5 0 .2 5

Similar associations found for MEF75.25 were identified for MEF50.25. CF, female sex 

and exposure to maternal smoking were associated with a -0.342 (-0.550, -0.134), 

0.289 (0.071, 0.507) and -0.305 (-0.552, -0.058) mL.s'^ adjustment in the intercept of 

log MEF50-25 with length respectively. MEF50-25 increased on average by 3.7 (2.8, 

4.5) % per cm increase in length. CF, sex and exposure to maternal smoking did not 

influence the rate of increase of log MEF50-25 with respect to length. Log MEF50.25 

remained diminished by -0.113 (-0.192, -0.034) mL.s'* in infants with CF at the 

second test (p=0.006).

6.2.1.7 Interpretation of model for V’maxPRc

Whereas female sex and exposure to maternal smoking were associated with a 0.364 

(0.051, 0.677) mL.s'* increase and a -0.480 (-0.833, -0.127) mL.s'^ reduction in log 

V’maxFRC rcspcctively, log V’maxFRC was diminished by only 0.035 (-0.337, 0.267) 

mL.s‘* in infants with CF which was not significant (p=0.820). Log V’maxFRC 

increased on average by 0.029 (0.021, 0.037) mL.s'* per cm increase in length -  

equivalent to an increase in V’maxFRC of 2.9 (2.1, 3.8) % per cm increase in length. 

CF, sex and exposure to maternal smoking did not influence the rate of increase of 

V’maxFRc- There was no significant difference in mean (95% Cl) log V’maxFRC at the 

second test between infants with CF and controls: 0.098 (-0.034, 0.230; p=0.143).

There was no difference between the intercept, rate of increase in V’maxFRC and 

V’maxFRC at the second lung function test between the two groups of infants. Thus, 

V’maxFRC was not useful for identifying diminished airway function measured 

longitudinally in infants with CF compared with healthy control infants.
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6.3 Summary of reduction in airway function measured longitudinaiiy 

in infants with CF, males and infants exposed to maternal 
smoking.

The coefficients for CF in the various models were exponentiated in order to assess 

the proportionate reduction in infants with CF. These were expressed as a percentage 

reduction compared to values from healthy infants after accounting for body size, sex 

and exposure to maternal smoking. The mean (95% Cl) percentage reduction is 

shown for each parameter of airway function in Table 6-6. Absolute differences are 

thus greater for older and larger subjects. For example, a 70 cm healthy female infant 

would be predicted to have an FEVo.4 of 244 mL compared with 190 mL in a female 

infant with CF of the same length. If FEV0.4 was measured when these infants had 

grown to 80 cm, predicted values would be 387 mL and 302 mL for the healthy 

infant and infant with CF respectively (a greater absolute reduction but a similar 

percentage reduction of 22 % on each test occasion).
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Table 6-6. Summary of reduction in airway function in infants with CF 
compared with controls

Parameter Average percentage 

reduction (95% Cl) 

in infants with CF

Average percentage 

reduction (95% Cl) 

in male infants

Average percentage 

reduction (95% Cl) 

in infants exposed 

to smoking

FVC 20 (-28,-11)** NS NS

FEV o.4 22 (-31,-12)** 14 (-26, -3)* NS

FEV o.5 23 (-32, -12)** 15 (-27, -3) * NS

MEF25 31 (-43,-16)** 35 (-65, -9.6)** 24 (-40, -4)*

MEF75.25 29 (-41,-14)** 29 (-50, -5)* 26 (-41, -4)*

MEF50.25 29 (-42, -13)* 33.5 (-66.0, -7.3)* 26.3 (-42.4, -5.6)*

V ’maxFRC 3 (-39,31) 44.0 (-5.2, -96.8)* 38.1 (-56.5,-11.9)**

NS = not significant and not included in final multi-level model, */?<0.05, **/?<0.001

6.4 Correlation of airway function between test one and test two

Spearman's correlation coefficient {rho) was calculated for each parameter to assess 

the correlation between airway function measured on the first and second test 

occasion. The correlations are shown in Table 6-7. They indicate that there was 

demonstrable tracking between parameters of airway function measured on occasions 

one and two.
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Table 6-7. Spearman’s correlation (rho) between airway function 
measured on test occasions one and two in controls and infants with 
CF

Parameter Correlation coefficient (rho)

Controls CF

FVC 0.361* 0.729***

FEVo.4 0.550** 0.611***

FEVo.5 0.483** 0.663***

MEF25 0.831*** 0.759***

MEF7 5 .2 5 0.669*** 0.699***

MEF5 0-25 0.786*** 0.785***

V ’maxFRC 0.687*** 0.759***

'p^O.05, ***p^0.001
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6.4.1 Airway function In subgroups of Infants with CF

There was no significant influence o f sex, exposure to maternal smoking, 

pseudomonas status, homozygosity for AF508, presence o f wheeze on the day o f test, 

age at diagnosis or increase in body size between tests on the rate o f growth o f  

airway function between tests in infants with CF. However, this study was likely to 

have been insufficiently powered to investigate these associations. As an example, 

the association between FEV0.4 and length for control infants and infants with CF 

with and without prior pseudomonas infection is shown in Figure 6-15.

Figure 6-15. Log FEV0.4 vs length In control Infants and Infants with CF 
with and without prior Infection with P. aeruginosa
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6.5 Airway function in CF infants with and without ciinicai evidence of 
prior LRi at the first lung function test.

Modelling failed to identify any significant differences in the growth o f airway 

function (log FEV0 .4 , log MEF25 and log MEF75 .25) with length between those with 

and without clinical evidence o f prior LRI. Caution is required when interpreting 

these models as the study was not powered to assess subgroup differences in these 

infants longitudinally. The graphs show log FEV0 .4 , log MEF25 and log MEF25-75 vs 

length for controls and infants with CF divided into those with and without clinical 

evidence o f  LRI prior to the first lung function test (Figure 6-16 to Figure 6-18).

Figure 6-16. Longitudinal association of log FEVo 4 vs length in control 
infants and infants with CF with and without clinical evidence of prior 
LRI at the first lung function assessment
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Figure 6-17. Longitudinal association of log MEF2 5 VS length in control 
infants and infants with CF with and without clinical evidence of prior 
LRI at the first lung function assessment.
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Figure 6-18. Longitudinal association of log MEF75.25VS length in control 
infants and infants with CF with and without clinical evidence of prior 
LRI at the first lung function assessment.
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6.5.1 Interpretation of graphs

Inspection of these graphs (Figure 6-16 to Figure 6-18) indicates that airway function 

appears to grow more slowly in some individual infants classified as having no prior 

clinical evidence of LRI. When analysed further, the airway function of six of eleven 

infants without prior LRI increased more slowly (less than average) in relation to 

length. There were no significant differences in sex, growth, pseudomonas status or 

genotype between these infants and the five other infants with no prior LRI who had 

a normal or above average rate of increase of airway function relative to length.

6.6 Summary

Infants with CF had diminished airway function soon after diagnosis. Infants with CF 

had the same rate of growth of airway function relative to body size as healthy 

infants, and their airway function therefore remained diminished at the second lung 

function test. In infants with CF the overall reduction of airway function was 

significant using all parameters calculated from the RVRTC. V’maxFRC from the RTC 

was not able to detect differences between healthy infants and infants with CF. 

Further discussion of the data presented here and in the preceding chapters is given in 

chapter seven.
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7 Discussion

7.1 Summary of findings

In this thesis it has been shown that airway function is reduced in infants with CF 

early in the course of disease. In previous studies of healthy infants, male sex and 

exposure to maternal smoking in pregnancy have been associated with diminished 

airway function [137; 198; 234]. However, after allowing for these factors, airway 

function was significantly diminished in infants with CF. The findings were similar 

when infants with no clinical evidence of prior lower respiratory illness were 

compared with controls. In 24% of cases, lung function was diminished when the 

consultants responsible for the care of the infants with CF considered their 

respiratory status to be normal.

When followed up with a further assessment of airway function six months later, 

infants with CF were identified as having persistently diminished airway function 

when compared with healthy control infants. The relationship between growth of 

airway function and growth in length was not affected by having CF, such that 

infants with diminished airway function soon after diagnosis continued to have 

diminished airway function when measured six months later. There was strong 

evidence of ‘tracking’ of airway function in both controls and infants with CF.

The RVRTC appeared to be better than the RTC at identifying diminished airway 

function in infants with CF and frequently identified diminished airway function in 

those with normal clinical assessments. FEVt were less variable and appeared to be 

the most discriminative parameters from the RVRTC. Of these, FEVo.4 was the most 

appropriate parameter measured for this project when assessing the airway function 

of young infants. Almost 30% of infants with CF had diminished FEVo.4 soon after 

diagnosis and FEVo.4 was on average 20% lower in infants with CF when compared 

with control infants.

7.2 Overall strengths of study design

The London-wide collaboration enabled larger numbers of infants than previous 

studies to be recruited over a relatively short period of time. If this study had been 

performed at a single centre, the maximum number of infants studied over the same
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period would have been 20. Establishing a collaborative group enabled 47 infants to 

be recruited which permitted analysis of subgroups of infants with CF that were 

relevant to clinical practice. The study design enabled infants with CF to be tested as 

soon as possible after diagnosis and a comparison of those who were and were not 

recruited shows that those tested were representative of all infants newly diagnosed 

with CF in London during the period of study.

A large control group of healthy infants of comparable length, sex, ethnic group and 

exposure to maternal smoking was also measured. This is the most powerful 

approach and enabled direct comparison of airway function without the need for 

reference data.

In this study a newer technique which identified diminished airway function in more 

infants with CF than partial forced expiratory manoeuvres (the technique most 

frequently employed in previous studies) was used to investigate the airway function 

of infants with CF. All the measurements were made by operators trained in the same 

laboratory and were performed using the same equipment. Cross analysis, validation 

and quality control issues were repeatedly audited and updated in order to maintain 

the highest standards of data collection and analysis.

This is the first study where the RVRTC has been used to measure airway function 

longitudinally in infants with CF. Similar measurements in controls enabled the 

growth of airway function to be assessed.

The study design, potential caveats, comparison with previous studies and an 

interpretation of these results, are critically discussed in the following sections.

7.3 Critical review of study design

7.3.1 Subjects

7.3.1.1 CF

Infants with CF were recruited fi'om five specialist centres in London. Many of these 

tertiary centres are referred patients diagnosed in district general hospitals outside 

London. Therefore, the population fi'om which the subjects with CF are drawn is not 

clearly defined. It is also possible that the families of some infants newly diagnosed
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with CF may not have been approached, especially if their child’s care was 

predominantly based at the district hospital. However, consultants from the tertiary 

centres attended shared-care clinics and often approached and recruited families in 

these centres.

The exact reasons for non-consent by parents were not assessed in this study. Some 

families had to travel large distances in order to attend for lung function tests. This 

may have been one factor which deterred parents from consenting. Often, the parents 

were not aware of the implications of CF at the time of diagnosis and the ensuing 

period of education was particularly stressful. This may also have been a factor 

leading to some parents not consenting to the study. Although the principal 

investigator contacted all the families prior to the study in order to discuss their 

concerns, only on few occasions was face-to-face contact possible. At the time of 

diagnosis, parents were introduced to several members of the multidisciplinary team 

responsible for the care of their child. In some instances being contacted by a 

research team may have been considered an extra burden by parents. Concerns about 

sedation are also likely to have been an important factor in parental refusal. Despite 

these issues, there was a very good and positive response to the study with 47 (75%) 

families agreeing to participate. There was no difference in background 

characteristics befween those who agreed and did not agree to participate in the study 

(see 5.4.1.2.)^he infants with CF were typical of infants newly diagnosed by 

clinical presentation elsewhere in the UK and overseas with a large age range at 

diagnosis; AF508 being the commonest gene detected; and incidence of V.aeruginosa 

infection of 38% by the second lung function test (median age = 61 weeks). The 

median age at diagnosis for all children diagnosed CF during the study period 

(including those too old to be recruited) was 20 weeks. In 1996 the US CF 

Foundation reported that the median age at diagnosis in the US was 6 months [290]. 

In this thesis, 73% of children were diagnosed under two years of age which is 

similar to data in Canada where 68% were diagnosed by the age of two [291]. 

However, the true proportion of those diagnosed under two years of age is unknown 

in the current study as many infants with missed or late diagnoses would not have 

been included in the denominator.
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Infants with CF were excluded if there was an additional congenital abnormality as 

this would have made interpretation of the results difficult and may have increased 

the risks of sedation. Two infants were excluded due to Amold-Chiari malformation 

and Pierre-Robin syndrome respectively. Infants with upper airway obstruction and 

prematurity may have an increased risk fi’om sedation [263]. The effects of 

prematurity itself on airway function were unknown at the outset of the study and so 

infants less than 35 weeks gestation were not eligible. However, this did not result in 

the exclusion of any infants.

7.3.1.2 Controls

Although lung function testing requires sedation, healthy infants were recruited 

successfully into this project. The most powerful approach to enable interpretation of 

measurement of airway function is to recruit and study an appropriate control group 

prospectively.

The GAP conference described criteria that may be used to define a ‘healthy’ 

population suitable for the development of reference ranges [292]. For the “ideal” 

reference group this includes:

• no present acute or past or present chronic condition of the respiratory tract.

• no major respiratory disease.

• no major systemic disease which directly or indirectly influences the respiratory 

tract.

• no more than incidental antenatal or postnatal smoke exposure.

• no recent upper respiratory tract infection (in the past 3 weeks).

• appropriate growth pattern for gestational and postnatal age.

Recruitment of controls followed these guidelines with the exception of exposure to 

maternal smoking which was similarly high in both groups of infants and reflected 

the incidence in the local population (see below). Many healthy infants (n = 201) had 

also been recruited into an epidemiological project assessing the influence of low 

birth weight for gestational age on airway function. Infants who were small for 

gestational^e (SGA) were actively recruited into the epidemiology project but the 

majority was ewluded randomly fî om the population used in the current study to 

ensure that those remaining had a normal and representative distribution of
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birthweight (i.e. with only 10% being less than the 10*’’ centile) (see Figure 5-1). 

Providing a suitable control group for CF infants is difficult as matching for age or 

crown-heel length will generally result in the control group being longer or younger 

respectively on account of the post-natal growth retardation of many infants with CF 

which occurs prior to a clinical presentation. The controls in this study were younger 

than the infants with CF (median age at first test of 7 weeks and 28 weeks for 

controls and infants with CF respectively) but were of similar length. In order to 

increase the age and length range of the control population of infants to encompass 

fully those of the infants with CF, for the cross-sectional analysis assessing the 

airway function of infants with CF soon after diagnosis, control measurements were 

taken from the second occasion if an infant had been measured on more than one 

occasion. The same measurement might therefore constitute a second measurement 

in the longitudinal aspect of the study. The drawback of this approach was that the 

controls in the cross-sectional and longitudinal arms of the study were not directly 

comparable. However, this seemed to be the best method of providing an adequate 

control group of healthy infants to encompass the large range of ages and body sizes 

of infants with CF, and the best method of addressing the various hypotheses. We 

believe we measured an appropriate control group for comparison with the infants 

with CF as they were well matched for length, particularly for those CF infants who 

had no clinical evidence of prior LRI (see 5.4.1.3.) Length was the single most 

important determinant of airway^mctipn for both controls aW infants with CF in 

this study^Adjusting for weight and age did not improve the prediction equations for 

parameters of airway function. Measuring a control group of infants with failure to 

thrive but no respiratory disorder was considered but identifying such a group would 

have been difficult and the number of infants available would have been limited. The 

statistical approach selected accounted for differences in body size between healthy 

controls and infants with CF but an influence of growth retardation on organ growth 

and function mediated by an effect other than by its influence on body size is 

possible but could not be assessed by this study. It would be important to evaluate the 

influence of failure to thrive on airway function prior to making such a comparison in 

infants with CF. As coeliac disease, a condition characterised by marked failure to 

thrive, rarely presents before weaning, it would be interesting to study and compare a 

cohort of infants with this condition with those diagnosed with CF. Growth 

retardation in coeliac disease is less likely to influence the most rapid period of lung

186



development during the first six months of life. However, as coeliac disease usually 

presents towards the end of infancy, differences in age may still exist between those 

studied with coeliac disease and those with CF. It would remain difficult therefore to 

match disease controls on body size with infants with CF and a similar statistical 

approach to that used in this study would probably still be required.

/ White c^trôls were recruited to match the anticipated ethnicity of infants with CF. 

In jothCT contexts, marked ethnic differences in infant mortality and respiratory 

morbidity have been reported [293]. Prematurely delivered Afi'O-Caribbean infants 

are less likely to develop the Respiratory Distress Syndrome than white infants of 

similar gestational age [294], which suggests that the respiratory system is either 

more mature or that lung function is enhanced in black preterm infants [295]. Some 

of these differences may be attributed to differences in nasal anatomy, since the 

lower total airway resistance found in Affo-Caribbean infants when compared with 

Caucasian infants of similar age and weight [193] was accounted for by their lower 

nasal resistance [219]. In adults and oldec children, lung volume and forced 

expiratory flows are lower in black than white ^bjects based on values predicted 

fi*om standing height [256; 296]. ThesVdréCr^Sncies have been largely attributed to 

ethnic differences in trunk: leg ratio, since no such discrepancies are observed when 

respiratory function is related to sitting height. The groups in this study were well 

matched for ethnicity: 99.5% of the controls were white compared with 97.9% in the 

group of infants with CF. The groups were also well matched in terms of sex and 

exposure to maternal smoking. These are both factors which have been shown to 

influence lung development and airway function as discussed previously (see 1.5.2 

and 1.6.2). This study highlights the negative impact of maternal smoking on infant 

lung function. GAP recommends studying controls with no more than incidental 

antenatal or postnatal exposure to tobacco smoke (see above). As nearly 30% of 

mothers of infants with CF smoked in this study, a more pragmatic approach of 

including controls exposed to maternal smoking enabled the contribution of exposure 

to maternal smoking and CF on airway function to be addressed independently. Few 

studies of airway function in infants with CF have considered this previously. 

Exposure to maternal smoking had a detrimental effect on airway function in those 

with CF. Current history of maternal smoking, validated by cotinine measurements, 

was used to validate a history of smoking in pregnancy. The study design can not
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therefore distinguish between the relative contribution of pre- and postnatal exposure 

to maternal smoking to the decrement in airway function in infants with CF.

Despite a similar interval between the tests, the absolute growth in weight and length 

was greater in control infants (3.9 kg and 15.4 cm compared with 2.8 kg and 10.7 cm 

in infants with CF). These differences were not significant when length and weight 

were compared as centiles (see Figure 6-3 and Figure 6-4). This is likely to be due to 

infants with CF being older when measured and therefore at an age where the 

weight-for-age and length-for-age curves are known to be flatter [297]. It is 

disappointing that despite treatment there was no evidence of catch-up growth in 

infants with CF. Such factors increase the difficulty of recruiting an appropriate 

control group.

7.3.1.3 Determination of disease status in infants with CF

Determination of disease status in infants with CF was in part retrospective. 

Consultants were responsible for recruiting the infants and provided details regarding 

microbiology results and mode of presentation up until the time of recruitment. As 

the median time between recruitment and the lung function test was one month it was 

necessary to review the clinical details retrospectively in order not to miss the 

possibility of a subject experiencing symptoms during this interval. Past cough swabs 

were reviewed to ensure that a positive culture had not been missed. For example, 

one infant presented with rectal prolapse and had no positive culture by the time of 

recruitment but subsequently developed a cough for which oral antibiotics were 

prescribed prior to the lung function test. This child was therefore classified as 

having prior lower respiratory illness. It is possible that the group of infants classified 

as having clinical evidence of prior LRI at the first test included infants who had 

never actually experienced lower respiratory infection. This approach ensured that 

the twelve infants who were defined as having had no clinical evidence of lower 

respiratory illness clearly represented a group of infants whom clinicians considered 

free of lower respiratory infection.

No uniform protocol was used for obtaining cough swabs in this study. The 

collaborating centres performed cough swabs according to their respective clinical 

protocols. It is possible that those centres which performed microbiological
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assessments more frequently were more likely to detect organisms. While there 

appeared to be no centre differences in the detection of isolates, the number of infants 

in the study was too small to assess this. Ideally, a standardised protocol should be 

used amongst collaborating centres. As the interval between diagnosis and lung 

function test was relatively short in this study (within a median of twelve weeks), a 

standardised protocol may not have changed the overall frequency of investigations 

significantly, but may have decreased any potential inter-centre variability.

7.3.1.4 Clinical assessments

A clinical assessment was made by the infant’s consultant prior to the first lung 

function test, but not at the time of the lung function test. Thus, it is possible that 

these assessments did not accurately reflect status on the day of the lung function test 

itself. When tests were cancelled, the interval between the assessment and the lung 

function test increased. The longest interval was 3 months. As the majority of 

subjects were deemed to have normal clinical respiratory status at the time of 

recuitment, had the assessment been revised during the interval between the 

assessment and lung function test more subjects might have had an abnormal 

assessment. However, it remains unlikely that the assessments would have changed 

significantly during this interval which was more likely to be associated with better 

health in the infants with CF when compared with that prior to diagnosis due to close 

medical supervision and the initiation of treatment. The approach chosen was 

necessary so that specialist clinicians who knew the infants best could assess them. It 

also ensured that the assessment was made blinded to the results of airway function. 

Ideally, an assessment performed on the test day itself by a single independent 

consultant who was blinded to both diagnosis and airway function would have 

allowed a more scientifically valid comparison of clinical status and airway function. 

However, this approach would not have been of such clinical interest as that chosen. 

Nor was it practical in this collaborative project for the consultant responsible for the 

care of the child to make the assessment on the day of the test itself.

The assessment was designed as a simple Likert scale (see Appendix one) so that 

consultants could easily complete it within a busy clinic or on a ward round. As the 

scoring system was unvalidated, the best and most clinically interesting approach 

when analysing these responses was to divide the assessments into normal and three
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grades of abnormality. The vast majority of consultants assessed the infants as having 

normal or mildly abnormal lung function. As eight different consultants made 

assessments, incorporating further grades of abnormality into the analysis would 

have increased the variability and subjectivity of the assessments. Indeed, it could be 

argued that just grading normal vs abnormal may have been a better approach. There 

remains no validated clinical scoring system in this age group. The most widely used 

clinical scoring system in CF is the Schwachmann-Kulczycki score. This scoring 

system is much more complex than the approach used, time-consuming to perform, 

includes non-respiratory variables, is unlikely to be discriminative of disease severity 

in infants with CF and would have required some assessment of inter-observer 

reliability and repeatability in this cohort which would have been difficult to perform 

within a collaborative setting involving several assessors.

The principal investigator remained blinded to the assessments until the end of the 

study, and thus was not influenced by them. However, the investigator was aware of 

whether the infant was healthy or had CF. It is possible that an investigator with such 

knowledge could underestimate airway function in infants with CF by being less 

rigorous about achieving flow limitation. For this reason, strict quality control 

measures were introduced in order to ensure that flow limitation was reached and that 

similar criteria for technically acceptable results were adhered to for both groups (see 

3.7.7).

7.3.2 Repeat measurements

An interval of six months between tests of lung function was chosen arbitrarily. A 

shorter interval would have permitted more than two measurements to be made in 

many subjects but may have been less likely to demonstrate change between tests. A 

longer interval may have increased the likelihood of demonstrating change in airway 

function but would have meant that some children diagnosed at an older age would 

not have been able to undergo a second test. Also, a longer interval would not have 

been feasible within the allocated duration of the study. Testing on more than two 

occasions is necessary to determine any non-linear relationships between airway 

function and growth during infancy. In addition, increasing the number of follow-up 

measurements of airway function increases the power of longitudinal analyses. 

Although some infants underwent a third lung function test, the number doing so was
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too small for the relationship of growth of airway function with length towards the 

end of the second year of life to be investigated. Although many subjects might be 

too old for a third infant lung function test, future studies should consider increasing 

the number of tests. However, increasing the number of attendances required is likely 

to increase the number who are lost to follow up.

7.3.3 Sedation

Differences in response to sedation might account for differences in airway function 

between infants with CF and control infants if sedation inhibited respiratory reflexes 

or altered sleep state dynamics or end-expiratory level differently in the two groups. 

Although the absorption and pharmacokinetics of drugs are likely to be altered in 

subjects with CF, sedation with chloral hydrate in infants (albeit in slightly lower 

doses than used in this study) has been reported not to alter respiratory mechanics 

[234]. In order to evaluate the possible effect of chloral hydrate these authors 

compared 43 age- and size-matched infants, who slept spontaneously, with 23 infants 

who were sedated with 50-60 mg/kg chloral hydrate. Infants who received chloral 

hydrate had significantly reduced respiratory rate (40 and 45 breaths per minute in 

sedated and natural sleep respectively) but no significant difference in FRCne or

V  maxFRC*

Some infants, however, do seem to be susceptible to respiratory depression following 

sedation. Sedation with chloral hydrate, but not natural sleep, resulted in significant 

respiratory depression in infants recovering from bronchiolitis in one study but a fall 

in Sa0 2  or clinical evidence of respiratory depression in infants with CF of median 

(range) age 26 (8-40) weeks was not demonstrated. Doses of 70-100mg/kg were 

given in this study [298].

The Hering-Breuer inflation reflex (used to induce a period of apnoea during the 

RVRTC (see 2.4.4.5)) is not influenced by sedation with triclofos sodium in doses 

normally used for infant lung function testing [299].

If sedation diminished the time spent in quiet sleep then it is more likely that 

thoracoabdominal compression would be performed during REM sleep, increasing 

the variability of the measurements and the likelihood of the subject waking up. This 

does not appear to be the case as the proportion of time spent in REM sleep
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following sedation with 100 mg/kg of chloral hydrate in 26 puppies and 50 mg/kg in 

13 human infants (mean age: 41 weeks) in one study was similar to that occurring in 

natural sleep [300].

The relationship between the post-sedation respiratory rate (RR) and length 

according to disease status was shown in Figure 5-17. The post-sedation RR was 

higher in infants with prior LRI. Those with no clinical evidence of prior LRI had a 

similar post-sedation RR to the healthy infants. The effect of sedation on RR is the 

most easily assessed response to sedation but as the pre-sedation RR was not 

measured, the possibility that those with and without CF responded differently to 

sedation in this study cannot be excluded.

There were no adverse outcomes related to sedation in either cohort in this study. No 

signs of respiratory depression were noted in the infants with CF, including six 

infants in whom wheeze was heard on auscultation on the day of the test.

7.3.4 Critique of iung function protocoi

7.3.4.1 Selection of tests

Measurements of forced expiration have been used in older children and adults for 

many years to determine disease status, progress and response to therapeutic 

interventions. When flow limitation is achieved, these measurements directly reflect 

airway mechanics even though the relationship is somewhat complex (see 2.4.4.1). 

Similar measurements are currently the gold standard in older subjects with CF. 

Comparable results in infancy would be useful both clinically and for future 

longitudinal studies commencing in infancy and progressing until school age or 

beyond. The RTC had been used for many years in our department, had been shown 

to be useful in epidemiological studies and was considered relatively easy to perform. 

The RVRTC, although novel and more complex, was suggested to be better at 

identifying diminished airway function than the RTC [196] and also measures 

parameters similar to those derived from spirometry. These factors provided the 

rationale for the selection of tests in this study.

A disadvantage of selecting the RVRTC was that there was little worldwide 

experience with the technique at the start of the study. There was a rapid learning
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curve. Although many technically acceptable measurements were performed in 

healthy infants at the beginning of the study using lower inflation pressures (Pmf < 

2.7 kPa) a more appropriate inflation pressure (3 kPa) was delivered subsequently to 

permit comparison with other laboratories and to raise lung volume further towards 

total lung capacity. This meant that measurements in approximately 50 controls were 

not appropriate for comparison with the measurements from infants with CF. For the 

longitudinal aspect of the study it was also necessary to exclude some healthy infants 

who had had airway function measured longitudinally due to differences between the 

first and second tests in the inflation pressure (Pmf) used to generate raised lung 

volumes. At the outset of the study it was unclear what the appropriate Pmf should be. 

When the Pmf that was actually delivered was measured it was found to be slightly 

less than that set by the inflation system. However, mean (SD) Pmf was 2.92 (0.11) 

kPa and 2.92 (0.09) kPa in the controls and infants with CF respectively and was 

well-matched on both test occasions. Fewer methodological issues are pertinent to 

good technical performance of the RTC and recommendations for standardised 

procedures are available [182]. The RVRTC remains unstandardised making it 

difficult to compare data between centres (see 2.4.4.7).

The relative advantages and disadvantages of the RTC and the RVRTC have been 

discussed previously (see 2.4.4).

7.3 4.2 Flow limitation

A critical factor during forced expiratory manoeuvres in infants is whether or not 

physiologically determined flow limitation is reliably produced. Although flow- 

limited isovolume pressure curves have been demonstrated during RTC manoeuvres 

in infants with severe airway obstruction [235], flow limitation in healthy infants has 

not been documented consistently. This could result in an underestimation of 

maximal flow in a healthy group, making it more difficult to detect differences 

between healthy and disease groups.

The investigator was not blinded to the disease status of the infant (control or infant 

with CF) at the time of the lung function test. Forced expiratory flows in infants are 

determined by increasing jacket pressure until an apparent limit is reached, but this 

assessment is somewhat subjective. It is possible that the investigator might perform
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fewer manoeuvres in infants with CF if it was anticipated that flow limitation would 

be easier to achieve, resulting in a lower final transmission pressure. However, mean 

(SD) Pj during the RTC was 5.18 (1.37) kPa in controls and 5.24 (1.39) in infants 

with CF respectively which does not suggest operator bias towards using suboptimal 

jacket pressures in infants with CF.

It was important to provide objective determinants of flow limitation and 

independent post-study quality control. Attempts were made to ensure flow limitation 

by increasing Pj to a pressure higher than that determined as optimal in order to 

demonstrate no associated increase in V’maxFRC, by being able to overlay flow- 

volume curves and by inspecting the shape of the descending portion of the flow 

volume curve in each subject. Thus, an independent inspection of the data was made 

for each infant (JS) and evidence for flow limitation sought. The ideal method would 

have been to measure isovolume pressure curves but this is invasive, requiring 

oesophageal catheterisation and was therefore not considered practical within the 

constraints of the protocol and the epoch of sleep available for each infant. Instead, 

an attempt to perform a jacket transmission test was made in each subject (see 

7.3.4.3.1).

7.3.4.3 Test order

7.3.4.3.1 Selection of Pj

The RTC was performed prior to the RVRTC for several reasons. Whereas other 

workers performing the RVRTC have selected Pj by increasing jacket pressure during 

the RVRTC itself and then calculated the ‘best’ F-V curve on the basis of the sum or 

product of FVC and a volume or flow parameter [198; 282], the Pj used for the 

RVRTC in this thesis was selected during tidal manoeuvres. The RTC is not usually 

performed during the same protocol in other laboratories. Increasing the jacket 

pressure and selecting the optimal Pj during the RVRTC is more likely to ensure that 

the selected Pj is not too low to achieve flow limitation, resulting in an 

underestimation of airway function, or too high, causing negative flow dependence 

and again an underestimation of airway function. However, a drawback of selecting 

optimal Pj during the RVRTC is that many more manoeuvres will be required, 

increasing the time taken to complete the protocol and also increasing the likelihood
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of gastric distension and any possible effect of deep inspirations on airway 

mechanics. The RASP software did not permit on-line analysis or calculation of the 

best curve and so the approach selected was the best compromise on the basis of 

available software and the need to complete both techniques during the limited epoch 

of sleep available in each infant. Future studies should incorporate new software 

which permits on-line analysis.

There are, as yet, no specific guidelines as to which jacket pressure should be used in 

individual infants during the raised volume technique. The ‘optimal’ Pj (i.e. that 

required to achieve flow limitation in any individual child) is determined not only by 

the airway mechanics, but by the age and maturity of the child, the compliance of the 

chest wall, and the efficiency with which the jacket pressure is transmitted to the 

chest wall. The latter in itself may be influenced by how tightly the jacket is wrapped 

around the child. A different jacket pressure was therefore selected for each infant. 

This is normal practice for the RVRTC. It is recognised that children with airway 

obstruction will require much lower jacket pressures than healthy individuals and that 

the use of excessively high pressures may induce either reflex glottic closure or 

negative flow dependence.

The jacket pressure transmission to the airway opening (which is an estimate of 

driving pressure) was assessed during a static occlusion manoeuvre at end tidal 

inspiration and usually exceeded 2 kPa in healthy infants. The mean (SD) jacket 

transmission pressure was 2.36 (0.67) kPa in controls and 2.22 (0.54) kPa in infants 

with CF. Thus, a slightly (though non-significantly) higher driving pressure was 

required for the controls to fulfil the criteria for flow limitation during the study. It is 

therefore more likely that if any bias were to exist it would be with respect to 

underestimating airway function in controls rather than those with CF such that 

actual differences between the groups would have been larger.

Pressure transmission from raised lung volume will if anything be higher and overall 

driving pressure further increased by the higher elastic recoil when expiration 

commences from elevated lung volumes [197]. It can be estimated that driving 

pressure will be at least 4 kPa mid-expired breath. This has previously been reported 

to be adequate to achieve flow limitation [197], a fact that was confirmed by 

increasing the applied jacket pressure by a further 1-2 kPa in 15 infants once
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maximum flows appeared to have been obtained to ensure that no further increase in 

flow occurred. By contrast, flow limitation at high lung volumes may not always 

have been achieved, an experience shared by others currently using this technique 

[197; 242]. Fortunately, the major parameters of interest from the raised volume 

technique are obtained during the latter part of expiration, i.e. at lung volumes at or 

below 50% FVC, where flow limitation is more easily achieved [197]. In infants, the 

majority of a forced expiratory manoeuvre is completed by 0.4s. Although the initial 

part of expiration may not be flow-limited, a large proportion of volume expired in 

0.4s (FEV0.4) will therefore be calculated during the flow-limited portion of 

expiration (see Figure 4-2). In older subjects performing spirometry, the initial part 

of expiration prior to peak-flow is not flow-limited and is responsible for a larger 

proportion of FEVi (tpE is at least six seconds in adults). Despite these factors, FEVi 

remains a reproducible and useful clinical measurement in these subjects [277]. The 

reproducibility of measurements from the RVRTC was comparable to that previously 

published [198; 280], which suggests that problems with respect to lack of achieving 

flow limitation were not encountered. The analytical aspects of the RTC and RVRTC 

were discussed in chapter four.

7.3 4.3.2 Effect of deep inflations

Another important reason for performing the RTC prior to the RVRTC is that the 

effect of deep inflations on airway mechanics in infants is unknown. The augmented 

inflations during the RVRTC could influence measurements not only during the test 

itself but also during all subsequent measurements. If infants with CF responded 

differently to deep inflations compared with control infants then this might explain 

why the RTC failed to discriminate between groups while the RVRTC was able to do 

so.

The effects of a deep inspiration (DI) in individuals with asthma differ from those 

observed in healthy subjects. In healthy subjects a DI acts both as a bronchoprotector 

(decreasing or ablating responsiveness to bronchoconstricting agents) and a 

bronchodilator [301]. In asthma bronchoprotection by DI appears to be lost and the 

bronchodilator ability of DI attenuated [302]. It is unknown whether applying 

inflations passively to infants during the RVRTC has a similar effect to that of DI.
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The calibre of the intrathoracic airways is physiologically determined by a balance of 

forces that tend to constrict the airways (i.e. airway smooth muscle) and those that 

prevent narrowing (i.e. the elastic recoil of the lung and chest wall). Thus, a decrease 

in airway calibre due to airway smooth muscle contraction is opposed by the elastic 

recoil generated by the lung volume at which breathing occurs. This effect is the 

result of interdependence between the airways and the lung parenchyma. It has been 

postulated that the beneficial effect of DI is mediated by airway stretch [303] and that 

in asthma there is attenuation of the tethering forces due to airway wall thickening 

and airway wall oedema. Others have suggested that airway smooth muscle in 

symptomatic asthmatic subjects may convert to a latch state in which force 

fluctuations from tidal breathing [304] and DI [305] are not strong enough to break 

the actin-myosin cross-bridges in asthmatic airway smooth muscle, leaving the 

smooth muscle in a stiffer state. Interestingly, Brown has shown in anaesthetised 

dogs that the magnitude of the DI is important and leads to a qualitative change in the 

airway response. A large DI (45 cmHiO airway pressure) caused subsequent airway 

dilatation five minutes later, whereas smaller DI (< 35 cmHiO) caused 

bronchoconstriction after five minutes [306]. The physiological mechanisms behind 

these findings are not known but the data provide evidence for performing the RTC 

prior to the RVRTC where both techniques are incorporated into an infant lung 

function protocol.

Investigators have attempted to assess the effect of DI on forced expiratory flows by 

comparing F-V curves fi-om partial lung inflation, which are less affected by volume 

history, with F-V curves obtained from full inflation. Thus, comparing forced 

expiratory flow fi*om the partial curve (V’p) with flow from the maximal curve (V’m) 

at a given lung volume gives an indication of the effect of DI. A ratio of V’m / V’p 

(M/P ratio) > 1 indicates a bronchodilator effect and < 1 indicates a 

bronchoconstricting effect of DI [307].

DI has been shown to have a similar effect in adolescent and adult subjects with CF 

to that in asthmatics [308]. In Zinman’s study partial and maximal F-V curves were 

obtained in 12 subjects with CF of mean age 18 years. The effect of volume history 

on M/P was similar to that in asthma. These effects could be a result of inflammation 

on the airway wall, as in asthma, or the result of an increase in the degree of

197



inhomogeneity of lung emptying in subjects with CF [308]. The authors showed that 

M/P was correlated with slope ratios of the F-V curves (an assessment of the 

curvilinearity and therefore inhomogeneity of the F-V curve) and suggested that an 

increase in inhomogeneity is more likely to be the mechanism by which DI has its 

effect in CF.

The effects of DI have not been studied in infants with CF. Attenuated 

bronchodilation in response to repeat DI may explain diminished airway function in 

infants with CF that can be detected using the RVRTC and not the RTC. Partial and 

maximal F-V curves are not easy to compare in infants as volume landmarks are 

variable and not passively determined during the RTC. However, if FVC has reached 

residual volume during the RVRTC and it is assumed arbitrarily that V’maxFRC is 

measured at 15% of FVC (the value of V’maxFRC is closest to that of MEF15 -  see 

chapter four) then the ratio of MEF15 / V’maxFRC (a modified M/P ratio) would be 

larger in subjects where the airways bronchodilate in response to DI than in those 

with airways that bronchodilate less or even bronchoconstrict. Similarly, if V’maxFRC 

was closer in value to MEFio this would suggest a bronchodilator response to DI, 

whereas if V’maxFRC was closer to MEF25 less of a response to DI might be suspected. 

The mean modified M/P ratio for healthy control infants and infants with CF in this 

thesis was 1.1 and 1.2 respectively (Figure 7-1). These values were not statistically 

different (p=0.42). In addition, V’maxFRC was not closer in value to MEFio in controls 

compared with infants with CF. These findings suggest that there may be no 

difference in response to DI in subjects with CF during infancy. However, 

bronchoconstriction in infants with CF could result in airway closure at larger lung 

volumes or early inspiration to protect lung volume and prevent airway closure, such 

that the volume landmark at which MEF15 is measured might be artificially elevated, 

resulting in an overestimation of MEF15 and an increased M/P ratio. It is, however, 

unlikely that MEF15 was overestimated in infants with CF as, similar to MEF25, it 

remained diminished in this group compared with controls (data not shown).

Another method by which the response to DI in infants with CF and controls could 

be assessed is by inspecting progressive F-V curves during the RVRTC in each 

individual. If DI caused bronchoconstriction in infants with CF then it could be 

predicted that values of FEV and MEF would diminish with increasing manoeuvres

198



during a test. Consecutive first visit data collected on the same occasion from 16 

infants with CF and 15 controls where there were three acceptable and repeatable F- 

V curves fi’om the RVRTC were inspected to see if there was evidence for this. A 

score was assigned depending on the chronological order of the best manoeuvre (sum 

of FVC and FEV0.4). Thus, if the best curve was the first of the three manoeuvres, it 

was assigned a score of 1. The median score in controls and infants with CF was 2.0 

and 2.5 respectively. These scores were not significantly different. The percentage of 

best manoeuvres being the first, second or third manoeuvre was 33.3%, 26.7% and 

40% in controls and 31.3%, 18.8% and 50% in the infants with CF respectively. The 

order of the best curve and the modified M/P ratio were not significantly correlated 

(Pearson correlation r=0.13,/?=0.48). Thus, using these somewhat crude assessments, 

there was no evidence for DI resulting in deterioration or improvement in forced 

expiration measured during consecutive RVRTC manoeuvres. When interpreting 

these findings it is important to note that gastric distension is likely to increase with 

consecutive manoeuvres, which would cause a progressive decrease in FVC. 

However, these results do not provide any indication of gastric distension influencing 

the measurements of forced expiration. Figure 7-1 shows that the individual variation 

in M/P is large, suggesting that some infants have much better forced expiratory 

flows from the RVRTC compared to V’maxFRc. Also, the maximal and partial F-V 

curves could be overlaid in some infants but not others. Overlaying curves gives an 

indication of the possible variability in lung volumes at which V’m / V’p are being 

measured (Figure 7-1). The true relationship between MEF15 and V’maxFRC is 

complex and depends on the lung volume at which tidal breathing occurs, the actual 

inflation pressure and hence FVC during the RVRTC, the presence or absence of 

early inspiration, elastic recoil and airway wall compliance and the actual lung 

volume at which MEF 15 is measured. The latter will depend on residual volume 

which is increased when airway closure and gas trapping occur. Measuring residual 

volume to enable comparison of flows at absolute lung volumes, or performing single 

breath inert gas washout tests before and after DI to identify increased 

inhomogeneity in infants with CF, could help to elucidate the effect of DI in future 

studies.
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Figure 7-1. MEF15 vs V’maxFRc in healthy controls and infants with CF
with line of unity.
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7.S.4.4 Effect of the jacket

Hayden et al. suggested that the relationship between transmission pressure and Pj 

was a function of the mechanical properties of the jacket used to force expiration 

rather than those of the chest wall, as a similar relationship was identified between 

transmission pressure and Pj when using a mechanical lung model to that obtained in 

vivo in infants during the RVRTC [242]. Pressure was transmitted similarly in those 

with or without airway disease in the study of Hayden.

It has been shown, however, that placement of the squeeze jacket is associated with 

a small reduction in Cps and a reduction in the volume achieved with augmented 

inflations [309]. This response could be greater in those with CF as it is possible that 

due to chest hyperinflation in these infants the jacket may have been more 

constrictive in these infants, reducing Crs and inflation volume to a greater degree. 

The inflation volumes were similar in controls and infants with CF in this study.
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suggesting that if there was a difference in the amount by which jacket placement 

reduced Crs, the effect was masked by the older age of infants with CF. During the 

study, care was taken to prevent unwanted effects of jacket placement by ensuring 

that two fingers could be placed between the jacket and the chest wall of all infants.

Some of the mechanisms discussed above are effected by a reduction in the elastic 

recoil of the lung. Chest strapping in adults increases lung recoil and results in a 

reduction in FRC [310]. This increase in recoil of the lung has been shown to be 

associated with an increase in forced expiratory flows at a given lung volume [311]. 

There is evidence to suggest that a change in lung surface tension, rather than 

atelectasis, is one of the stress adaptive mechanisms resulting in an increase in lung 

recoil when lung volume is reduced below its usual value and a reduction in recoil 

when mean lung volume is raised [312; 313]. A loss of elastic recoil in the 

parenchyma surrounding the airways leads to premature airway closure and is 

significantly correlated with maximal expiratory flow and FEVi [314]. Elastic recoil 

forces act not only on the alveoli to reduce their volume, but also in an opposite 

direction, via tethering forces, on the airways to hold them open and resist collapse. 

Thus, reduced elastic recoil could explain a reduction in FVC, FEVt and MEF%.

Lung elastic recoil has been reported to be diminished in older subjects with CF 

[314; 315]. In the latter study, transpulmonary pressure was measured using an 

oesophageal balloon-catheter in eight subjects with CF (mean age: 18 years) and the 

elastic properties of the lung assessed by recording expiratory pressure-volume (P-V) 

curves. During the interruption of expiratory flow static conditions of the lung are 

assumed and the transpulmonary pressure (Ppi -  Pao) equals the static elastic recoil 

pressure at the lung volume at occlusion. Elastic recoil was diminished in 50% of the 

subjects with CF at high lung volumes close to TLC with less marked reductions at 

lower lung volumes (60 to 90% of TLC). However, Cl was normal. The authors 

therefore suggested that the P-V curve is shifted to the left in CF, a finding 

previously reported in adults with CF [315]. These findings are interesting but need 

confirmation in a larger and younger cohort. However, they suggest that near TLC, 

elastic recoil pressure may be reduced in infants with CF resulting in a reduction in 

measurements of forced expiration at high lung volumes.
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There is no evidence as yet that the mechanisms discussed above have any 

significance in young infants or that they could have biased the interpretation of the 

results of this thesis. Further investigation is required to assess the influence of DI in 

infants and identify any effect of DI and the RVRTC on Crs and elastic recoil in 

infants with CF. The potential effects of DI on forced expiration have not affected the 

usefulness of measurements obtained using spirometry and their interpretation in 

older subjects with CF.

7.3.5 Statistical approach 

7.3.5.1 First visit data

The aim of this analysis was to examine the associations between airway function 

and presence or absence of CF by using linear regression before and after allowing 

for sex, age, body size at test and exposure to maternal smoking. The infants with CF 

were classified according to the presence or absence of any clinical evidence of prior 

LRI and differences between these two subgroups and healthy control infants 

examined.

MLR is an elegant statistical approach which enables potentially confounding 

variables such as sex, exposure to maternal smoking and differences in body size to 

be taken into account when modelling and predicting airway function. MLR is based 

on a number of assumptions: that the residuals follow a normal distribution, are 

centred around zero and are statistically independent. These assumptions were 

examined and found to be valid for the models reported in this thesis. A normal plot 

was examined for each model and indicated that the normality assumption was 

satisfied. The linear relationships between measurements of airway function and each 

of the predictor variables were constant across the three different groups of infants. 

All interactions were examined and none were significant.

7.3.5.2 Longitudinal data

The aim of the longitudinal analysis was to determine whether initial impairment in 

airway function noted in infants newly diagnosed with CF persisted when compared 

with longitudinal measurements made in a similar group of healthy infants without 

CF.
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Although the study had a regularly timed schedule in that the aim was to repeat the 

lung function measurements after six months, the actual data collection was 

irregularly timed in practice. Also, there was interest in assessing the contribution of 

numerous static (such as CF, genotype, sex, exposure to maternal smoking in 

pregnancy) and time-varying covariates (such as length). These practical 

considerations are more easily handled by multi-level modelling techniques.

A common method of performing regression analyses for repeated measures has been 

to perform MLR for each individual subject and to average the individual slopes to 

obtain a measure of group behaviour. Using MLR, each individual regression 

assumes that the values of airway function are independent: the fact that airway 

function measured on two occasions within the same individual are likely to be 

correlated would be ignored. This can lead to bias, increased probability of type 1 

error and reduced statistical power [254].

Considering these practical and theoretical factors in the analysis of the longitudinal 

data, multi-level modelling was the most suitable approach. Multi-level modelling 

uses the correlation (or covariance) between observations when modelling 

longitudinal data. The multi-level approach involves specifying two or more levels, 

or stages, of relationships among study variables and parameters. These levels are 

arranged in a hierarchy. The hierarchy consists of units grouped at different levels. 

Thus, in this thesis, relatively straightforward multi-level models were constructed 

where each value of airway function (level 1) was grouped into individual subjects 

(level 2). In effect, ordinary MLR techniques represent a special case where there is 

only one level of hierarchy.

Multi-level modelling relies on the same assumptions as ordinary modelling. 

Accordingly, all the data were inspected graphically in each analysis as a check on 

statistical assumptions and results. However, multi-level models are complex, more 

difficult to build and demand extra consideration of the relative importance of 

different errors [316].

Length was selected as the longitudinal metameter as this was the best predictor of 

airway function in the cross-sectional studies, because the two groups of infants were 

better matched for length than age and because weight and age did not improve the
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fît of any of the models. Thus, in addition to length, the models reported take account 

of the differences in age and weight between the controls and infants with CF.

7.4 Relationship to past literature

7.4.1 Cross-sectional studies

Changes in lung function have been reported in several studies established to identify 

the evolution of pulmonary disease during the first year of life [200; 201; 205; 206; 

317] but their findings have not been conclusive. Tepper et al. [201] reported normal 

pulmonary function in five neonates presenting with meconium ileus, normal or 

diminished pulmonary function in eight infants with failure to thrive but no 

respiratory symptoms and severe airway obstruction in twelve infants with 

respiratory symptoms at diagnosis. In this thesis, the group of infants with no clinical 

evidence of prior LRI consisted of 10 infants who presented with meconium ileus 

and two with FTT. The RVRTC identified diminished airway function in this group 

and FEVo.4 was below the normal range calculated from the controls in four of these 

infants, suggesting that diminished airway function cannot be predicted by mode of 

presentation. Beardsmore et al. [206] reported that airway function, assessed using 

the RTC, was normal in 28 infants diagnosed by newborn screening and measured at 

an average age of 19 weeks. This finding suggests that a population diagnosed by 

neonatal screening and tested early in infancy does not have diminished airway 

function, that infants without meconium ileus do not have lung function abnormalites 

if tested prior to symptoms or that early treatment may help prevent lung function 

abnormalities. However, as the RVRTC but not the RTC was able to detect 

diminished airway function in a group of infants of median age 15 weeks in the 

current study, it is also possible that the different findings were due to the techniques 

used.

7.4.2 Longitudinal studies

Two studies have reported forced expiratory parameters from repeated measurements 

in infancy. Beardsmore et al. performed longitudinal measurements of V’maxFRC in 17 

infants with CF [206]. Values of V’maxFRc were expressed in relation to FRC and 

presented as percent predicted FRC.s'* based on historical control data, with the 

normal range stipulated as 46 -  154 percent predicted. Infants were on average 19
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weeks old at the first test and 48 weeks at the second test. V’maxFRC fell from 74 to 55 

percent predicted which was statistically significant {p < 0.025) suggesting that 

airway function deteriorated during the first year of life. However, there were wide 

individual variations. The method of expressing V’maxFRC in the study of Beardsmore 

is interesting but not widely used. Gas trapping to the extent that airway closure 

occurs at volumes greater than the EEL will result in an increase in FRCpieth- Under 

these circumstances the ratio of V’maxFRC to FRC will decrease unless V’maxFRC is 

overestimated due to the increase in FRC. However, the predictions in this study 

were based on few control patients. As the relationship of V’maxFRC to FRC has not 

been studied longitudinally in healthy infants and controls were not measured, the 

changes in airway function reported may have been caused either by normal 

dysanapsis, by the compounded variability of measuring two parameters 

longitudinally or by changes in the measurement of V’maxFRC induced by changes in 

FRC. As absolute values were not reported by Beardsmore and FRC was not 

measured in the current study, it is not possible to compare results directly.

Tepper reviewed measurements of V’maxFRc made in 32 non-screened infants and 

young children with CF [249]. The RTC was performed at diagnosis (mean age: 5.2 

months) and repeated approximately 12 months later (range: 6 - 1 7  months). The 

infants were grouped according to whether they presented with respiratory symptoms 

(n = 18) or with no respiratory symptoms (n = 14). Although those with no 

respiratory symptoms were younger, shorter and lighter at diagnosis, these were not 

significantly different from those with respiratory symptoms. Those with respiratory 

symptoms had significantly more hospital admissions (mean of 1.8 and 0.6 

admissions in infants with and without respiratory symptoms respectively). V’maxFRC 

was expressed as percent predicted based on cross-sectional data from 108 historical 

healthy controls. V’maxFRC increased from 41 to 74 percent predicted and from 98 to 

113 percent predicted in the respiratory and non-respiratory groups respectively. The 

measurements of V’maxFRC at follow-up and at diagnosis were significantly correlated 

(r = 0.47; p  < 0.02). These findings suggested that infants with diminished airway 

function at diagnosis had diminished airway function one year later and that those 

with respiratory symptoms at diagnosis had significantly lower airway function on 

both occasions. Although the current study and that of Tepper provide evidence for 

tracking using V’maxFRC, the correlation between repeated measurements in the
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current study was greater (rho = 0.78), which may have been due to measurements 

being performed after six months rather than one year. Significant differences in 

airway fimction in infants with respiratory and non-respiratory presentations were not 

found in this thesis. Different definitions of subgroups were used in each study. 

Tepper grouped infants on symptoms at diagnosis only, whereas information 

regarding all symptomatology and microbiology were sought in the current study. 

The latter approach should have increased the likelihood of detecting differences in 

airway function between the subgroups of infants with CF. Using the RVRTC rather 

than the RTC seems to have increased the detection of diminished airway function in 

both subgroups of infants with CF. The subgroup of infants with no clinical evidence 

of prior LRI in this thesis were significantly growth retarded (see Table 5-3). Even 

though the effects appear not to be mediated by body size itself, it is possible that the 

finding of diminished airway function in both subgroups in this study but only in 

those with prior respiratory symptoms at diagnosis in the study of Tepper, could have 

been due to an effect of growth retardation and undemutrition on lung development 

or lung growth in those with no clinical evidence of prior LRI (see 7.5.2).

7.4.3 Comparison with reference data for V’maxFRc and for parameters 

measured using the RVRTC

Recently, reference data have been published for the RTC and the RVRTC [198; 

259]. As controls are considered difficult to recruit into infant lung function studies, 

future studies may attempt to use these reference data rather than recruiting controls 

fi*om the local population. Therefore, measurements of airway function for healthy 

subjects and those with CF from this project were compared with the reference data 

to see if similar results would have been obtained.

Hoo collated F’maxPRc data from 459 healthy infants (226 boys) tested on 654 

occasions during the first 20 months of life fi-om 3 collaborating centres. In this 

analysis, data were transformed to take into account increasing variability between 

subjects with increasing height (heteroscedasticity) and prediction equations were 

calculated based on the square root of V’maxFRC- Measurements of V’maxFRC for the 

subjects reported in this thesis (see 5.4.1.1) were converted into SD-scores using the 

Hoo reference data. The resulting SD-scores were compared to the SD-scores 

calculated from the prediction equations (based on the controls) used in this thesis
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(see 5.4.3). The mean (SD) difference between the SD-score calculated from the 

reference data of Hoo and from the prediction equation for V’maxFRC reported here 

was 0.05 (0.56) in the controls (n = 186), which was not statistically significant {p = 

0.252). This was unsurprising as many of the healthy infants studied in our laboratory 

and reported here as controls were also included in the reference data for V’maxFRC- 

As the RTC has been standardised, fewer methodological differences are likely to 

exist between laboratories performing this measurement than for the RVRTC.

More infants with CF would have been identified as having diminished V’maxFRC 

(SD-score < -1.96) when using the reference data. Comparison of measurements for 

V’maxFRC for infants with CF (n = 45) using the reference data identified six infants 

(14%) with diminished airway function compared to only one infant (2%) identified 

in this thesis when measurements were compared directly to those in controls (see 

Table 5-13). This suggests that values of V’maxFRC are assigned a lower SD-score 

from Hoo’s reference population.

Similar comparisons were made between SD-scores calculated from the reference 

data published for the RVRTC and those calculated from the prediction equations 

reported in this thesis. As reference data for FEV0.4 have not been published 

comparisons were made for FEV0.5. Figure 7-2 shows an overlay of the 

measurements reported here and those in the reference data. It can be seen that the 

reference data encompass an older and taller group of healthy subjects but that there 

appeared to be reasonable overlap for measurements of FEV0.5.
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Figure 7-2. FEV0.5 vs length for the reference data of Jones and the 
subjects in this thesis
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Data transformation and modelling for other factors such as sex and exposure to 

maternal smoking highlights the differences in FEV0.5 o f the two healthy populations. 

Figure 7-3 indicates that many controls in this thesis lie below the 2.5^  ̂centile for the 

reference population of Jones et al. after allowing for these factors. Fourteen (10.4 

%) controls had an SD-score < -1.96 according to the reference population (<2.5% of 

infants would be expected to have an SD-score < -1.96). Similarly, more infants with 

CF were identified as having diminished airway function using the reference data 

than the prediction equation reported for FEV0.5 in this thesis (18 [43%] using the 

reference population and 13 [31%] in this thesis). All 13 identified with diminished 

FEVo.5 in the current study would have also been identified as having diminished 

airway function using the reference data of Jones.
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Figure 7-3. FEV0.5 for the healthy subjects and infants with CF in this 
thesis plotted on a chart created from the reference population of Jones
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These findngs indicate that although similar results would have been obtained by 

either method, there were differences in the measurements of FEV0.5 between the 

reference and thesis populations. Differences in methodology could have affected the 

measurements obtained. For example, the use of a lower inflation pressure in the 

subjects reported in this thesis could have resulted in consistently lower 

measurements. The RVRTC reference data o f Jones were collected using different 

equipment which was semi-automated. An inflation pressure was set to deliver 3 kPa 

but it is not clear what pressure was actually delivered. The jacket may have been 

more loosely fastened and there may have been subtle differences in head and neck 

positioning. The flow-volume curve with the highest product of FVC and MEF75-25 

was selected as the best curve for the reference population compared to the curve 

with the highest sum of FVC and FEV0.4 in this thesis. These are all practical 

considerations that need to be addressed before the RVRTC can be standardised and 

before reference data can be more widely utilised. Differences may also be due to the 

different populations studied. The background characteristics o f both populations are 

summarised in Table 7- 1. It can be seen that the populations differed in age, body 

size, ethnicity, sex and exposure to maternal smoking. A reference population may 

not be fully representative of the local healthy population. Indeed, there were inter-
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centre differences within the data collated for Jones’ reference group. These were 

attributed to differences in exposure to maternal smoking and indicate the importance 

of recruiting a local control group in studies of airway function, studied with the 

same methods as the disease group, in order to detect diminished airway function 

accurately.

Table 7-1. Comparison between the background details of the published 
reference population and the controls for the RVRTC reported in this 
thesis.

Parameter Jones reference data 

(n = 155)

Controls in thesis 

(n = 138)

Age (weeks)* 48.0 (3 -149) 18.2(1-100)

Length^ 71.8(10.6) 61.9 (8.9)

White (%) 69.0 1 0 0

Female (%) 43.2 49.3

Maternal smoking (%) 26.5 42

Data reported as ^mean (range) and ^mean (SD) in Jones reference data.

7.4.4 Limitations of study design

7.4.4.1 Lack of a screened population

Currently, screening for CF is not performed in London. The Wisconsin neonatal 

screening program resulted in infants being diagnosed CF at a median age of 7 weeks 

(range: 4 -281  weeks) [318]. Therefore, earlier lung function testing may be possible 

in a population diagnosed by newborn screening, in many cases prior to the 

development of LRI. The natural history of airway function changes could then be 

assessed before and after lower respiratory tract infections in order to assess their 

effect on early lung function in infants with CF. Earlier diagnosis would increase the 

number of serial measurements. Investigation of genotype-phenotype associations
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would also be more appropriate in a screened population, prior to the effect of 

environmental insults such as lower respiratory infection on airway function.

T.4.4.2 Lack of data on inflammation

Bronchoscopy and bronchoalveolar lavage (BAL) are not routinely performed in 

London centres. Consequently, it is not possible to comment on the correlation 

between pulmonary inflammation and airway function in this study. In London at 

least, BAL remains largely a research tool in infants with CF and requires either a 

general anaesthetic or very heavy sedation in this age group. It was considered that 

performing BAL in addition to pulmonary function tests in the period immediately 

after diagnosis would place too great a burden on the families and subjects in the 

current study. Interestingly, only one infant with CF had BAL as part of their clinical 

investigation during the study period. Although bronchoscopy and BAL are 

considered a relatively safe procedure, four deaths in children under seven years of 

age who were infected with multi-resistant pseudomonas aeruginosa occurred in one 

region where bronchoscopy and BAL are routinely performed [319]. Although it is 

not clear whether the deaths are related to this policy, they highlight the possibility of 

cross-infection in any procedure performed in patients with CF. Performing BAL in 

healthy infants is even more problematic, which makes interpretation of 

inflammatory and microbiological profiles difficult.

BAL remains the gold standard method for determining pulmonary inflammation and 

there are as yet no established surrogate markers of pulmonary inflammation in CF. 

Exhaled nitric oxide may be reduced in CF [320]. A recent report suggests that 

measurements in infants with CF are feasible and that reduced nitric oxide may be a 

feature of CF by 7 weeks of age [60]. As only five infants with CF were studied, the 

findings require confirmation in a larger cohort and the association with airway 

inflammation in this age group needs to be assessed. Exhaled nitric oxide is more 

likely to be useful as a marker of some types of inflammation in subjects with asthma 

[321] and a role in CF has yet to be determined.

Positive BAL cultures may be present even in asymptomatic infants [322]. Unless it 

had been performed on the first day of life, it is unlikely that inclusion of BAL in the 

current research would have answered whether or not diminished airway function can
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precede pulmonary infection as the prevalence of infection identified in this study 

was not less than that identified using BAL in infants with CF [323; 324]. A negative 

culture from BAL on the study day cannot confirm conclusively that there has not 

been past infection. This suggests that studies which incorporate BAL should aim to 

perform assessments as frequently as possible in order to increase the yield of 

positive cultures, and also that a combination of BAL and review of all other 

microbiological cultures is the most rigorous approach to identify infants who are 

free from past or present pulmonary infection. Future studies which aim to determine 

the natural history of early airway function changes in infants with CF should 

consider performing BAL and measurements of airway function longitudinally in 

infants diagnosed by neonatal screening. Such a study design would also provide a 

better understanding of the association between pulmonary inflammation, infection 

and early lung function changes. However, the anaesthetic risk of such an approach 

would be commensurately greater.

7.4.4.3 Limitations of tests of airway function in infancy

An ideal test of airway function would be one that is safe, cheap, non-invasive, does 

not require sedation, is easy to perform, portable, sensitive to early changes in infants 

with CF, repeatable and measure parameters which track longitudinally and which 

are stable throughout life. No such test exists. The RVRTC fulfils few of these 

requirements. The wider acceptability of tests of airway function in infancy is limited 

due to the necessity for sedation of the subject. The repeatability of measurements 

following a short interval, such as two weeks, is unknown and will be difficult to 

determine because of reluctance to repeat sedation. This will have an impact on study 

design where short-term interventions, for example, a two-week course of 

intravenous antibiotics, are being assessed. Without longitudinal data collected from 

diagnosis to at least school age, it is difficult to interpret the clinical significance of 

the parameters measured by the RVRTC. Repeated measurements, ideally through 

the pre-school years and leading to spirometry in school-age, are required to assess 

the natural history of the changes identified at or soon after diagnosis in infants with 

CF. FEVi in an older subject with CF is unlikely to be assessing the same airway 

generations as FBV0.4 in infants. In terms of wave-speed theory, even FBV0.4
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measured on two separate occasions in the same infant may be a function of several 

different choke points on each occasion.

7AAA  What would we like to have measured?

As infant lung function protocols are limited by the duration of sleep in sedated 

infants, it was not possible to include additional tests in our protocol. Measurements 

of FRC were attempted in some of the subjects recruited at the beginning of the 

study. As measurements of airway function were prioritised, FRC was measured after 

the RTC and RVRTC and was not found to be routinely feasible due to the limited 

duration of sleep available. Frequently, arousal from sleep was preceded by a period 

of active sleep making it difficult to determine EEL and resulting in infants waking 

during occlusions to the airway opening during plethysmographic measurements. 

Interpretation of FRC performed immediately after the RVRTC is difficult as it 

follows several augmented inflations and could be affected by gastric distension or 

by recruitment of lung volume, clearance of secretions or other effects of DI. It was 

decided not to persist in measuring FRC because of these factors. Future studies 

should attempt to assess FRC prior to measurements of forced expiration. By not 

performing the RTC, the duration of sleep available for remaining tests may make 

this feasible. New automated systems with on-line analysis may facilitate the 

performance of a more extensive range of tests on each occasion.

Measuring FRC could assist in the calculation of RV and other fi*actional lung 

volumes. Estimates of adult type fi-actional lung volumes have been shown recently 

to be feasible in 22 children (age: 3-120 weeks) using a combination of 

plethysmography to determine FRC and the RVRTC to determine FVC and the 

expiratory reserve volume (ERV) [199]. After an RVRTC manoeuvre the lung 

volume is assumed to have reached RV and the volume expired is the FVC. After a 

period of apnoea, spontaneous breathing resumes and the EEL rises until a stable 

EEL is re-established. The ERV is assumed to be the difference between RV (the 

lung volume at the end of the forced expiratory manoeuvre) and the volume at which 

the EEL is re-established (Figure 7-4). Therefore, the equations determining 1) RV 

and 2) TLC (an approximation) are:

1) RV = FRC -ERV 2) TLC = FVC + RV
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Ratios such as RV / TLC and FRC / TLC can then be expressed and used to 

determine whether a reduction in FVC is due to reduced lung volume or due to an 

increase in RV because of airway closure and gas trapping. Expression of 

measurements of forced expiratory flow in relation to TLC would permit flows at 

absolute lung volumes to be expressed and compared. This may enable comparison 

of forced expiratory flows derived from partial and raised volume manoeuvres but 

again would rely on the unlikely assumption that FRC and EEL remain constant 

throughout a test session despite the jacket compressions and augmented inflations.

Figure 7-4. Fractional iung volumes.
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Morris has also described a method of determining RV [203]. In this technique, 

augmented inflations were given to 8  infants in order to induce apnoea as for the 

RVRTC. Expiration was allowed to proceed passively and the jacket inflated late in 

expiration to force subsequent expiration to RV. A nitrogen washout procedure was 

performed at the end of forced expiration by allowing the infants to breathe 1 0 0 % O2 

while the jacket was still inflated, switching to air at the end of the wash-in, and 

determining RV during the wash-out as the subject breathed out. Both methods of 

measuring RV described here require validation and had not been reported at the 

outset of this study. Both could be incorporated easily into an airway function

214



protocol and consideration should be given to these techniques in future studies in 

order to identify the contribution of airway closure and reduced lung volume to the 

finding of diminished FVC in infants with CF.

7.5 Implications of findings of diminished airway function

Measurements of forced expired volume and flow from the RVRTC were diminished 

in many infants with CF. A reduction in FVC is most likely to be due to the result of 

small airway closure and hence an increase in RV in infants with CF, as is the case in 

subjects with asthma [174]. As discussed above, measuring RV would help to 

confirm this, as airway closure at increased lung volumes compared with controls 

would lead to gas trapping and an increase in RV. In obstructed patients, a slow 

expiratory manoeuvre rather than the FVC may give a better estimate of vital 

capacity and thus TLC. However, the slow VC manoeuvre is not possible in infants.

In adults and older children, airway obstruction is indicated by a reduction in the 

ratio of FEVt/FVC as FEVt is reduced disproportionately compared with FVC. 

Crudely, FEVt can be considered an index of airway narrowing and FVC of 

excessive airway narrowing leading to airway closure [174]. In a restrictive lung 

disorder, FVC and FEVt are reduced proportionately [325]. Figure 7-5 shows the 

relationship between FEV0.4/FVC expressed as a percentage and length according to 

disease status for the subjects described in 6.1.1. Using MLR, the mean (95% Cl) 

reduction in FEV0.4/FVC was 3.2 (-5.8, -0.62) % in infants with CF. Although 

statistically significant (p=0.015), such a small reduction is unlikely to be clinically 

significant and clearly does not confirm an obstructive process. Moreover, 

interpretation of this ratio in infancy is especially difficult due to the rapid increase in 

the forced expiratory time with age or length and the fact that FEV0.4/FVC is so close 

to unity in early life.
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Figure 7-5. The relationship of FEV0.4 1 FVC (%) with length according to
disease status
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FEV0.4/FVC is diminished in infants with CF but for the majority of CF infants the ratio 
remains within the normal range.

7.5.1 Role of inflammation

The primary cause of morbidity and mortality in patients with CF is progressive 

obstructive lung disease associated with infection and an intense neutrophilic 

inflammation. Inflammation has been identified in infants, some as young as four 

weeks of age [5; 15-17; 326]. Khan [5] performed BAL in 16 infants with CF (mean 

age: 6 months) diagnosed through neonatal screening and 22 disease control infants 

(mean age: 12 months) and found that neutrophil counts, activity of free neutrophil 

elastase, alphai-antiprotease-bound elastase inhibitor complexes and lL-8 were 

increased in infants with CF. In seven infants with CF cultures for bacteria, viruses 

and fungi were negative but markers of inflammation were still present although 

reduced. However, free neutrophil elastase was only identified in those infants with 

positive cultures. When the authors compared infants (n=l l )  who had a higher
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neutrophil count with those whose neutrophil count overlapped that of controls 

(n=5), the infants with higher neutrophil counts had significantly lower SaO: (92.8 

and 96.6% in those with higher and normal neutrophil counts respectively). Weight 

and respiratory rate were not significantly different between these two groups. 

Armstrong [17] performed BAL in 46 infants with CF (mean age: 2.4 months) who 

were newly diagnosed by neonatal screening and 13 control subjects. Infants without 

infection had BAL profiles comparable to those of control subjects while infants with 

a lower respiratory infection had evidence of airway inflammation (increase in 

inflammatory cells, IL-8 and fi*ee elastase activity). Paired annual BAL was 

performed in 44 subjects and showed that the development or persistence of infection 

was associated with an increase in inflammatory markers, and inflammation 

decreased in response to clearance of infection. This study suggested that airway 

inflammation occurs as a secondary response to infection. There may have been 

methodological reasons to explain the different conclusions between this study and 

that of Khan. In Armstrong’s study, BAL fluid was pooled fl*om both lungs but it was 

taken from a single lobe in that of Khan. The latter method may have identified 

generalised inflammation in response to local, undetected infection and therefore 

suggested inflammation in the absence of infection. Noah [327] found similar levels 

of IL-10 in infants with CF and controls despite elevated IL-8, suggesting that the 

anti-inflammatory response is inadequate in infants with CF. Whatever the primary 

pathology, infection or inflammation, pro-inflammatory cytokine production and 

imbalances between proteases and antiproteases, and between pro- and anti

inflammatory cytokines occur early in CF.

Inflammation could cause airway obstruction as a result of airway wall thickening, 

increased airway tone due to increased smooth muscle mass or due to attenuation of 

the airway-parenchymal tetherings, or obstruction secondary to intra-luminal mucus. 

The presence of diminished airway function in our subjects suggests that 

inflammation may already have led to structural changes in the airway wall and 

parenchyma and / or that airway mucus in the absence of structural changes has a 

marked effect on airway function at this age. The degree of tracking demonstrated by 

the longitudinal aspect of the study suggests that the former may be more likely as 

one would expect an improvement in airway function following the clearance or 

shifting of secretions after six months of treatment. Also, secretions were not
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clinically detected on auscultation in the infants with CF. This suggests that 

secretions were not present or, if present, remain undetected by standard clinical 

examination. The reversibility of the findings of diminished airway fimction in 

infants with CF will only be determined by following this cohort through until 

spirometry is possible.

There is potential, however, for the normal pattern of development to become 

modified as a response to injury. The complex processes involved in the repair of 

damaged airways are referred to collectively as remodelling [328]. The mechanisms 

of remodelling at different ages are unclear. However, remodelling can affect a 

number of important structural and fimctional elements of the airways including the 

epithelium, smooth muscle, extracellular matrix and mucus secretion [329]. Chronic 

airway inflammation, a feature of CF, is associated with structural changes in the 

airway wall and parenchyma which affect the fimctional properties of these tissues. 

However, there is little evidence currently available to confirm causality.

Current knowledge of remodelling in the airways of patients with CF is derived from 

studies conducted in adults. Changes have been identified in various components of 

the cartilaginous airway wall in patients with CF end-stage lung disease using 

structural morphometric analyses. Epithelial shedding was identified in almost one- 

third of the airway surface area in patients who underwent transplantation and the 

remaining respiratory epithelium was increased in height when compared to that of 

patients with chronic obstructive pulmonary disease [330]. Subepithelial fibrosis has 

been described in biopsy and lobectomy material in patients with CF [331]. An 

increase in both the inner airway wall area and smooth muscle area has been 

demonstrated. The thickening of the inner wall appears to be more marked in 

peripheral compared with central airways. There also appears to be a reduction in the 

cartilaginous component of the outer airway wall [330]. These changes in airway 

dimensions are likely to contribute to the severe airflow obstruction and to the 

increased bronchial responsiveness described in older subjects with CF [330]. In 

children it is unclear how the airways respond to inflammatory stimuli or how 

efficiently the developing airway undergoes repair. Since airway mechanics change 

with growth and development the functional consequences of airway remodelling are 

likely to be age dependent [62]. The lungs in CF are considered to be normal or
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nearly normal at birth. Thus, if remodelling occurs in the developing CF lung it is 

most likely to influence alveolar number, structure and size, but predominantly only 

structure and size of the airways and other tissues which develop earlier in gestation.

The RVRTC was used to test the lung function of newly diagnosed infants with CF 

and to identify lung function abnormalities even in infants without respiratory 

presentation or history of respiratory tract infection. This group of infants had a 

median age of 15 weeks at the time of testing and 4 of 12 infants had FEV0.4 less than 

-1.96 SD below the average value predicted for a healthy infant without CF. Overall, 

11 of 42 (26%) infants with CF in whom testing was successful had FEV0.4 < -1.96 

SD of that predicted. It would seem somewhat surprising that a technique that is 

considered relatively insensitive to peripheral ventilation inhomogeneities is able to 

detect differences in such a proportion of infants this early in the course of disease.

As inflammation continues and is exacerbated by infective episodes during early 

childhood [17; 324; 326], increasing lung function abnormalities might be expected 

in a greater proportion of subjects in later childhood when children are able to 

perform acceptable and repeatable measurements using spirometry. Ideally, subjects 

should be followed longitudinally from infancy to later childhood in order to make 

direct comparisons. This is being undertaken with the present cohort. Even so, it is 

clear that for the majority of school-age children with CF, lung function appears to be 

well preserved when spirometry is first performed [173]. In the study of Corey, the 

mean percent predicted FEVi at five years of age in subjects who survived beyond 15 

years of age (n = 180 males, 157 females) was 100%. Only those who subsequently 

died before 15 years of age (n =7 males, 18 females) had significantly diminished 

FEVi (84% predicted) at five years of age. Data from the first annual assessment of 

subjects (n =111) carried out between five and seven years of age (median 6.1 years) 

at the Royal Brompton Hospital show that mean (SD) FVC and FEVi were 102 

(22.0) percent predicted and 96.7 (23.3) percent predicted respectively (Dr A Bush, 

personal communication). Sixteen (14%) and twenty-five (23%) subjects had FVC or 

FEVi less than 80% predicted respectively, which is taken as being > 2 SD below the 

reference population. It is not possible to know whether these subjects had 

diminished lung function at an earlier age. What is worth considering is that when 

subjects with CF undertake their first spirometry, the proportion with diminished

219



airway function is no greater than that identified in this thesis despite continued 

inflammation and infection over several years. If these findings are real, there are a 

number of possible reasons for this:

• The development of the airways, lung and chest wall compliance mean that 

airways are more susceptible to closure or narrowing in infancy (due to airway 

secretions and inflammation of the mucosa, for example) than later in childhood 

and airway closure is more likely to be detected by forced expiratory manoeuvres 

performed during infancy.

The RVRTC affects what we are trying to measure in infants with CF more than 

spirometry in older subjects -  perhaps via the effect of DI as an infant receives 

several augmented inflations prior to forced expiration. This might increase the 

ability of the RVRTC to identify diminished airway function in those with CF but 

perhaps decrease the accuracy of the technique by demonstrating differences in 

response to DI rather than differences due to CF per se. The degree of response to 

DI and the severity of airway disease may not be related.

•  FEVo.4 in infants and FEVi in older subjects are measuring different things. As 

FEVo.4 is so close to FVC in infants it may be reflecting some element of airway 

closure or reduced lung volume, whereas, since FEVi is not as close to FVC in 

older subjects, this is no longer the case at school-age.

• Treatment improves lung function during early childhood by reducing infection- 

related inflammatory damage.

Data at first spirometry includes that of many subjects with a later diagnosis of 

CF who have better preserved lung function.

• Children at the Royal Brompton Hospital have milder CF than the group studied 

or are better treated.

Diminished airway function demonstrated in infancy is not the result of 

inflammatory damage alone but reflects the additional or alternative effect of 

some other mechanism which does not increase in severity or even improves 

during early childhood.
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• Many infants with CF were growth retarded when tested. Differences in body 

size did not account for the findings of diminished airway function in infants with 

CF. It is theoretically possible, however, that poor nutrition could have 

contributed to impaired postnatal lung growth and development at a time of rapid 

alvéolisation.

No evidence for causality is provided by the data in this thesis. However, the 

application of wave-speed theory, an understanding of the latest concepts of lung 

development and the results of measurements of airway function presented allow one 

to speculate on the possibility of an alternative or contributory role of undemutrition 

to the findings of diminished airway function in infants with CF. These are discussed 

in detail in the following sections with the aim of presenting an explanatory model 

for these findings and informing future studies.

7.5.2 Role of nutrition

There has been interest recently in the role of nutrition in the survival of patients with 
CF. In a study comparing the survival rates of two large centres in North America, there 

was a higher median survival rate among patients in Toronto than those in Boston which 
was considered to have been due to better nutrition in Toronto [332]. Recently, it has 
been shown that adults with CF with an ideal body weight greater than 85% had a better 

prognosis in terms of 5 year survival than those with ideal body weight less than or equal 

to 85% [333]. However, the effects of nutrition on the developing lung in infants with CF 

have not been studied previously.

Lipid, vitamin and micronutrient deficiencies are recognized in CF [334-336]. Lack of 

nutritional substrates during fetal and early neonatal life may impede cellular growth and 

differentiation, surfactant synthesis, inactivation of free radicals, connective tissue 

synthesis and post-injury repair [337]. Studies in animal models (predominantly the rat) 

highlight the potential role of nutrients in lung development. Several studies suggest that 

lipids, especially essential fatty acids, are crucial to early lung development in the rat 

[338-341] perhaps by deficiency delaying cytodifferentiation of epithelial cells and 

impairing surfactant production. [342-344]. Increased lung distensibility in rats has been 

linked to a defective synthesis or conformation of connective tissue [345] and vitamin E 

has an antioxidant role by preventing lipid peroxidation (lipid peroxidation is increased 

in CF) [346-349]. Selenium deficiency leads to lung growth retardation with alveolar
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septal attenuation [350]. ‘Nutritional emphysema’ has been induced in rats. This is not 

true emphysema as it is not characterized by destruction in the structural tissue of the 

lung but by the presence of alveolar enlargement and septal attenuation [351]. Starvation 
may amplify alveolar injury produced by elastase [352].

Recently, vitamin A has been highlighted as important in the control of elastin 

expression in the lung and thus the process (air-space septation) by which new alveoli 

are formed in the growing lung [353]. As this finding provides a specific mechanism for 

diminished airway function measured by forced expiratory manoeuvres, the role of 

elastin and then vitamin A in the growing lung are discussed in detail in the following 

sections.

7.5.2.1 Elastin and lung development

From wave-speed theory (see 2.4.4.1) it can be shown that:

Tube elastance {ôPtm /  SA) depends on the physical properties of the airway wall 

and the site of flow limitation

• Transmural pressure (Ptm) = Intra airway pressure -  pleural pressure

(Pib-Ppl)

= the difference between elastic recoil of 

the lung and resistive losses

Therefore, elastic recoil and airway-parenchymal interdependence are two important 

factors determining flow limitation, both of which are related to the elastic properties 

of the lung.

Elastin maintains the structural and functional integrity of the lung and is the primary 

elastic conferring protein in vertebrates and is therefore responsible for the property 

of elastic recoil in the terminal airspace compartments of the lung [354]. It is a 

complex insoluble structure composed of polymerised soluble monomers called 

tropoelastin, a microfibrillar scaffold and isodesmosine and desmosine cross-linking 

proteins. The human elastin gene is located on chromosome seven and tissue specific 

tropoelastin is produced depending on the splicing pattern of mRNA [355]. The 

pattern of elastin expression in the lung has been studied extensively in the mouse
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and rat lung model. After postnatal day four in the mouse model, elastin is 

predominantly expressed at the tips of developing alveolar septa where it is 

synthesised by septal myofibroblasts [356; 357]. Elastin appears to be a critical 

morphogenetic force in the process of alveogenesis [358]. In mice where 

myofibroblasts fail to form (platelet-derived growth factor-A-null mice), alveolar 

elastin expression is disrupted and the lung morphology is abnormal with shallow, 

dilated alveoli [356; 357] and Figure 7-6. Interfering with elastin synthesis by 

blocking the activity of the cross-linking enzyme lysyl oxidase also results in failed 

alvéolisation [359; 360]. Interestingly, treatments that suppress alvéolisation in 

neonatal rats such as hyperoxia and dexamethasone have been shown to suppress 

elastin expression in the alveolar wall [361; 362]. These studies show how elastin 

expression within alveolar septa is critically important in alvéolisation in the rat or 

murine model.
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Figure 7-6. Morphology of the elastin deficient lung.

ï:;

The panels show cross-sections of the lung parenchyma stained with H&E from 
elastin +/+ (A, C, E, G and I) and elastin null (B, D, F, H and J) mice lungs. There is 
no difference between elastin expressing and null-expressing mice at embryonic day 
18.5 (E l8.5). At birth (C and D) elastin -/- lungs are dilated, thin-walled and bullous- 
like. The difference (E and F) is more marked at postnatal age 12 hrs (P0.5). Higher 
magnification (G and H) shows that tissue septa are attenuated. The severity of the 
phenotype increases by P2.5 (I and J) [taken from Wendel et al. 2000 [363]].
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7.5.2 2 Vitamin A and lung development

Vitamin A is the term given to all biologically active retinoids. One of these, retinoic 

acid, alters gene expression by binding to two families of nuclear hormone receptors, 

the retinoic acid receptor (RAR) and the retinoid X receptor (RXR). These 

heterodimerize to form complexes which bind to DNA response elements, called 

retinoic acid response elements, in regulatory regions of downstream genes. A 

number of retinoic acid-responsive genes with roles in lung development are known. 

Vitamin A activates growth factor signalling pathways, regulates transcription factors 

important in expression of lung-specific genes, and enhances expression of Hox 

genes which are important patterning genes in development [353].

Studies have shown that retinoic acid is effective in promoting alvéolisation in 

neonatal rats [364], in adult rats with elastase-induced emphysema [365], in mice 

with a genetic defect involving impaired alveolar development [366] and ameliorates 

the decrease in alveolar number and volume density of gas exchange tissue that are 

induced by the postnatal administration of dexamethasone [364]. Recently, 

McGowan et al. identified a link between retinoids, alvéolisation and elastin 

expression [367] and a role for a particular subset of RARs in septal formation during 

normal development of the lung [368]. By inhibiting retinoid metabolism, the authors 

showed that elastin gene expression was vitamin A dependent and by studying mice 

with specific RAR gene deletions, identified diminished lung elastin and impaired 

alvéolisation (fewer, larger alveoli).

Intramuscular Vitamin A given three times a week for four weeks to 807 infants 

significantly decreased the risk of death and chronic lung disease in extremely low 

birth weight infants when compared with placebo. One additional infant survived 

without chronic lung disease for every 15 infants who were treated. Although the 

effect size was small, this study highlights the possible role of vitamin A during 

alveolar development in humans [369].

7.5 2.3 Experimental evidence for a reduction in lung elastic recoil

During the period of elastin accumulation in the postnatal rat, elastin increases almost 

three-fold and is associated with a doubling of lung elastic recoil [370]. 

Undemutrition affecting the phase of elastin accumulation during the neonatal period
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in the rat (the time of alvéolisation) is associated with a decrease in lung elastic recoil 

[371; 372]. In the latter study, Kalenga obtained deflation P-V curves in excised rat 

lungs following undemutrition and showed that the P-V curve was shifted upward 

and to the left but with the same slope as that of control rat lungs (i.e. although Cl 

was normal, the recoil pressure at a given lung volume was reduced). In weanling or 

adult rats, a reduction in elastic recoil has been observed when underfeeding was 

associated with a reduction in lung elastin concentration [373] or nutritional 

emphysema [374]. These findings show that in the rat model, undemutrition resulting 

in impaired elastin deposition in the lung is associated with a reduction in lung elastic 

recoil.

7.S.2.4 Nutritional impact on lung development in infants with CF

Deficiencies of fat-soluble vitamins are known to occur in many infants with CF at 

diagnosis and persistent deficiency is relatively common despite supplementation 

[375; 376]. These studies showed that biochemical evidence for deficiency of fat- 

soluble vitamins was common before three months of life in screened infants with 

CF. The authors evaluated prospectively the biochemical status of vitamins A, D and 

E in 127 infants identified over a thirteen year period by the Colorado screening 

program for CF and followed up for ten years. Deficiency of one or more vitamin 

was present in 46% of infants between four and eight weeks of age. Vitamin A 

deficiency (defined as serum retinol < 0.693 umol/L) was identified in 29% of infants 

at this age. Despite supplementation, 4.5% of children remained deficient in vitamin 

A at some point over the next ten years. Retinol has been associated with visual 

impairment in CF [377] and levels of retinoic acid, which was not measured in this 

study, would have given a better indication of deficiencies in lung-active vitamin A 

but these findings indicate that deficiencies are likely early in the course of CF. 

Meconium ileus is associated with poorer nutritional status [378], raising the 

possibility that the contribution of nutritional deficiencies to impaired elastogenesis 

and diminished airway function may be greatest in this phenotype of CF.

Independent associations have been identified between levels of vitamin A and E and 

percent predicted FEVi in healthy adult subjects [379]. The authors studied 1616 

subjects and using MLR found that those with higher levels of these vitamins had 

better lung function. Carr et al. identified a positive association between vitamin A
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levels and FEVi in 78 children with CF (mean [range] age: 11.9 [7 to 17] years) 

[335]. After accounting for age, clinical severity and sex using MLR, blood vitamin 

A levels on the day of lung function testing were significantly associated with FEVi 

percent predicted obtained by spirometry. FEVi increased by 0.06 % per pmol 

Vitamin A (see Figure 7-7). Although the coefficient of determination was small (r̂  

= 0.14), this study highlights a possible association between blood vitamin A levels 

and lung function in children with CF but a causal association, for which a 

longitudinal dose-response study design would be required, has yet to be 

demonstrated.

Figure 7-7. First measurement of FEVi plotted against plasma Vitamin A 
levels measured at school-age in subjects with CF
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As stated previously (see 7.3.4.4), elastic recoil may be reduced in CF. This could be 

due to impaired elastogenesis but also due to excessive destruction of elastin 

mediated by neutrophil elastase as part of the inflammatory process. This has been 

demonstrated in BPD where desmosine cross-link excretion (a marker of elastin 

degradation) in the urine was significantly greater in infants who subsequently 

developed this disease. However, reduced levels of these breakdown products of 

elastin were found in the urine after day nine of life which was attributed to
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nutritional deficiencies by the authors [380]. Both impaired elastin synthesis and 

destruction of the connective tissue framework are therefore considered to contribute 

to the impaired alveolar growth and airspace enlargement observed in lungs of 

infants with BPD.

Bruce studied urinary desmosines in 16 adult male subjects with CF, all of whom 

were infected with pseudomonas aeruginosa [381]. Patients with CF excreted 

significantly more desmosine in the urine than control subjects and the authors 

identified a significant correlation between urinary desmosine concentration and 

severity of CXR score. Stone measured desmosine and isodesmosine in the urine of 

18 patients with CF (age: 23 to 38 years), studied when clinically stable, none of 

whom had a history of smoking [64]. FEVi ranged from 24 to 78% of that predicted 

for age, sex and height and the mean percentage ideal body weight was 80%. These 

were compared with 10 healthy adult subjects who had never smoked. Mean 

desmosine and isodesmosine were respectively 3.2 and 2.7 times those for the 

healthy subjects and only two subjects with CF had values in the range for the 

controls. These measurements are only surrogate markers of the breakdown of lung 

elastin as these cross-linkages are not specific to lung elastin. However, the results of 

these studies suggest that proteolytic destruction of lung connective tissue is an 

ongoing process in the adult CF lung. As no studies have been performed in infants 

with CF it remains unclear what the relative contributions of impaired formation of 

elastin and its excessive proteolytic breakdown to lung structure are in this age 

group.

Early studies of pulmonary pathology confirm the possibility of impaired 

development of alveoli in CF. Esterly and Oppenheimer studied histological 

specimens from the lungs of 84 subjects with CF. Twenty-one of these subjects died 

during the neonatal period, 24 survived to six months and the remaining 39 cases 

survived up to 15 years of age [8]. Bronchiectasis and hypertrophy and hyperplasia 

of the submucosal glands were the most important features and were present in all 

those older than six months. The authors also reported a ‘dilational emphysema’ with 

shortening of the alveolar septa, decrease in the number of alveoli and loss of the 

normal cup-shaped appearance of alveoli. This non-destructive dilatation could be 

distinguished from air-trapping. Half of all such emphysema was noted in subjects
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less than six months of age. The authors were uncertain of the pathogenesis of these 

histological changes. Tomashefski studied the macroscopic morphometry of lungs 

obtained at post-mortem from 17 adult patients with CF and five adult controls who 

died from non-pulmonary causes [47]. In this study, two distinct types of emphysema 

were identified in the CF lungs. The first was most prominent around centroacinar 

bronchiolitic scars and appeared to be related to bronchiolectasis. The second was 

identified even in grossly normal areas of the lung and was associated with dilated 

alveoli with simplified shortened septa. These observations led the authors to 

consider alveolar hypoplasia as contributing to their additional finding of a reduced 

proportion of lobar volume occupied by lung parenchyma in those with CF. Sobonya 

studied the lungs of nine patients with CF (age: 6 months to 27 years) [382]. 

Bronchiectasis and bronchiolectasis were the predominant lesions identified. 

However, alveolar dilatation was also noted in the children and younger teenagers 

with CF. As this was present in the absence of histological evidence of tissue 

destruction the authors postulated a non-destructive aetiology. Emphysema in older 

subjects was mild and not associated with alveolar dilatation. These studies indicate 

that poorly understood abnormalities of alveolar morphometry which could be due to 

impaired developmental elastogenesis and airspace septation were present in the 

lungs of those dying from CF.

The importance of nutrition is well recognised in the modem management of CF. If 

developmental abnormalities are present early in infancy it is possible that improved 

nutrition post-diagnosis may minimise or even reverse impaired alveolar growth such 

that the contribution of this mechanism to diminished forced expiratory flows 

measured at school age or beyond is small. The ratio of RV / TLC appears to 

correlate with clinical severity in CF [176; 383; 384] suggesting that airway 

obstruction and gas trapping are much more important mechanisms in older subjects 

with CF. However, there are no recent studies available to confirm these findings.

Only ten of 158 patients with CF were identified as having evidence of restrictive 

lung disease in one study. Restrictive lung disease was defined as vital capacity less 

than 75% predicted, TLC less than 80% predicted or less than 85% predicted if there 

was evidence of airflow obstmction. The presence of a TLC less than 85% in the 

presence of airflow obstmction was considered abnormally low in CF even though
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such a TLC would be within the normal range of a healthy population. By 

characterising the clinical, radiographic and lung function features of the subjects 

with restricted lung disease, the authors showed that a restrictive lung pattern was not 

associated with severe disease [385].

In the absence of an available technique to assess a reduction in alveolar surface area, 

measuring diffusion capacity of the lung for carbon monoxide in infants with CF 

might be useful. However, this technique is difficult to perform in infants, and is also 

affected by the distribution of diffusion properties, thickness of the blood-gas 

interface (by Pick’s law) and volume of capillary blood. Airway obstruction can 

result in an overestimation of diffusion when using this method in subjects with CF 

as maximal inspiration against obstructed airways requires abnormally negative 

intrathoracic pressures, increasing the pulmonary capillary blood volume [386; 387]. 

As properties other than diffusion are also being assessed, the term ‘transfer factor’ is 

often used. Studies indicate that the transfer factor falls with increasing clinical 

severity of CF pulmonary disease [388; 389] and is reduced in subjects with 

advanced lung disease whose arterial oxygen saturation falls as a result of exercise 

[390]. Although these reductions in severe and end-stage disease are secondary to 

ongoing inflammatory damage, the findings suggest that if developmental 

abnormalities in infancy persist until later life, they may compound the reductions in 

diffusing capacity noticed in subjects with advanced CF lung disease.

Newer techniques such as MBW [391] which calculate the differences between phase 

three washout slopes using gases of different diffusivities (e.g. sulphur hexafluoride 

and helium) may be able to determine intra-acinar pathology in infants with CF. Such 

techniques have been adapted recently for use in infants. Since the magnitude of the 

slope for sulphur hexafluoride minus the slope for helium is related to acinar 

branching asymmetry [392], a reduction in acinar complexity related to impaired 

alveolar development is likely to result in a reduction in this difference. Under such 

conditions, the slope for helium may be greater than that for sulphur hexafluoride and 

the difference could therefore reach a negative value (an inverse of the relationship 

found in health). As pre-acinar damage also renders the difference in slopes negative, 

however, it may not be possible to discriminate impaired intra-acinar alveolar
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development from pre-acinar scarring or damage secondary to inflammation and 

remodelling using this technique.

7.5.3 Model of pathology leading to early airway function abnormaiities 

in infants with CF

Although many of the studies described above were conducted in rodents and may 

not therefore be directly relevant to alveogenesis in humans, the functional, 

nutritional and pathological evidence presented permits the pathophysiology of 

airway function abnormalities in infants with CF to be modelled. It is postulated that 

postnatal nutritional deficiencies in CF contribute to early functional abnormalities 

resulting from airway inflammation. The contribution of this mechanism may be 

greatest in those likely to be more undernourished such as infants presenting with 

meconium ileus. A specific pathway for nutritional impairment could be a result of 

vitamin A deficiency. This could lead to impaired developmental elastogenesis 

resulting in a reduction in the elastic recoil of the lung and impaired alvéolisation. 

The former would cause a reduction in forced expiratory flows and the latter could 

cause a ‘nutritional emphysema’ and a restrictive lung pattern. Improved nutrition 

during the first years of life may result in elastin deposition in the lung and neo- 

alveolisation such that the effect of this mechanism is diminished or reduced by 

school-age. The longitudinal component of this study suggests that catch-up in 

airway function may not occur after six months of improved nutrition but it should be 

recalled that the infants with CF had not caught-up in terms of body size either by the 

second lung function test (see 6.1.1.3) which suggests that nutritional status was still 

inadequate in these subjects. Continued impairment into the school years could 

contribute to reduced forced expiratory flows measured using spirometry. However, 

diminished alveolar number and surface area are unlikely to have physiological 

implications until late or end-stage pulmonary disease occurs, when the transfer 

factor begins to fall due to destructive emphysema and chronic parenchymal damage 

as a result of unremitting chronic pulmonary inflammation. This model is 

summarised in Figure 7-8.
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Figure 7-8. Model of pathogenesis of early lung function abnormalities 
In Infants with CF
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7.5.4 Future directions

A number of hypotheses have been generated by the discussion outlined above. In 

the absence of a technique with which to measure alveolar surface area and test the 

model, there are still methods currently available to test some of these hypotheses:
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• Is elastin turnover increased in infants with CF?

A longitudinal study design is required in which elastin breakdown products are 

measured in the urine of affected infants and controls.

• How is nutritional status, especially vitamin A, associated with airway 

function in infancy?

Future studies should aim to measure fat-soluble vitamins at diagnosis and 

longitudinally during infancy in order to assess the association of vitamin status and 

airway function. Repeating these measurements in a population identified by 

neonatal screening would provide insight into improved nutritional status with early 

diagnosis and any possible reduction in the number of infants with diminished airway 

function following early supplementation.

• Does gas trapping occur and can this be assessed by measuring the RV / 

TLC ratio?

Future studies of airway function in infancy should aim to measure fractional lung 

volumes in order to assess the extent of gas trapping in infants with CF as a marker 

of obstructive lung disease.

An assessment of gas trapping could be made by using both plethysmography and 

gas washout techniques to measure FRC in healthy infants and those with CF. As 

trapped gas is measured plethysmographically and not by washout, the difference in 

FRC between the two techniques may provide an indication of gas trapping 

secondary to airway obstruction.

7.6 Conclusions and summary

This study indicates that the RVRTC may be a suitable tool with which to monitor 

airway function longitudinally in infants with CF but it is certainly not an ideal tool. 

The technique needs to be standardised so that it can be performed more widely and 

the measurements compared between centres. Other tools such as inert gas washout 

to assess ventilation inhomogeneity need to be evaluated in this age group. New and 

currently available radiological techniques such as computerised tomography (CT) 

may also help to integrate the functional and anatomical relationships of early lung
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disease in CF and add to our understanding of the early pathogenesis of this disease. 

An approach where CT and augmented inflations are combined may identify gas 

trapping in children with CF.

The findings of this study indicate that in many infants with CF the early 

pathogenesis of pulmonary disease is severe enough to result in diminished airway 

function. Diminished airway function appears to persist despite treatment in 

specialist centres although it is possible that treatment prevents deterioration in lung 

function. Although currently available infant lung function tests are considered to be 

relatively insensitive tools, the RVRTC was able to identify diminished airway 

function soon after diagnosis and even in those with no clinical evidence of prior 

LRI. New therapeutic interventions are being developed for CF [393] and are likely 

to be implemented in the next ten years. The RVRTC was better at identifying 

diminished airway function than the RTC in infants with CF. This has implications 

for the choice of outcome measures used in trials of such novel therapeutic 

interventions.

The current message to the specialist in the management of CF is that lung function 

abnormalities may be present in the absence of any concern over the respiratory 

status of the infant. It is important, however, to state that the longer term implications 

of these findings are unknown. We aim to follow-up this cohort until school-age in 

order to determine the natural history of diminished airway function identified in 

infancy. There is insufficient evidence currently to recommend that the management 

of infants with CF be altered in the face of early functional abnormalities. There is no 

evidence that a more aggressive approach to treatment of infections at this age, for 

example, will have any impact on disease progression, let alone lung function, in 

later life. Thus, infant lung function tests should currently remain a research tool in 

CF, even though a few centres in the United States and Europe now perform lung 

function tests routinely during infancy.

Diminished airway function soon after diagnosis could be a marker of uncontrolled 

inflammation, infection, airway mucus and undemutrition. The longitudinal progress 

of the lung function findings in the cohort of infants with CF studied in this thesis 

will determine their implication to parents and those affected with CF and the various 

specialists who constitute the CF multidisciplinary team.
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9 Appendices

Appendix One

Parent Information letter

Recruitment form for infants with CF

Recruitment form for those infants with CF not recruited

Consent form

Study questionnaire

All background data was recorded on the study questionnaire 

CFola kit

This lists the 31 CF genes detected by the kit 

Consultant assessment of clinical status

This form was used by consultants to assess the clinical status of the infants with CF
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ASSESSMENT OF LUNG FUNCTION IN INFANTS WITH CYSTIC FIBROSIS 

Information fo r  Parents o f babies with Cystic Fibrosis 

What is the aim of this research?

We are aiming to measure lung function in babies with cystic fibrosis so that we can understand 

how lung disease develops in early life. We can then use this information to decide which 

treatments work best in these young children. Since cystic fibrosis is a relatively rare disease, 

many hospitals are now working together, so that we can find answers to these important medical 

questions more quickly.

Why is the study being done?

Some babies with cystic fibrosis have chest problems from a very early age whereas others only 

develop such difficulties later in life. We are hoping to develop better ways of caring for babies 

with cystic fibrosis by carrying out special breathing tests. These will help us to understand and 

monitor the growth and development of their lungs, know when changes in the lungs occur, and 

find out whether there is any improvement when certain treatments are given.

What does this involve for my baby?

We would like to measure breathing patterns in your baby on two occasions about 6 months apart. 

These tests are safe and painless, and you can stay with your child throughout. Since these special 

tests can only be performed at Great Ormond St Hospital, one of the research team will contact 

you to arrange a suitable time for you to take your baby there. All travel expenses will be refunded 

and a taxi can be arranged if necessary.

Unlike older children and adults who can co-operate with breathing tests, babies need to be asleep 

for the tests to be performed. As babies do not usually fall asleep for very long during the day, a 

mild sedative syrup (chloral hydrate or triclofos sodium) is used which leads to a short natural 

sleep. This medicine is given regularly and has been used for breathing tests in healthy and sick 

babies on thousands of occasions for more than 20 years. Your baby will be able to have a feed at 

the hospital before the tests, and eat and drink normally as soon as he/she wakes up.

During the breathing tests your baby lies in a special cot which looks like an incubator and, once 

asleep, we place a small transparent face mask attached to some recording equipment over the
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nose and mouth to measure how much air goes in and out of the lungs with each breath. We then 

wrap a small jacket (rather like a miniature life jacket) around the chest and tummy which can be 

inflated from time to time to encourage your baby to breathe out as fast as possible. This allows 

us to measure how big the airways are.

None of these tests upset the babies, who usually sleep through all the measurements. The tests 

usually take about an hour to complete, but the time taken to fall asleep varies a lot, so you should 

allow about 3 hours for the visit, which includes an examination by a special research doctor, and 

answering some health questions.

Are there any risks or discomfort for my baby?

Since we can only perform the breathing tests while babies are sleeping quietly, we make sure that 

they remain comfortable at all times. The only time when they are likely to object is while they 

are being given the spoonful of syrup (which has a slightly bitter taste), and when we are 

measuring them to see how tall they are. While the medicine is wearing off which may take a few 

hours, your baby may be rather sleepy. We therefore advise that you do not leave him or her alone 

in case s/he falls over. You will be given the name and telephone number of a doctor or nurse 

whom you can contact should you have any concerns once you are back home after tests.

Who will this help?

Because many of these tests are so new, the results may not be of immediate benefit to your own 

child. The results of this research project will, however, help us in the future to measure how well 

the lungs are working in babies with cystic fibrosis. In this way we hope to learn which types of 

treatment are most effective in preventing lung damage during early life in these infants.

Do we have to take part in this research?

Taking part in this project is entirely your decision and you can also decide to stop taking part at 

any time later on. Whatever you decide, this will not affect the quality of medical and nursing care 

that your child will receive.
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What will happen to the information we provide?

This will be treated in strict confidence and will only be used in a way that will not allow your 

baby to be identified.

Who can I talk to about this research?

The consultant that you have been speaking to is a specialist in Cystic Fibrosis, who is part of the 

research team. You will have a further opportunity to discuss issues with Dr Sarath Ranganathan, 

the researcher who will be performing the breathing tests, either when he phones you to make an 

appointment, or on the day of the tests at Great Ormond St. Hospital for Children, before any 

measurements are made. If you would like further information before this time. Dr Ranganathan 

can be contacted on 0171 405 9200 on extension 0405.

Who do I speak to if problems arise?

If you do have any complaints about the way this research project has been or is being conducted, 

please discuss them with the researcher in the first instance. However, if problems are not 

resolved or you wish to comment in any other way, please contact the Chairman of the Research 

Ethics Committee by post via the Research and Development, Institute of Child Health, 30 

Guilford Street, London WCIN lEH or, if urgent, by telephone on 0171 242 9879 extension 2620 

where the Committee Administration will put you in contact with him.

This project has been approved by an independent research ethics committee who believe that it is 

of minimal risk to your child. However, research can carry unforeseen risks and we want you to 

be informed of your rights in the unlikely event that any harm should occur as a result of taking 

part in this study.

This research is covered by a no-fault compensation scheme which may apply in the event of any 

significant harm resulting to your child from involvement in the study. Under this scheme it 

would not be necessary for you to prove fault. You also have the right to claim damages in a court 

of law. This would require you to prove fault on the part of the Hospital/Institute and/or any 

manufacturer involved.



T h e  L o n d o n  C o l l a b o r a t i v e  C F  S t u d y  

R e c r u i t m e n t  f o r m

Infant's first name 

Collaborating Consultant 

Current Location of child

Surname

Hospital

Sex Date of Birth Date of diagnosis

Name of local consultant Local hospital

Mode of presentation
Asymptomatic 
Meconium ileus 
Failure to thrive/malabsorption 
Recurrent chest infections 
Prolonged jaundice

Biochemical abnormalities
Rectal prolapse
Family history
Screening
Other

Sweat test 

Mother's first name 

Father's first name 

Tel numbers

Pos/Neg /awaited Genotype

Surname

Surname

Address where 
child lives

Microbiology 

Date of any surgery 

Hospital Number 

Comments:

Date of CXR

Provisional discharge date 

Date of recruitment
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T h e  L o n d o n  C o l l a b o r a t i v e  C F  S t u d y  

( F o r m  f o r  a n y  n e w l y - d i a g n o s e d  c h i l d  n o t  r e c r u i t e d  t o  s t u d y )

Child’s first name Surname

Date

Collaborating consultant Hospital

Sex Date of Birth Date of diagnosis

Hospital number

Mode of presentation
Asymptomatic Biochemical abnormalities

Meconium ileus Rectal prolapse

Failure to thrive/malabsorption Family history

Recurrent chest infections Screening

Prolonged jaundice Other

Sweat test result Genotype

Reason for ineligibility

Aged > 2 years at presentation 

Co-existing disease

Please specify

No parental consent

Adverse social circumstances

Parents objected to participating in a research study

Parents objected to sedation

Other
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G / e a t  O n n o j i c i  S h e e t  1-Iospilal for CJiilcIren K l i S  'Iriist and Institute o f  
C h i l d  H e a l t h  R e s e a r c h  E t h i c s  C o m m i t t e e

Consent Form for PA R EN TS OR GUARDIANS  
of Ciiilclren Participating in Research Studies

Title: TJie L ondon Collaborative Cystic Fibrosis Study (LCCFS) of rcspinitoiy  function 
and  clinical status in infancy

NOTES FOR PARENTS OR GUARDIANS

]. Your child has been asked to take part in a research study. The person organising that study 
is responsible for explaining the project to you before you give consent.

2. Please ask the researcher any questions you may have about this project, before you decide 
whether you wish to  participate.

3. I f  you decide, now or at any other stage, that you do not wish your child to participate in the 
research project, that is entirely your right, and if your child is a patient it will not in any way 
prejudice any present or future treatment.

4. You will be given an information sheet which describes the research project. This 
information slieet is for you to keep and refer to. Plecise read it carefully.

5. I f  you have any complaints about the way in which this research project has been or is being 
conducted, please, in the nrst instance, discuss them with the researcher. If the problems are 
not resolved, or you vrish to comment in any other way, please contact the Chairman of tne 
Research Ethics Committee, by post via The Research and Development Ofnce, Institute o f 
Child Health, 30 Guilford Street, London W C lN  lEH  or if urgent, by telephone on 0171 
242 9789 ext 2620 and the committee administration will put you in contact with him.

CONSENT

lAYe , being the parent(s)/guardian(s) of

______________________________ agree that the Research Project named above has been

■explained to me to my/our satisfaction, and I/We give permission for our child to take part 

in this study. I/We have read both the notes written above and the Information Sheet 

provided, and understand what the research study involves.

SIGNED (Parent (s)/Guardinn (s) ) DATE

SIGNED (Researcher) DATE



Study Number:

Questionnaire for the LCCFS

Information at Recruitment

Baby's name:

Sex Male Female 

Mother's name 

Father's name 

Child’s address

Date of Birth

Telephone number 

or

note

note

Recruiting Consultant
Dr C Wallis/Dr R Dinwiddle 
Dr Andrew Bush 
Professor John Price 
Dr John Stroobant 
Dr Siobhan Carr

Source of recruitment
GOS
Brompton
King's
Lewisham
London

NHS number 

Hospital number

Date of Diagnosis Date of recruitment

Genotype 
(if and when 
known)

Mutation one Mutation two



Study Number:

Presentation

Mode(s) of Presentation
Asymptomatic
Meconium ileus
Failure to thrive/malabsorption
Recurrent chest infections
Recurrent wheezy episodes
Prolonged jaundice
Biochemical abnormalities
Rectal Prolapse
Antenatal bowel pathology
Family history
Screening

Sweat Test Result
Positive 
Negative 
Borderline 
Not done

pH study performed

HAL ever performed

Yes No

Yes No

If Yes -  date and result

If Yes -  date and result

Has a CXR been taken at recruiting centre? Yes No Not sure

Date of last CXR prior to discharge:



Study Number:

Information From Parent at First Visit Only

GP's name 

Practice address Practice tel no:

Birth weight Gestational age weeks | | days

Significant neonatal history (if admitted for special care document reason)

Was your baby ventilated? | | No IPPV CPAP for

Does anyone in your family have cystic fibrosis?

Family history of atopy: Have any of the people below been diagnosed with the 
following by a doctor?

Mother Father
Asthma
Wheezing
Eczema

Sister Brother Half-sibling

days

None Mother Brother Grandfather Niece
Father Half-sibling Aunt Nephew
Sister Grandmother Uncle Cousin

Mother’s smoking during pregnancy: Did you smoke during your pregnancy?

Number of cigarettes per day
Not at all 
Yes
Unknown

Current smoking History

Does mother smoke now? No Yes

Number of smokers living in the same house as the infant (excluding mother) 

Has your baby been exposed to cigarette smoke in the past 24hrs? ____  No

cigarettes a day

smoker(s)

Yes



Study Number:

Mother's most recent job (title/description):

(For later coding)

Father's current job (title/description) 

(For later coding)

Mother's ethnic origin Father's ethnic origin

White White
Black-Caribbean Black-Caribbean
Black-African Black-African
Black-other Black-other
Indian Indian
Pakistani Pakistani
Bangladeshi Bangladeshi
Oriental Oriental

Are there any reasons for exclusion from study?

Does your child have any other congenital disease? Yes No

If so, what is the other
problem?

Has a doctor diagnosed upper airway Yes No Not
obstruction in your child? sure

Date and type of any operations prior to 
test occasion 1



Study Number:

Information From Parent at First Visit

How often has your child coughed and has he wheezed in the last 7 days?

Occasion 1
None With physio only Not just with physio, but not daily Daily

Yes No Don’t Know

Medications Occasion 1: Tick all current medications

Pulmonary Yes No
Antibiotics -  oral (not quinolones)
Antibiotics -  inhaled
Corticosteroids
Bronchodilators
Oxygen

Nutritional Yes No
Pancreatic enzymes
H2 Blockers
Motility agents
Vitamin supplements

Intermittent additional home therapy

For each parameter record number of courses and name of drug if applicable received since diagnosis or 
last test

Occasion 1
Inhaled antibiotics

None 
Oral antibiotics Oxygen

How often is physiotherapy given?

Occasion 1 not at all once a day times a day



Study Number:

Hospital admissions since birth, the following information is required for 
each:
Date of admission; reason for admission; date of discharge; whether in-patient treatment for a 
respiratory infection included I/V antibiotics

Date of 
admission

Reason for admission Date of discharge IV antibiotics given 
for chest

Number of 
admissions for 
respiratory 
illnesses before 
occasion 1

Number of 
courses of IV 
antibiotics for 
respiratory 
illnesses before 
occasion 1

Has your child had bronchiolitis? Yes No Ever admitted because of this? Yes No

Has your child ever been prescribed a bronchodilator ? Yes No

Has your child had a bronchodilator in the last 12 hours? Yes No

Hours since bronchodilator given Occ 1

Has your child had a cold in the last 3 weeks?

URTI in last 3 weeks No
Yes but asymptomatic for 
Yes and still symptomatic

days



Study Number:

Information derived from Examination

Physical examination at time of test

Occasion 1 
Respiratory rate

Wheezes

Post sedation 
Respiratory rate

Yes / No

bpm

bpm SaOz % Mean HR

Crackles Yes / No

SaOz % Mean HR

Anthropometry

Occ 1 
Weight

OFC

kg

cm

Crown-heel length 

Chest circumference

I I c m

Z1 cm

Has urine been collected? 
Has saliva been collected?

1 bottle 2 bottles No
Yes No

Information From Parent After Test via Symptom Diary

For Symptoms over next 7 days 

Occasion 1
Cough
Wheeze
Breathless

None 1-3 days per vyeek > 3 days per week
None 1-3 days per week > 3 days per week
None 1-3 days per week > 3 days per week

Compared to pre test BetterBetter Worse Same Not Sure



Study Number:

Information From Parent at Second Visit

How often has your child coughed and has he wheezed in the last 7 days?

Occasion 2
None With physio only Not just with physio, but not daily Daily

Yes No Don’t Know

Medications Occasion 2: Tick all current medications

Pulmonary Yes No
Antibiotics -  oral (not quinolones)
Antibiotics -  inhaled
Corticosteroids
Bronchodilators
Oxygen

Nutritional Yes No
Pancreatic enzymes
H2 Blockers
Motility agents
Vitamin supplements

Intermittent additional home therapy

For each parameter record number of courses and name of drug if applicable received since diagnosis or 
last test

Occasion 1
Inhaled antibiotics

None 
Oral antibiotics Oxygen

How often is physiotherapy given?

Occasion 2 not at all once a day times a day



study Number:

Hospital admissions since the previous visit, the following information is 
required for each:
Date of admission; reason for admission; date of discharge; whether in-patient treatment for a 
respiratory infection included I/V antibiotics

Date of 
admission

Reason for admission Date of discharge IV antibiotics given 
for chest

Number of 
admissions for 
respiratory 
illnesses before 
occasion 2

Number of 
courses of IV 
antibiotics for 
respiratory 
illnesses before 
occasion 2

Has your child had bronchiolitis? Yes No Ever admitted because of this? Yes No

Has your child ever been prescribed a bronchodilator ? Yes No

Has your child had a bronchodilator in the last 12 hours? Yes No

Hours since bronchodilator given Occ 2

Has your child had a cold in the last 3 weeks?

URTI in last 3 weeks No
Yes but asymptomatic for 
Yes and still symptomatic

days

Date and type of any operations since 
occasion 1



study Number:

Information derived from Examination

Physical examination at time of test

Occasion 2 
Respiratory rate

Wheezes Yes / No

Post sedation 
Respiratory rate bpm

bpm SaOz % Mean HR

Crackles Yes / No

SaOz % Mean HR

Anthropometry

Occ 2 
Weight

OFC

kg

cm

Crown-heel length 

Chest circumference

□ cm

cm

Has urine been collected? 1 bottle 2 bottles No
Has saliva been collected? yes no

Current smoking History

Does mother smoke now? No Yes

Number of smokers living in the same house as the infant (excluding mother) 

Has your baby been exposed to cigarette smoke in the past 24hrs? ____  No

cigarettes a day

smoker(s)

Yes

Information From Parent After Test via Symptom Diary

For Symptoms over next 7 days 

Occasion 2
Cough
Wheeze
Breathless

None 1-3 days per week > 3 days per week
None 1-3 days per week > 3 days per week
None 1-3 days per week > 3 days per week

Compared to pre test BetterBetter Worse Same Not Sure



Study Number:

Microbiology from cough swabs (tick all positive cultures identified from birth to first 
test for occasion one, and occasion one to second test for occasion two)_____________

Organism:
Pseudomonas aeruginosa NMuc 
Pseudomonas aeruginosa Muc 
Staphylococcus aureus 
Haemophilus influenzae 
Burkholderia cepacia 
No growth / Normal flora 
Cough swab taken?

Occ 1 Occ 2

yes no

E. coli 
Aspergillus
S. maltophilia 
Streptococcus pneumoniae 
MRSA

Dec 1 Occ 2

Sedation Used For Testing

Sedation Chloral hydrate Triclofos sodium
Occ 1 Occ 2 Occ 1 Occ 2

Total (mg)

Dose (mg/kg)

Route



Study Number:

Additional Information Recorded by Investigator

Age o f  testing

D ate o f  occasion 1 M onths since  
diagnosis

M onth  o f  next 
test

D ate o f  B irth A ge (w eeks) occ 1

B arom etric pressure  
Barom etric pressure

Date o f  occasion  2

Age (w eeks) occ 2

mbar
mbar

Face m ask m ake and size
RB size 0 
RB size 1 
RB size 2

O perators
ID 
AFH 
SR 
RAC 
SL 
SD 
IG

PNT size O ccasion 1 O ccasion 2

Fleisch 0 1 0 1
Hans Rudolf 0-35 0-100 0-160 0-35 0-10 0 0-160
Jaeger 1 2 1 2

(T ick box if  data obtained and if  acceptable. If unacceptable, record w hy.)

Test O ccasion 1 D ata acceptable? O ccasion 2 D ata acceptable?

Tidal

Passive
m echanics

RTC

Jacket
T ransm ission

RV-RTC

Lung volum e



Table describing the 31 potential mutations in the CFTR gene that are screened 
using the CFola Cystic Fibrosis Assay.

Mutation Location Nucleotide Predicted Effect

AF508 Exon 10 3-bp deletion Deletion of Phe-508
AI507 Exon 10 3-bp deletion Deletion of IIe-507 or -506
Q493X Exon 10 C-1609^1 Gln-493->Stop
V520F Exon 10 G-1690->T Val-520^Phe
1717-1G->A Intron 10 G-1717-1->A 3’-Splice site mutation
G542X Exon 11 G-1756^T Gly-542—>Stop
G551D Exon 11 G-1784->A Gly-551->Asp
R553X Exon 11 C-1789->T Arg-553->Stop
R560T Exon 11 G-1811^C Arg-560^Thr
S549R Exon 11 T-1779^G Ser-549->Arg
S549N Exon 11 G-1778->A Ser-549->Asn
3849+lOkbC^T Intron 19 C-3849+lOkb^T Splice mutation
3849+4A^G Intron 19 A-3849+4^G Splice mutation
R1162X Exon 19 C-3616->T Arg-1162->Stop
3659delC Exon 19 1-bp deletion Frameshift
W1282X Exon 20 G-3978-»A Trp-1282—>Stop
3905insT Exon 20 1-bp deletion Frameshift
N1303K Exon 21 C-4071->G Asn-1303-Lys
G85E Exon 3 G-386-^A Gly-85^Glu
621+lG ^T Intron 4 G-621+l^T 5’-Splice site mutation
R117H Exon 4 G-482^A Arg-117^His
Y122X Exon 4 T-498-+A Tyr-122->Stop
711+lG^T Intron 5 G-711+1T 5’-Splice site mutation
1078delT Exon 7 1-bp deletion Frameshift
R347P Exon 7 G-1172^C Arg-347^Pro
R347H Exon 7 G-1172->A Arg-347^His
R334W Exon 7 C-1132->T Arg-334-^Trp
A455E Exon 9 C1496->A Ala-455^G lu
1898+lG-^A Intron 12 G-1898+l^A 5’-Splice site mutation
2183AA^G Exon 13 Deletion A-2184 

and A-2183—̂G
Frameshift

2789+5G->A Intron 14b G-2789+5^A Splice mutation
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Assessment of Clinical Status by Collaborating Consultant in the LCCFS

For each child, at the time of recruitment and prior to 2"̂  lung function assessment, please 
till in this form and post on each occasion to:

Dr Janet Stocks
Consultant Status Form
Portex Unit
Level 6 Cardiac W ing
Great Ormond Street Hospital
Great Ormond Street
London
W CIN 3JH

General Details

Child’s First Name: 

DOB:

Assessing Physician:

Surname:

Date of assessment: 

Collaborating Centre:

General Overall Status (tick 
one)

Respiratory Status (tick one) Nutritional Status (tick one)

Normal status, 
No abnormality

Normal status. Normal status.

Mildly abnormal Mildly abnormal Mildly abnormal

Moderately abnormal Moderately abnormal Moderately abnormal

Severely abnormal, 
Very poor

PLEASE TICK ONE (2"** test only) 
Overall over last 6/12:
BETTER / W ORSE / SAME

Severely abnormal. 
Very poor

Severely abnormal.
Very poor

Pancreatic sufficient ^ ^

Pancreatic insufficient | [
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Appendix Two 

Key to multi-level prediction models and models describing longitudinal 
associations of airway function

Table 9-1. Key to multi-level prediction models

Parameter Explanation

Const Constant in model

t_ch_lij Length incorporating the î  ̂ level (test number) and level 

(individual infants)

femalej Categorical variable at the level. Male=0, female=l

smokingj Categorical variable at the level. Not exposed to maternal 

smoking =0, exposed to maternal smoking=l

Po Coefficient of constant

Pi Coefficient of slope of log airway function vs length

Moj Variance of intercept at level

Variance of slope at level

IGLS Iterative generalised least squares method used to assess 

-2*loglikelihood

-2*loglikelihood Used in model building to assess model fit but not 

incorporated into final models where variance at the î  ̂ level 

is not assessed
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Figure 9-1. Longitudinal associations of FVC with length, cystic fibrosis,
female and exposure to smoking

logfvĉ . ~ Q)
logfvCÿ =^QjConst + j0iyt_ch_lÿ + -0.2250123(0.0523332)cÇ 

^1.7458220(0.2295701) +u^.
^0.0570604(0.0031928) +u^.

“ 0/ ~N(0, Q j  : Q^ = 3.2768770(0.5871644)

.“ ij. -0.0454717(0.0081819) 0.0006397(0.0001148)

-2 "^loglikelihood(IGLS) : numerical error calculating likelihood

Figure 9-2. Longitudinal associations of FEV0.4 with length, cystic 
fibrosis, female and exposure to smoking

lnfev04bj^ ~  N(ZB, Q)

lnfev04bÿ = const + + -0.2478227(0.0632669)cÇ 4 -

0.1275158(0.0635497)female^ 

^2.1508960(0.2686188) ^u^^
=0.0463766(0.0036192) +u^^

~N (0, Q j  : Q„ = 4.5783930(0.8096045)

“ iJ. -0.0620786(0.0110194) 0.0008540(0.0001510)

-2 Hoglikelikood(IGLS) : numerical error calculating likelihood
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Figure 9-3. Longitudinal associations of FEVo s with length, cystic
fibrosis, female and exposure to smoking

logfevSy ~  N ( ^ ,  Q )

logfev5y = ̂ QyConst + j0ijt_ch_l,^ +-0.2602232(0.0596891)cÇ + 
0.1246950(0.0599649)female^

=2.0495050(0.2552851)

=0.0492998(0.0034637) + Uy

“ Qi ~N (0, Q j  : Q„ = 4.0634050(0.7190070)

“ 9. -0.0555973(0.0098751) 0.0007718(0.0001366)

-2 *loglikelihood(IQLS) : numerical error calculating likelihood

Figure 9-4. Longitudinal associations of MEF25 with length, cystic 
fibrosis, female and exposure to smoking

logmef25y ~ N(ZB, Q)
logmef25,y =y3o^const +y0yt_ch_ly + -0.3701384(0.1005052)c:Ç + 

0.2967097(0.1048020)female^ + 

-0.2784871(0.1187845)smoking^ 

=2.9372460(0.2520583) +u^^
=0.0395774(0.0032874) + «y

“ 0/ ~N (0, Q j  : Q„ = 3.6289630(0.6500953)

“ 9. -0.0479833(0.0087036) 0.0006641(0.0001191)

-2 *loglikelihood(IOLS) : numerical error calculating likelihood
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Figure 9-5. Longitudinal associations of MEF75.25 with length, cystic
fibrosis, female and exposure to smoking

logmef75Vj. ~  N(ZB, Q)

logmef75Vj  ̂ = ̂ gq̂ const + +-0.3420258(0.0990498)cÇ +
0.2513294(0.1038103)female^ +
-0.2983314(0.1180514)smokin^

=4.0624130(0.2972664) +üq .̂
=0.0327440(0.0038026) -¥u^.

~N(0, Q j  : Q  ̂= 5.1354280(0.9314724)
-0.0663045(0.0121465) 0.0008828(0.0001606)

-2Hogltkelikood(IGLS) : numerical error calculating likelihood

Figure 9-6. Longitudinal associations of MEF5 0 .2 5 with length, cystic 
fibrosis, female and exposure to smoking

LOGMEF50V.-N(A3, Q)
LOGMEF50Vÿ = /^o^const + ^i^t_ch_lÿ +-0.3415480(0.105 9778)cÇ + 

0.2889268(0.1110309)female^ +

-0.3048391(0.1262304)smokin^ 

=3.6058460(0.3103180) +u^^
= 0.0355771(0.0039615) + u

“ Oj ~N (0, Q„) : Q ,= ’5.5772810(1.0121940)

.“ 'J. -0.0718998(0.0131794) 0.0009575(0.0001742)

-2 "^loglikelihood(IGLS) : numerical error calculating likelihood
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Figure 9-7. Longitudinal associations of V’maxFRc with length, cystic
fibrosis, female and exposure to smoking

LOGVMAXFRC,^- N(;ra, Q)
LOGVMAXFRCy = ySô const + + -0.0353059(0.1î41142)cÇ +

0.3644933(0.1598511)female^ +

-0.4797838(0.1801330)smokin^ 

=2.8825810(0.3310624) +üo,
=0.0289588(0.0042003)

^0; ~N (0, Q„) ; Q^ = 6.4014050(1.1133510)
-0.0837327(0.0147886) 0.0011663(0.0002026)

-2*toglikelihood(IOLS) : numerical error calculating likelihood
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