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ABSTRACT

In older children and adults, asthma is associated with increased bronchial
responsiveness (BR). In order to test the hypothesis that BR in the neonatal period
is a risk factor for subsequent lower respiratory illness (LRI), a cohort of term healthy
infants of atopic parents was studied during their first year of life, with questionnaires
and lung function measurements. Using the "squeeze" technique to generate partial
forced expirafory flow volume curves, V., szc, the maximal flow at functional residual
capacity, was calculated. BR to histamine aerosol was determined and expressed as
PC,,, the provoking concentration of histamine which induced a 30% fall in V,_pc.
Functional residual capacity (FRC), was measured using a small infant spirometer and
the helium dilution technique. In a parallel study, a group of "asthmatic" infants and
a group with severe chronic lung disease of prematurity (CLD) were studied during
tidal breathing, to evaluate technically simpler methods of lung function assessment.
During histamine challenge tidal breathing parameters and non-invasive measurements

of oxygenation were recorded and any changes applied to BR assessment.

Both neonatal lung function and BR were risk factors for LRI in the first year of life.
In boys, LRI was associated with decreased V. zzc, Whereas in girls it was associated
with increased levels of BR in the neonatal period. By the age of six months, both
boys and girls with LRI had decreased lung function, but differences in BR were no
longer apparent. Tidal expiratory flow measurements were less sensitive than forced
expiratory flow measurements in detecting differences between health and disease,
only falling outside the normal range in infants with CLD. During bronchial

challenge, change in oxygenation, measured by a reduction in transcutaneous oxygen



tension, was a less sensitive index of bronchial responsiveness in healthy infants than

in infants with a history of recurrent LRI.
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CHAPTER 1 INTRODUCTION AND BACKGROUND

1.1 WHEEZING IN INFANCY

Lower respiratory tract illness and recurrent wheezing in early childhood are very
common, affecting up to a third of infants in the first year of life (Wright 1989,
Denny 1986, Glezen 1973). Hospital admission rates for "asthma" in the O to 4 age
group have increased 13 fold over recent years (Anderson 1989). This increase
appears to reflect a real increase in disease prevalence, and cannot be explained by
differences in diagnostic labelling or lowering of thresholds for hospital admission

(Anderson 1989).

1.1.1 The nature of wheeze and lower respiratory illness in infants

Recurrent cough and/or and wheezing, henceforth referred to as lower respiratory tract
illness (LRI), in infancy, are usually associated with viral infections (Horn 1979,
Pattemore 1992), but the reason why some infants wheeze with viral infections and

others only develop coryzal symptoms is not known.

(a) Qutcome

Children who develop LRI early in childhood are more at risk than healthy children
for developing symptoms later in childhood (Mok 1982). These results, however,
must be interpreted with caution, as the study was hospital based. A population-based
study has shown that children who develop LRI early in childhood have impaired lung
function in adolescence (Voter 1988). However, many children with lower respiratory

symptoms in infancy "outgrow" their symptoms, and only a minority go on to have
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childhood asthma (Sporik 1991). The risk for subsequently developing atopic asthma
was similar for early LRI and symptom-free infants. In a study of boys, a history of
wheezing in early childhood was not associated with increased bronchial reactivity
measured during adolescence (Voter 1988). Passive smoking and allergy have been
reported as risk factors for the development of wheezing later in life in those with LRI
early in childhood. The remission in symptoms which occurs in most children may

be due to lung growth and development.

1.1.2 Risk factors for LRI in infants

(a) Genetic and familial factors

In older subjects there is evidence for a strong genetic component to atopic asthma,
demonstrated in studies of mono- and dizygotic twins reared together and apart
(Hanson 1991). One group has proposed that atopy is inherited as an autosomal
dominant trait (Cookson 1988), but there continues to be debate about the precise
genetics of atopy. Little is known about whether or not infant LRI is familial. Whilst
one study showed that infants with atopic parents had an increased incidence of
wheezing (Stempel 1980), another large epidemiological study showed no relationship
between familial atopy and infant wheezing (Mok 1982). Supporting the lack of
association between atopy and infant LRI, a study looking at immunoglobulin E levels
in the newborn period, measured from cord blood, found that levels of IgE were
inversely related to the incidence of infant LRI (Halonen 1992). However, a study
measuring lung function and bronchial responsiveness in the newborn period, showed
that a positive family history of asthma was associated with increased levels of

bronchial responsiveness (Young 1991). Therefore the interrelationship between
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genetic and familial factors and infant LRI remains unclear.

(b)  Fetal and developmental factors

Exposure to tobacco smoke during fetal life is associated with impaired neonatal lung
function (Hanrahan 1992, Tager 1993). The only physiological predictor of wheeze
in infancy identified to date, is altered neonatal or early infant, premorbid, lung
function (Martinez 1988 & 1991, Hanrahan 1992, Tager 1993). Prematurity has been
found to be a risk factor for asthma in school children (von Mutius 1993), and low
birth weight has been found to be a factor associated with impaired lung function in
adulthood, and later, with death from chronic obstructive airways disease (Barker
1991). The connection between these factors may be lung growth: an insult occurring
during fetal life, such as premature birth or intrauterine growth retardation, could
interrupt or disturb lung growth and development at a critical time, resulting in an
adverse respirétory outcome later in life (Rona 1993, Shaheen 1994). Low maternal
age has been found to predispose to wheezing during the first year of life (Martinez

1992a), but the reasons for this are unclear.

(c)  Postnatal environment and allergens

Several studies have shown that postnatal passive smoking is a risk factor for lower
respiratory tract illness in early childhood (Martinez 1992b, Holberg 1993). Early
exposure to allergens, such as house-dust mite antigen, has been shown to be
associated with subsequent development of childhood asthma. In a cohort study of
children with a family history of allergy, a strong correlation was found between

house dust-mite exposure in the first year of life, and sensitization at the age of 11
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years (Sporik 1990). In this particular study this correlation was not apparent before
the age of 5 years. There was, however a significant inverse relationship between the
level of exposure (Der p I concentration) at the age of one and the age of onset of
wheezing, which was stronger for the atopic children than for the group as a whole.
A study looking at the benefits of early allergen avoidance demonstrated a significant
reduction in "asthma" during the first year of life (defined as three or more episodes
of cough and wheezing) in infants who avoided housedust mite antigen and who had,
together with their lactating mothers, avoided food allergens, compared with controls
(Arshad 1992). By the age of two years, although infants who had avoided allergens
had less allergy and eczema than control infants, the reduced prevalence of asthma
was no longer significant (Hide 1994). This study, however, as in Sporik's study, only
involved infants with a family history of atopy, and the nature of their LRI could have
been different from LRI in infants with no atopic family history. Ingested, as opposed
to inhaled antigens, may be less important sensitisers in relation to atopic asthma.
There was no reduction in the incidence of wheezing up to the age of seven years in
children with a family history of allergic disease, who avoided cows' milk in infancy
(Burr 1993). However, in the first year of life infants who had never been breast fed
had twice the incidence of wheezing compared with infants who had some breast
feeding, for however short a time. This effect, which was related to the duration of
breast feeding, persisted to the age of seven years, but beyond the age of two years
was restricted to non-atopics. These findings were independent of other risk factors
such as maternal smoking, socio-economic class and overcrowding. In this study the
annual incidence of wheezing tended to decline in those infants who were non-atopic,

and increase in those who were atopic, suggesting that the pathogenesis of infant LRI
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differs from that of atopic asthma in older children. One explanation for the findings
of this study is that infant wheezing is related to infection rather than allergy, and that

breast feeding may confer some protection against viral respiratory infection.

(d)  Bronchial responsiveness

Studies in older children and adults, have revealed an association between asthma and
increased bronchial responsiveness (Cockcroft 1977, Juniper 1981, Woolcock 1987,
Peat 1989). In New Zealand, a population of second-generation Polynesian migrants
aged five to fifteen years has been studied (Crane 1989), to look at the relationship
between atopy and bronchial responsiveness.  The frequency of bronchial
hyperresponsiveness in atopic children was constant at approximately 40% for all age
groups from éeven to fifteen years, whereas bronchial hyperresponsiveness declined
with increasing age in the non-atopic children, to a frequency of less than 5% by the
age of fifteen years. Comparisons of bronchial responsiveness between different age
groups in childhood has potential problems (LeSouef 1992; see section 4.5.3), but
despite this the study is important. A relationship between bronchial responsiveness

and wheezing in infancy has not been established.

1.1.3 Conclusions

Infant LRI appears to be a distinct disorder, and is not synonymous with atopic asthma
in older children (Silverman 1993). The two disorders have different outcomes, and
it would therefore be logical to suppose that their aetiology and pathogenesis are
different. There are several unanswered questions about infant LRI. Why do some

infants have lower respiratory symptoms with viral infections, whereas others only
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exhibit upper respiratory symptoms? Is bronchial responsiveness (BR) increased in
infants with LRI, compared with asymptomatic infants? Is the impairment in neonatal
lung function, reported to be present in infants who have LRI (Martinez 1988 & 1991,
Hanrahan 1992, Tager 1993), due to disturbances of lung growth in fetal life? What
factors are responsible for disturbing fetal lung growth and development? These

questions can only be fully answered by detailed prospective epidemiological studies.

1.2 TECHNIQUES FOR INVESTIGATION

1.2.1 Clinical features

The selection of subjects varies between the different studies of infant LRI. Some
investigators have selected only infants who have been hospitalised for LRI (Mok
1982, Wilson 1992). These studies have an inherent selection bias, as they exclude
the great majority of infants who have LRI, who do not require hospitalization. Other
large prospective epidemiological studies have been designed to be population based,
recruiting mofhers during pregnancy when they attended the local Health Centre for
routine antenatal care, following them up throughout their pregnancy and subsequently
following up their babies from birth through infancy (Hanrahan 1992, Tager 1993).
The Tucson study population was also population based. Their target population was
all the healthy children born to families registered with one of the largest health

maintenance organisations in the locality (Martinez 1988 & 1991).

Studies of infant LRI have used a variety of methods for assessing clinical features.
The two large prospective epidemiological studies described above (Martinez 1988,

1991, Hanrahan 1992, Tager 1993) have been designed such that infants are examined
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by their paediatrician every time they have lower respiratory symptoms, so that the
child's symptoms can be assessed, the child can be examined, and more accurate
details of the LRI can be obtained. These studies have also made use of paediatric
clinic records, details of well baby checks, and telephone calls to parents to find out

details of the infants' respiratory symptoms and illnesses.

1.2.2 Questionnaire

Most epidemiological surveys of asthma employ questionnaires, which offer the
advantages of being widely acceptable, cheap and convenient, requiring no special
equipment and being easy to standardize (Burr 1992). The definition and description
of LRI in infants varies, with some symptomatic infants having the label of asthma,
and others wheezy bronchitis or virus-induced wheeze. It is therefore important to ask
parents about symptoms, rather than just about the diagnosis. However, some of the
symptoms are not readily understood by the layman. In particular, wheeze must be
defined, as it is a term which parents may use to describe a variety of noises, not
necessarily associated with Jower respiratory tract illness. When obtaining information
on respiratory symptoms, questionnaire data should be collected at frequent intervals

in order to minimise any recall bias (Samet 1993).

Whilst questionnaires may be accurate in obtaining details of symptoms, parents may
be less willing to admit and divulge their smoking habits to a medical researcher.
Some studies have solved this problem by measuring urinary cotinine levels, rather
than relying solely on verbal reports (Wright 1991, Hanrahan 1992). In both these

studies there was a good correlation between reported maternal smoking and cotinine

25



measurements, suggesting that a careful history may be adequate for epidemiological

purposes.

In order to avoid errors in recalling symptoms, some researchers use diary cards on
which parents record their child's symptoms regularly. Whilst this method has the
potential for being more accurate, it is more onerous for parents, and there may be
problems with compliance, particularly in long term studies. Parental reports of some
respiratory symptoms may be inaccurate. In a study comparing subjective with
objective measures of night cough, diary card scores of night cough did not correlate
with cough counts obtained from tape recordings (Archer 1985). No method of
gathering data on respiratory symptoms in infants has yet been adequately validated,

because of the lack of any "gold standard" with which to compare.

1.2.3 Physiological measurement

(a) Lung function in infancy

The measurement of lung function in infants places great demands on both the
operator and the infant, and many of the techniques used in older children and adults
cannot be used in infants, because of their inability to cooperate! Infant lung function
testing is not practicable as a routine clinical aid to diagnosis and management, but
is a useful research tool for studying lung mechanics in both health and disease, for
assessing airway and lung growth and development and for measuring objectively the

response to pharmacological agents.
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) Forced expiratory flow

The measurement of forced expiratory flow provides a sensitive test of intrathoracic
airway function. Two techniques have been described for infants. These are the rapid
thoracoabdominal compression (“squeeze") technique and the forced deflation
technique (England 1988, ATS-ERS statement 1993). These techniques will be

described and discussed in more detail in section 4.2.

(1)  Elastic properties of the lungs

Compliance is defined as change in volume divided by change in pressure, and is a
measure inversely related to the "stiffness" of the lung, hence it describes the elastic
properties of the respiratory system. Dynamic compliance refers to compliance
measured whilst air is flowing in and out of the respiratory system, and static
compliance is measured when there is no air flow. Compliance is also separated into
active and passive, according to whether the respiratory muscles are active or relaxed.
Depending on the technique used, the compliance of the lung or the compliance of the
whole respiratory system may be measured. Passive compliance, measured during
relaxation of the respiratory muscles, reflects the compliance of the respiratory system,

ie. a combination of the elastic recoil of the lung and the chest wall.

Dynamic pulrhonary compliance can be measured using an oesophageal balloon to
determine oesophageal pressure, which represents average pleural pressure provided
that certain criteria are met (Stocks 1991). Flow and volume are measured using a
pneumotachograph connected to a face mask. The problem with this technique, which

measures lung compliance, is that in the presence of chest wall distortion, oesophageal
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pressure may not accurately reflect pleural pressure, as the pleural pressure is not
uniform at any given tidal volume if the thorax is distorted (LeSouef 1983). The other
disadvantage of this technique is that it is invasive, requiring placement of an
oesophageal balloon or catheter. Despite these limitations, this technique has been
used extensively, for example in studies investigating surfactant therapy in neonatal

idiopathic respiratory distress syndrome (Davis 1988).

Dynamic compliance of the whole respiratory system can be measured non-invasively
using weighted spirometry (Tepper 1984). The infant breathes through a well-fitting
face mask, connected to a water-filled spirometer. During tidal breathing, a weight
is applied to the spirometer bell, generating a positive pressure within the circuit,
which can be measured with a pressure transducer. The volume change induced by
this pressure is then determined from the change in baseline of the tidal volume
tracing. In the presence of airway obstruction, a positive pressure applied to the lungs
may actually dpen up obstructed airways, resulting in an underestimate of compliance,
due to an underestimate of the volume change. This problem can be overcome by
using several weights, and calculating compliance from the slope of a graph of change
in volume against change in pressure. The technique assumes that the infant does not
have any active reflex response to the increased positive pressure within the circuit,

produced as weights are applied to the spirometer bell.

Static compliance of the respiratory system can be measured using occlusion
techniques, which take advantage of the Hering Breuer reflex, in which, as a

consequence of briefly occluding the airway at end inspiration, relaxation of the
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respiratory muscles is induced (Dezateux 1991). This results in a brief respiratory
pause and a ldnger passive expiration. The volume exhaled is related to the pressure
at end-inspiration (measured at the airway opening). Two techniques have been
described, both of which are non-invasive. In the single breath technique, the volume
of air expired after release of the occlusion is measured using a pneumotachograph,
and the pressure plateau within the face mask during the occlusion is measured with
a pressure transducer. Static compliance of the respiratory system is calculated by
dividing volume by pressure. A potential problem with this technique is that after a
brief occlusiop the infant tends to commence the next inspiratory effort prematurely,
ie. before functional residual capacity is reached (Bryan 1984, Stocks 1986). This
results in an underestimate of volume, and hence of compliance. To overcome this
problem the second technique, the multiple occlusion technique, can be used. In this
technique several occlusions are made throughout the respiratory cycle, and volume
and pressure measured. The slope of the regression of volume against pressure gives
a measure of the compliance of the respiratory system. The multiple occlusion
technique assumes that lung compliance is constant over the range of occluded
volumes measured. Several other assumptions are made for both of the techniques
described above. These are that the respiratory muscles are relaxed, that there is no
laryngeal influence, that expiration is passive following the occlusion, and that during
the occlusion the airway pressure at the mouth is equal to alveolar pressure. The last
assumption is unlikely to be correct in the presence of small airway obstruction, when
the airway pressure at the mouth tends to underestimate the true alveolar pressure.
Both the single breath and multiple occlusion techniques measure total respiratory

system compliance, and do not allow its components, namely chest wall and lung
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compliance, to be measured separately. Examples of the application of these
techniques in‘clude a study in which serial measurements of respiratory system
compliance were used to evaluate steroid and chloroquine therapy in chronic
interstitial pneumonitis in a group of infants (Kerem 1990) and a study of respiratory

mechanics in infants with bronchiolitis (Seidenberg 1989).

Measurements of lung stiffness are important in assessing newborn babies with
idiopathic respiratory distress syndrome, where the major problem is decreased
compliance due to surfactant deficiency, or in interstitial lung disease, but compliance
is less relevant in the investigation of infant LRI, where the major problem would

appear to be one of airway obstruction.

(iii)  Resistance

Resistance is expressed as pressure divided by flow, and as with compliance it can be
classified as active and passive, and can be considered as the total resistance of the
respiratory system, or separated into components, namely airway resistance and tissue
resistance of the lung. Total pulmonary resistance may be measured using an
oesophageal balloon to measure oesophageal pressure, as described above in the
section on compliance. This technique ignores dynamic changes occurring during
breathing. Particularly in the presence of disease and hyperinflation, compliance and

resistance are unlikely to be constant throughout the respiratory cycle.

A less invasive method of measuring resistance in infants uses total body

plethysmography (Dezateux 1991). The principle of total body plethysmography, is
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that when an infant lies within a closed chamber, a "constant volume", any pressure
changes within the chamber or box, occurring through the breathing cycle, reflect lung
volume changes (Boyle's law). The thoracic gas volume (see below in section on lung
volumes) and airway resistance can be measured by total body plethysmography. One
of the difficulties in this technique is that the absolute changes in box pressure
occurring as the infant breathes are miniscule. An advantage of this technique is that
pressure-flow curves are obtained for the whole respiratory cycle, so it is possible to
gain information about changes in resistance during the respiratory cycle. This
technique has been used to obtain data about normal infants (Stocks 1977), changes
in disease (Stokes 1981), as well as to look at airway responsiveness in infants
(Gutkowski 1990), and to evaluate therapy for LRI (Orlowski 1991). A problem with
the measurement of airways resistance in infants is that as they are generally nose
breathers, the resistance of the upper airway, particularly the nose, constitutes a major
proportion of the total airway resistance (Stocks 1978). Therefore the values obtained
for airway resistance may not reflect the resistance of the lower airway. Likewise, the
technique may not be sufficiently sensitive to detect changes in the resistance of the
lower airways induced during bronchial challenge. Airway resistance is often
converted to its reciprocal, airway conductance, as this has a linear relationship with
lung volume. ‘Conductance may then be corrected for lung volume by dividing it by
the thoracic gas volume (see below in section on lung volumes), to give the specific
conductance. This is a potentially more useful parameter, as in health, apart from

increasing during early infancy, it remains fairly constant throughout childhood.

Another method of measuring resistance is by the forced oscillation technique
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(Solymar 1989). This technique essentially consists of imposing an oscillation at the
airway, producing oscillatory changes in pressure and flow at the airway. The
resistance can be measured from the relationship between pressure and flow, and
provides an estimate of the total respiratory system resistance. One potential problem
is that oscillations applied at the mouth are affected by the compliance of the upper
airway. Nevertheless, the technique has been applied in infants, comparing healthy

infants with infants with bronchiolitis (Wohl 1969).

Total respiratory resistance can also be measured using the single breath technique,
described above in the section on compliance. The slope of the flow-volume curve
obtained during the passive exhalation relates inversely to the product of resistance
and compliance, and can therefore be used to calculate the resistance of the respiratory

system (Dezateux 1991).

(iv)  Lung volume

A knowledge of lung volume plays an important role in the interpretation of other
tests of lung function in infants, for example measurements of forced expiratory flow,
compliance and resistance. The only lung volume that can accurately be measured in
infants is functional residual capacity (FRC), or thoracic gas volume (TGV). Two
techniques are available for measuring infant FRC or TGV. These are gas dilution
and total body plethysmography. Gas dilution techniques are discussed further in
section 4.3. When the infant is asleep and breathing quietly within the
plethysmograph, an occlusion is applied to airway opening at the mouth. As the

infant makes respiratory efforts against the occlusion, the gas within the thorax is
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rarefied and compressed, and the swinging pressure at the mouth, reflecting the
alveolar pressﬁre may be measured. The resulting changes in the infant's thoracic cage
volume can be measured indirectly from the pressure changes within the box. From
Boyle's law the volume of gas within the thorax at end tidal expiration, the TGV, can
be calculated (Dezateux 1991). The main advantage of plethysmography is that it
measures all the gas within the thorax, including any distal to obstructed airways,
unlike gas dilution techniques, which only measure the volume of gas within the lungs
that is in direct communication with the airways. However, the technique is quite
complicated and cumbersome, and is based on four assumptions. Firstly, during the
airway occlusion the alveolar pressure should be equal to the airway opening pressure,
measured at the mouth. Secondly, the lung parenchyma should be sufficiently elastic
so as to allow pressure swings to be transmitted to all gas-containing spaces, with no
pressure gradient across the tissues. Thirdly, it is assumed that the changes in
pressure and volume are isothermal. To avoid potential adiabatic changes, the
plethysmograph volume must be calibrated by injecting known volumes of air at a
frequency which approximates to the frequency of the respiratory efforts during
occlusion. The final assumption upon which plethysmography is based, is that only
gas within the thorax undergoes rarefaction and compression. It is therefore assumed
that any gas within the gut is insignificant. TGV has been measured in infants with
lung disease, including bronchiolitis, (Stokes 1981, Henry 1983, Seidenberg 1989), and
used to study the efficacy of therapy for various respiratory disorders in infancy (Kao
1984, Kraemer 1988). However, in the presence of airway obstruction, the first two
assumptions upon which plethysmography is based, described above, may not hold.

During the brief occlusion, airway opening pressure may not equilibrate with alveolar
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pressure, hence alveolar pressure changes may be underestimated, resulting in an
overestimate of TGV. Secondly, in infants with small airway obstruction, any areas
of lung with very high resistance and low compliance may act like rigid spheres, so
that the gas they contain is not rarefied and compressed during respiratory efforts,
resulting in an underestimate of TGV. These issues were addressed in a study in
which TGV, FRC, airways conductance and V¢ Were measured and compared in
a number of infants, in health and disease (Godfrey 1986). In some of the infants
with recurrent wheezing, despite clinical evidence of hyperinflation, and decreased
V., atme paradoxically values of TGV were lower. The validity of plethysmographic

measurements of airway resistance and TGV in infants with airways obstruction is

therefore questioned.

(%) General aspects of lung function measurement in infants

One of the main difficulties of testing infant lung function, is that sedation is required,
as most infants will not tolerate a face mask. Due to the relatively brief duration of
sedated sleep, there are limited opportunities to repeat technically unsatisfactory
measurements. The equipment used for measuring infant lung function needs to be
scaled down in size, but increased in sensitivity, as many of the measurements, for
example static volumes and flows, are much smaller than in adults, so great attention
to detail is required. In miniaturising equipment a balance has to be obtained between
minimising the dead space and increasing the resistance (for flow-measuring devices,
for instance). Infant lung function techniques have not been standardized, and there

is still great debate about many aspects (ATS-ERS statement 1993).
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(b)  Bronchial responsiveness in infancy

Studies in normal healthy infants have demonstrated the presence of bronchial
responsiveness (BR) to methacholine (Tepper 1987), cold dry air (Geller 1988) and
histamine (LeSouef 1989). Other studies have looked at BR in wheezy infants
(Prendiville 1987b, Gutkowski 1990). A small Australian study of recurrently wheezy
infants showed that BR was independent of wheezing (Stick 1991). A larger study
from the same group showed a family history of asthma or parental smoking to be
associated with increased levels of BR to histamine in the newborn period, prior to the
onset of any respiratory symptoms (Young 1991). No studies to date have looked at
the relationship between BR in the neonatal period and subsequent lower respiratory

symptoms.

The relationship between BR in the neonatal period and subsequent lower respiratory
symptoms is an important issue, because the observation that increased BR antedates
symptoms would have major implications for our understanding of the nature of infant
LRI and its possible genetic or developmental basis. For example, fetal growth factors
and genetic factors affecting neonatal airway physiology before exposure to the
extrauterine environment would then be important determinants of LRI. In addition,
assuming that BR at or soon after birth, must be independent of aeroallergen
sensitisation, an association between BR and subsequent LRI would imply, contrary
to the evidence from older children (Sears 1991, Crane 1989) that both BR and
wheezing are independent of atopic sensitisation in the youngest age group. The
search for a génetic basis would then be justifiable. The final implication of finding

that BR was a risk factor for recurrent LRI in infancy is that this association could

35



provide the link between the respiratory disorders of early infancy and those of adult

life (Strachan 1990).

In summary, the mechanisms of infant LRI remain unclear, and it is possible that
antenatal factors are important. Certain lung function techniques, the choice of which
has been presented above, may be useful in identifying differences in lung function
and BR between infants who subsequently develop LRI and those who remain

asymptomatic.

1.3 AIMS

1.3.1 Principal aim

The main aim of this thesis was to test the hypothesis that BR in the neonatal
period is a ﬁsk factor for subsequent lower respiratory illness in infancy. A
cohort of term, healthy infants was recruited in the neonatal period and studied during

their first year of life in order to test this hypothesis.

1.3.2 Subsidiary aims
In order to investigate the principal hypothesis, methodological aspects of infant lung

function had to be addressed. The secondary aims were:

1 To explore a range of technically simple methods for measuring lung

mechanics based on tidal breathing parameters (Martinez 1988).

2 To evaluate non-invasive methods to detect the response to bronchial challenge
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in infants, eg. oxygenation (Wilson 1991).

In addition to the cohort of healthy newborn infants, it was necessary to study other
groups of children with obstructive lung disease in order to determine the sensitivity
of the methods, by comparing with conventional measurements of infant lung function

and BR.
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CHAPTER 2 SUBJECTS

2.1 INTRODUCTION

The subjects included in these studies comprise three groups, a cohort of healthy
infants of atopic parents recruited neonatally, a group of asthmatic infants who were
recruited from a paediatric asthma clinic, and a group of infants with chronic lung
disease of prematurity, who were recruited from a regional neonatal unit. Although
testing the main hypothesis involved studying only the cohort, in order to evaluate
some of the physiological measurements, it was necessary to include the other two

groups of infants, to represent a wide spectrum of obstructive lung disease in infancy.

2.2 COHORT

Fifty four infants (28 boys and 26 girls) born between January 1990 and February
1991, were recruited in the neonatal period. In addition, another nineteen infants (8
boys and 11 girls) were recruited in a pilot study two years previously, making the
total number of infants in the study seventy three, of whom ten were non-caucasian.
Posters were displayed and invitation leaflets (Appendix 1) were available in the
antenatal clinics and in the post natal wards of the hospitals involved. Criteria for
entry into the study were that infants had to have at least one atopic parent (by
history), be born at term (237 to <42 weeks gestation) and be otherwise normal,
healthy infants. By recruiting infants with at least one atopic parent, it was hoped that
a group at high risk of wheezing would be involved (Cogswell 1987). Previous
studies have reported the incidence of wheezing in children up to the age of 11 years,

with a family history of atopy to be greater than 60% (Sporik 1991, Burr 1993).
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Ethical constraints prevented recruitment of a truly random population, because it was
considered that infant lung function testing and bronchial challenge testing were too
invasive for infants at low risk of developing subsequent lower respiratory problems.
In addition to parents spontaneously volunteering, a research assistant visited the
postnatal wards weekly and reviewed the maternal medical notes of recent deliveries,
for details of .atopy, which were routinely obtained at the antenatal booking clinic.
Mothers were visited on the postnatal wards, if they and/or their partner had a history
of atopy, ie. previous or current asthma, eczema or hayfever, and the study was
discussed. Mothers were given copies of the invitation leaflet, and encouraged to
think about the study, discuss it with their partners, and decide whether they wished
to participate in it. Parents were not tested for atopy. About a week after delivery,
parents were contacted at home by telephone to obtain their decision regarding taking
part in the study. For those who wished to participate in the study, the first visit to
the infant lung function laboratory was arranged for when the infant was about 1
month old. Further visits to record symptoms and for pulmonary function testing were
arranged at 6 and 12 months of age. The first visit took place prior to any upper or

lower respiratory symptoms.

Parents were free to withdraw from the study at any stage. By the age of 6 months,
9 infants had withdrawn from the study, as they had either moved away from the area
(n=1) or their parents no longer wished to participate in lung function testing (n=8).
By the age of 12 months, a further 5 infants had withdrawn as they had either moved
away from the area (n=2) or their parents no longer wished to participate in lung

function testing (n=3). Questionnaires (see chapter 3) at 6 and 12 months were
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completed by telephone or by post for all those infants who had withdrawn. The
characteristics of the withdrawals compared with those who continued in the study,
together with the possible bias induced as a consequence, are discussed later (chapters
3 & 5). The nineteen infants in the preliminary study only attended the hospital once
at the age of 1 month, but were contacted during the first year of life to document

symptoms on the questionnaire.

2.3 INFANTS WITH "ASTHMA"

A total of twenty five infants with recurrent episodes of wheezing, whose LRIs had
been severe enough to warrant referral to the paediatric asthma clinic at Hammersmith
Hospital, were included in these studies. All had a history of recurrent or persistent
wheezing of at least one month's duration ("infantile asthma"), but prior to any
physiological measurements, all infants had been free of upper and lower respiratory
symptoms forA at least four weeks. None had evidence of any congenital or systemic
disorder, cystic fibrosis, gastroesophageal reflux or chronic lung disease of

prematurity.

Twenty infants (11 boys and 9 girls) aged 8 to 23 months with infantile asthma
(involved in the study described in chapter 6.1) were taking part in double blind,
placebo controlled crossover studies, looking at the effect of salbutamol, given via
metered dose inhaler and valved spacer, on bronchial responsiveness in wheezy infants
(Clarke 1993). They underwent lung function testing on two occasions. Data from
the placebo day are included in this thesis. Nineteen of the twenty infants were on

anti-asthma medication. Ten infants were receiving intermittent inhaled or oral f,
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stimulants (salbutamol or terbutaline), fourteen were receiving intermittent inhaled
ipratropium bromide, two infants were on regular inhaled sodium cromoglycate, and

five infants were on regular inhaled corticosteroids.

The other five asthmatic infants (4 boys and 1 girl, aged 6 to 16 months) were taking
part in a randomised, controlled study looking at lung function and bronchial
responsiveness in wheezy infants before and after one month's treatment with sodium
cromoglycate (Turner 1991). Data from the infants' initial visits are included in the
study described in chapter 6.3. Four of these infants were taking salbutamol

intermittently, but none had been treated with topical steroids or sodium cromoglycate.

2.4 INFANTS WITH CHRONIC LUNG DISEASE OF PREMATURITY

The twenty infants (12 boys and 8 girls) with severe chronic lung disease of
prematurity (CLD) comprised all the infants from NW London discharged home on
oxygen, from the neonatal units of Hammersmith Hospital and Queen Charlotte's and
Chelsea Hospital between October 1989 and July 1992. This group of infants had
particularly severe CLD, as they all required home oxygen therapy. Lung function
tests formed part of their assessment either prior to discharge from hospital, or during
out-patient follow up at the CLD clinic at Hammersmith Hospital. They were born
at gestations of 23 to 32 weeks. At the time of lung function testing, these infants

were aged 2 to 18.5 months.

2.5 SEDATION

On the day of the lung function study, parents brought their infants to the children's
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day ward at Hammersmith Hospital, where they were examined, to identify any
features which would preclude sedation. Length and weight were measured with the
infant naked. Length was measured with the infant laid supine on the stadiometer
(Holtain Infant Stadiometer), then whilst one observer gently positioned the infant's
head to touch the top of the stadiometer in the mid-line, the other observer gently
depressed the infant's knees, so that the legs were extended. The moving footplate of
the stadiometer was then moved up to touch the soles of the infant's feet, also in the
mid-line, and the lever on the foot plate was then fixed, so that the length could be
read off the meter. The infants were then fed, then sedated with chloral hydrate (50
mg/kg for infants less than 3 months and 100mg/kg for those older than 3 months),

or an equivalent dose of triclofos sodium (Gilman 1985).

2.6 ETHICAL STATEMENT

All the studies were approved by the local Ethics Committee. Written consent was
obtained from the parents of all subjects (Appendix 2 for the cohort). The general
practitioners of all the infants who took part in the studies were notified by letter, of

the involvement of their patients in the research projects.
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CHAPTER 3 QUESTIONNAIRE

3.1 INTRODUCTION
In these studies, family and infant data, and details of respiratory symptoms were
obtained by questionnaire. The various methods available to record and collect

historical data have been discussed earlier (see sections 1.2.1 and 1.2.2).

3.2 COHORT INFANTS

3.2.1 History by questionnaire

At the cohort infants' first visit at 1 month of age, a detailed birth history, family
history, social and smoking history was obtained by direct interview, using a
questionnaire (appendix 3). At the initial visit, parents were asked to record details
of their infant's subsequent upper respiratory infections, and upper and lower
respiratory and atopic symptoms. These details were collected by questionnaire at 6
and 12 months (appendix 4), on each occasion covering the previous 6 months.

Parents were asked:

1 if their child had symptoms of cough and/or wheeze (described below);
2 dates of upper respiratory infections (defined below);
3 the number of cigarettes consumed by the parents, and separate details of

antenatal and postnatal maternal smoking habits.

The infants who withdrew from the study after the 1 month visit, and therefore did not
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attend the hospital for lung function tests subsequently, were contacted by telephone
or visited at home, and the same questionnaire was administered, to obtain details of
respiratory symptoms. Parents were encouraged to contact us directly if they were
concerned about any respiratory symptoms. An out-patient appointment in the
paediatric asthma clinic was offered to any infant who appeared to be having
significant lower respiratory symptoms, as it was felt that parents should have some
sort of extra support from the hospital, to acknowledge their invaluable help in taking
part in the study. Four of the seventy three cohort infants attended the out-patient
clinic or emergency department during their first year of life. After each infant's
initial visit, their general practitioner was informed by letter about the study, and the

involvement of their patient.

3.2.2 Definition of respiratory symptoms

Parents were asked whether their children had developed any symptoms of wheeze and
cough, if any precipitants were apparent, and in particular whether they occurred only
in association with "colds" or exercise and excitement, or whether symptoms were
unprovoked. Wheeze was described to parents as a whistling noise, coming from the
chest rather than the throat, and distinct from the predominantly inspiratory noise of
croup. Cough was specified as a "chesty cough", meaning a wet cough from the
chest, rather than a dry cough from the throat or upper airways. Parents were asked
whether symptoms occurred in the daytime or at night or both. An upper respiratory
tract infection was defined as episode of rhinitis, with an acute onset, lasting several

days, and consistent with a viral aetiology.
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3.3 CLINICAL SUBGROUPS

The cohort infants were classified according to the presence or absence of cough
and/or wheezing, referred to as lower respiratory illness (LRI). The definition varied
slightly between the studies for practical reasons, according to whether data were
analysed for the first six months or the first year, so the definition is stated clearly
each time, in the relevant sections of chapter 5, where the cohort subjects' data were

subjected to various different analyses.

3.4 RESULTS OF COHORT QUESTIONNAIRE

The prevalence of maternal and paternal atopy and paternal smoking, in the group of
infants who Withdrew from lung function measurements, was similar to that of the
infants who remained in the study (table 3.1). Although there was a trend towards
more maternal smokers and families in possession of hairy or feathered pets amongst
the withdrawals, neither reached statistical significance. Infants who withdrew from
lung function measurements had significantly fewer upper respiratory tract infections
than those who remained in the study. The results concerning the presence or absence
of respiratory symptoms are given together with the results of the relevant studies
(chapter 5). Most of the infants studied had repeat questionnaires at their 6 and 12
month visits, so it was possible to test the repeatability of the data collection and the
reliability of the information given by parents at the first visit. There was absolute
agreement about parental atopy and smoking habits, and the few differences in
answers to questions concerning pets were consistent with new pets having been

bought or old ones dying!
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3.5 DISCUSSION

The main advantage of the questionnaire technique rather than the interview technique
is that it is less susceptible to observer bias by the interviewer. Infants were not
classified to symptom groups until all the six month studies had been completed.
Classification was done independently of lung function data analysis. The history data
obtained frorh the questionnaire was recorded on the computer independently from

analysing the lung function data.

There has been debate about the reliability of parental reporting of symptoms. Some
studies have shown a lack of agreement between parental reports of respiratory illness
and general practitioners records (Watkins 1982) and between diary records of
nocturnal cough and bedside tape recordings (Archer 1985). A recently reported
cohort study of respiratory illnesses in the first 18 months of life compared symptom
diaries with regular telephone surveillance and visits by nurses practitioners, and with
outpatient clinic records (Samet 1993). Compared with both the nurse practitioner
diagnoses and the outpatient records, parental report of "wet cough" and wheeze was
very sensitive for detecting LRI, but not very specific. Most of the children where
parents reported LRI symptoms which were not confirmed by either the nurse
practitioners or the outpatient records ("false positives"), were reported by parents to
have "wet cough" symptoms. This illustrates the difficulty in distinguishing between
cough productive of secretions from the lower respiratory tract and cough due to post-
nasal drip, secretions originating from nasal discharge that has drained into the

oropharynx.
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Reporting of symptoms in young children is very different from symptom reporting
in older age groups, as it is totally second hand. This means that differences in
perception and recall by individual parents may introduce bias. The difference in the
occurrence of upper respiratory tract infections between those who withdrew from lung
function testing after the initial one month visit, and those who remained in the study,
may have been due to recall bias, although there was no significant difference between
the incidence of lower respiratory symptoms during either the first six months or the
first year of life between the two groups (see chapter 5). An alternative method which
could have been used to collect symptom data, would have been to contact parents
regularly by telephone to keep a constant record of symptoms, as done in the East
Boston Neighbourhood Health Center Study (Hanrahan 1990, Tager 1993). Another
method would have been to post out diary cards regularly to parents, but it was felt
that this would add an unnecessary burden upon the families, and might lead to more
withdrawals. The Tucson Children's Respiratory Study only included doctor-diagnosed
symptoms for classification purposes (Martinez 1988 & 1991), but this may introduce

bias, by only detecting the more severe symptoms.

In recording the parents' atopic state, the definitions were subjective and somewhat
imprecise. No tests for atopy were carried out on parents, so their reported atopy was
not verified. Atopy was not considered to be of major importance, as it was not one
of the factors included in the hypothesis tested in this thesis. However, a difference
in the incidence of parental atopy, and hence infant atopy, between the different infant
symptom groups, or between boys and girls might have influenced the findings,

particularly as in school children over 7 years old, bronchial responsiveness is
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influenced by atopic status (Sears 1991, Crane 1989). Smoking history may have been
inaccurate, and could have led to an underestimate of the true numbers of smokers.
A method to avoid this would have been to measure the infants' urinary cotinine
levels, but there may still be inaccuracies with this method, as it only records the
infants' exposure to smoke immediately prior to the urine collection. Another London
group, studying infant lung function, found a good correlation between reported
smoking by mothers and infants urinary cotinine levels (J Stocks, personal
communication), as have two groups from USA (Wright 1991, Hanrahan 1992). The
numbers of smokers among the cohort parents was very low, so that it was not
possible to look at parental or maternal smoking as a separate variable. Some of the
other environmental data which were recorded, such as damp or cold housing, was
rather vague and subjective. These data were not further analysed in this study, as the
cohort size was small. Standardisation would be necessary if it had been included for

analysis.
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TABLE 3.1 Characteristics of infants who withdrew from lung function

testing after their initial visit and those who remained in the

study®.
Non-withdrawal = Withdrawal p value
(n=42) (n=12)

Maternal atopy 27 10 0.21
n (%) (64) (83)
Paternal atopy 32 10 0.60
n (%) (76) (83)
Maternal smoking 7 5 0.07
n (%) (17) (42)
Paternal smoking 8 2 0.85
n (%) (19) (17)
Pets 10 1 0.24
n (%) (24) (8)
No. of URTlI's in first year 3 1.5 *0.002

(median)

*The 19 infants in the pilot study are not included in this analysis

URT!I = upper respiratory tract infection

Comparisons by Chi squared test (*Mann-Whitney U test)
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CHAPTER 4 PHYSIOLOGICAL METHODS AND REFERENCE VALUES

4.1 INTRODUCTION

Lung function tests were used for two purposes in order to test the hypothesis that BR
in the newborn period is a risk factor for subsequent lower respiratory illness in
infancy. Firstly they were necessary to characterize neonatal lung function, and
secondly they were used to measure the response to bronchial challenge. The different
methods of measuring lung function were discussed earlier in section 1.2.3. Only two
of those techniques, total body plethysmography (used to measure airways resistance)
and the "squeeze" technique (used to measure V,.erc) have been used in the
assessment of BR in infants. Plethysmography has disadvantages in that the upper
airway, including the nose, is a major component of airways resistance in infants. In
the presence of airway obstruction there are other disadvantages with plethysmography
(see section 1.2.3). In contrast V.erc appears to accurately reflect the state of the
small airways, without being very much affected by the upper airways, in particular
any nasal obstruction which might occur when a nasally-breathing infant undergoes
bronchial challenge (Tepper 1993b, Kano 1994). In addition to measuring forced
expiratory flow, it was necessary to measure lung volumes, in order to assess lung
function more fully. The technique chosen for this was helium dilution, rather than
plethysmograf)hy, because of the potential problems of using plethysmography in

infants with airways obstruction (Godfrey 1986 & 1991).
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4.2 FORCED EXPIRATORY MANOEUVRES - PARTIAL EXPIRATORY
FLOW-VOLUME CURVES

The maximal forced expiratory flow-volume (MEFV) curve was first described in
1958 in adults (Hyatt 1958). This procedure consists of having the subject inhale
maximally and then immediately exhale as rapidly, completely and forcefully as
possible. The test is reproducible and sensitive to disease. The configuration of the
MEFYV curve reflects small airway function, and has the great advantage that maximal
expiratory flow, on the descending part of the MEFV curve, is independent of effort
(Hyatt 1983 & 1986). Maximal flow (V,,) is reached with relatively modest
expiratory effort (ie. relatively low transpulmonary pressures). This is because Vi,
is determined by the physical properties of the intrathoracic respiratory system.
Expiratory flow through the airway cannot exceed the product of the tube-wave speed
(the velocity of propagation of pressure wave along a tube) and the tube cross-
sectional area in the region where flow is limited. Flow at wave speed (V) is

determined as follows:-

V., = [1/d]*2.[dP,/dA]"2.A¥

where d = gas density
dP,, = transmural pressure
A = area at site of flow limitation

The gas density is constant, so V,,,. is dependent upon the transmural pressure and the

airway area. Transmural pressure (dP,,) can be separated into two components, the
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elastic recoil of the lung and the pressure drop between the alveolus and the site of
flow limitation within the bronchus. This pressure drop, the resistive pressure loss,
depends upon the magnitude of the flow and the geometry of the airways between the
alveolus and the site of flow limitation. The elastic recoil of the lung is dependent
upon the physical properties of the lung , by which its pressure-volume relationship
is determined; and the degree of inflation of the lung. Airway area (A) is equivalent
to the size of the airway. To summarize, V,, depends upon the gas density and
viscosity, the size and specific compliance of the airways, peripheral airway geometry,

lung elastic properties and the magnitude of the flow itself (Wohl 1991).

Forced expiratory techniques have been standardized, and MEFV loops are used
widely to assess lung function, and to aid the diagnosis and treatment of various lung
diseases in adults. Most children over the age of seven are able to cooperate and
perform a forced expiratory manoeuvre, and reference ranges for children have been
established. More recently two techniques have been described for measuring the
forced expiratory flow-volume relationship in infants. The first method is the forced
deflation technique (Motoyama 1977), which has the advantage of producing a full
flow-volume curve over the entire range of the vital capacity, but has the disadvantage
of requiring the infant to be intubated, anaesthetised and paralysed, so is not a very
practicable technique for general use.  The second technique, the rapid
thoracoabdominal compression or "squeeze" technique (Adler 1978), has the advantage
of being relatively non-invasive, but has the disadvantage of producing a partial rather
than a full expiratory flow-volume curve. Partial expiratory flow-volume (PEFV)

curves, however, still provide qualitative and quantitative information about
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intrathoracic airways. A "squeeze" is applied to the sleeping infant's chest wall by
means of a rapidly inflatable thoracoabdominal jacket at end inspiration, to produce
a passive forced expiration. The PEFV curve is quantitated by measuring flow with
reference to the functional residual capacity (FRC), the steady state end-expiratory
lung volume determined during tidal breathing. Maximal expiratory flow at FRC
(Veware) 1S the usual index reported. The lung volume at FRC corresponds
approximately with 40% total lung capacity (TLC), or 25% vital capacity in older

subjects (Bryan 1984).

The quantitation of Vi,rc assumes that towards end expiration flow limitation has
been achieved. Provided that sufficient pressure is applied, and that the infant does
not make an inspiratory effort, V,.rc is probably achieved (see section 4.2.8). Under
these circumstances, an increase in pressure in the jacket does not produce any further

increase in expiratory flow.

4.2.1 Equipment for Vm,,,FRC measurement

The equipment used to measure PEFV curves in infants is shown in figure 4.1. The
squeeze jacket (Medical Engineering Department, Royal Postgraduate Medical School,
Hammersmith Hospital, London), was an inflatable polythene jacket, available in a
variety of sizes, extending from the shoulders to the upper thighs, with velcro straps
for fastening and cut away at the neck to prevent tracheal compression. The pressure
source consisted of a 200 litre plastic barrel, with an adjustable air inflow (up to 20
I/min), a pressure relief valve, tubing incorporating a 3 way tap to the jacket, and a

port to measure jacket pressure close to the jacket, via a pressure transducer (Validyne

33



MP45, Northridge, California, USA; range 0-100 cmH,0). Flow was recorded with
a heated low resistance screen pneumotachograph (Medical Engineering Department,
Royal Postgraduate Medical School, Hammersmith Hospital, London; linear up to 40
1/min) and face mask (Rendell-Baker Soucek, size 1, Ambu International, Bath, Avon),
connected to a differential pressure transducer and amplifier (Validyne MP45,
Northridge, California, USA; range = 2 cmH,0). The resistance of the
pneumotachograph was 0.1 kPa/l/s up to 450 ml/sec (figure 4.2). Its deadspace in
conjunction with the facemask was 17.5 ml, measured by filling with water. Applied
to the infant's face the deadspace was likely to be less because of facial structures.
For flow calibration of the pneumotachograph a calibrated flowmeter (Rotameter,
range up to 40 I/min) was used. Tidal volume was calibrated with a 100 ml syringe.
To calibrate the jacket pressure transducer a water manometer (range up to 100

cmH,0) was used.

4.2.2 Respiratory analysis program computer software (RASP)

The RASP program (RASP Software, Physiologic Ltd, Newbury, Berkshire) was
written for MS-DOS personal computers in conjunction with the Department of
Paediatrics and Neonatal Medicine, Royal Postgraduate Medical School, London, for
measuring infant lung function. The direct data streams from the pressure transducers
and the derived integrals were displayed as time series or X-Y plots on the computer
screen, as they are collected. Additional plots were also displayed on an oscilloscope.
All signals were digitised (100 Hz) and stored on computer (Compaq deskpro 386/20e,
Houston, Texas, USA). RASP was used to calibrate the input signals from known

reference values, to collect the raw data signals and to analyze the data, using
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specified parameters, and to print and plot the data.

4.2.3 Calibration

(a)  Pneumotachograph

) Flow at airway opening

The air supply was connected to the pneumotachograph, via the rotameter, noting the
direction of tﬁe flow. Once a steady flow of 40 I/min had been achieved, the signal
was recorded on computer, then the air flow was switched off in order to record zero
flow. A two point calibration was thus achieved (Dezateux 1991). This two point
calibration check was done before every infant study. The system was checked every
3 months for linearity, by applying increasing flows between 0 and = 40 1/min, in
increments of 10 1/min via the rotameter to the pneumotachograph, and recording the
voltage output from the Validyne MP45S (figure 4.3). Linearity was checked by

plotting flow against voltage (figure 4.4).

(ii))  Volume

The calibrated 100 ml syringe was connected via non-compressible tubing to the
pneumotachograph, and 100 ml of air was pushed in and out ten times at a rate of
approximately 40/min, to mimic infant respiration. The flow signal was digitally
integrated with respect to time to give the volume. The flow and volume signals were
recorded on the computer, and the calibration was accepted if the volume signal was
between 99 and 101 ml. This calibration check was carried out at three monthly

intervals.
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(b) Jacket pressure

The tubing ﬁ"om the jacket pressure transducer was connected to a water-filled
manometer via a 3-way tap, and air was injected via a syringe into the 3-way tap, so
that the column of water in the manometer was raised to 100 cmH,O. This signal was
recorded on the computer, then the syringe was removed and atmospheric pressure
was recorded. A two point calibration was carried out before every study. Every 3
months 10 cmH,0 increments of pressure between 0 and 100 cmH,O were applied to
the transducer, and the voltage output from the Validyne MP45 recorded. The

linearity of the system was checked by plotting pressure against voltage (figure 4.5).

4.2.4 Monitoring

Throughout all lung function measurements, as a safety measure, oxygen saturation
by pulse oximeter (Sa0,) and transcutaneous oxygen and carbon dioxide tensions
(PO, and P,CO,) were monitored continuously. The pulse oximeter probe (Ohmeda
Biox 3740 pulse oximeter, Louisville, USA) was applied to the big toe and the
combined O, and CO, skin electrode (Radiometer TCM3, Radiometer, Copenhagen,
Denmark), heated to 44°C, was applied to the thigh. The electrode was calibrated

with 20.9% oxygen and 5% carbon dioxide prior to each study.

4.2.5 Technique

(a)  Preparation of the infant

The sleeping infant, wearing a loose vest, was laid supine on an appropriate sized
jacket, extending from the neck to the pubis. The neck was extended slightly using

aroll. The oximeter and transcutaneous monitors were applied. With the arms by the
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