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Abstract

The aim of this cross sectional study was to compare cardiopulmonary function in children
with chronic lung disease of prematurity (CLD) with preterm and term-born controls. Whole-
body plethysmography, alveolar diffusion capacity (DLco) and spirometry before and after
cycle ergometry were assessed in 92 children: 29 with CLD, 33 preterm (<32 weeks
gestation) and 30 term-born controls. They also underwent echocardiographic assessment of
myocardial function and pulmonary arterial pressure while breathing room air and after

breathing 15% and 12% oxygen for 20 minutes each.

Children with CLD had lower FEV,; and FEF,s.7s compared with preterm control (p<0.001)
and term (p<0.001) groups and raised residual volume (p<0.01). DLco was significantly
lower in the CLD (p<0.05) group. There were no differences in oxygen uptake and carbon
dioxide output at maximum exercise between the groups but maximal voluntary ventilation
and ventilatory reserve were significantly lower in the CLD group compared with the preterm
(p<0.05) and term control groups (p<0.001). FEV, was reduced by 10.9% after exercise but
increased by 15.1% after bronchodilator in the CLD group. Although those with CLD
desaturated more than the control groups after the hypoxic challenge, surrogate markers of the
- pulmonary arterial pressure altered similarly in all three groups in response to hypoxia.
Echocardiographic markers of the right ventricular function did not vary between groups at

baseline or after the hypoxic challenge.

The findings of this thesis suggest that children with CLD continue to have airway
abnormalities including reversible airway obstruction, air trapping and impaired gas transfer

compared to term and preterm controls at 8-12 years of age. Although they had similar



exercise capacity to preterm and term control groups, this was at the expense of using greater
proportion of their ventilatory reserve. At school age, they do not have evidence of
myocardial dysfunction or subclinical pulmonary arterial hypertension.

(Word count: 300)



Chapter One: General Introduction



1.1 Development of the cardiopulmonary system

The association between fetal factors and the origin of complex adult diseases has been
proposed by the epidemiologist David Barker (Barker 1989). Most of the current evidence
from epidemiological studies that support Barker’s ‘fetal origin hypothesis’ points towards
the relationship between low birth weight and environmental factors, with adult
cardiovascular disease (Mi 2000; Eriksson 2001; Barker 2002). When infants are born
prematurely, their cardiovascular and pulmonary systems are still in the developmental stages,
which may have important implications to the development of adult cardiopulmonary disease;
yet our knowledge on association between premature birth and cardiopulmonary disease in

later life is limited.

1.1.1 Lung growth and development

Human lung growth starts as early as 3 weeks of embryonic life and undergoes several
morphological stages that continue into postnatal life up to early adulthood. The stages of

human lung growth are summarised in Table 1.1.

The pseudoglandular stage marks an important landmark in human lung growth. By 24 weeks
~ of intrauterine life, surfactant protein is detectable, and thus, a possible platform for gas
exchange is established. Further development of pneumocytes and division and enlargement
of alveoli continue in the saccular and alveolar stages. Alveolar multiplication continues in
the postnatal period at least up to 2-3 years and alveolar size and surface area increases until
after adolescence (Kotecha 2000; Hislop 2002). In prematurely born infants, lung growth is
interrupted in the pseudoglandular or saccular stages, which has implications for infant

respiratory and cardiovascular functions, in the short and long terms.



Table 1.1 Stages of lung growth (Joshi and Kotecha 2007)

Stage Time Events

Embryonic 0-7 wks Formation of trachea, right and left main bronchi, and

vasculogenesis around airway buds

Canalicular 7-17 wks Differentiation of epithelial cells, formation of

pulmonary arteries and veins

Pseudoglandular 7-27 wks Formation of respiratory bronchioles, alveolar ducts and
primitive alveoli, differentiation of type I and type Il

pneumocytes and formation of alveolar capillary barrier

Saccular 8-36 wks  Increment in gas exchange areas, further differentiation

of type I and type II cells

Alveolar 36 wks- 2 yrs  Septation and multiplication of alveoli

Until 18-22 yrs  Enlargement of terminal bronchioles and alveoli

Microvascular  Birthto 2-3 yrs  Fusion of double alveolar capillary network into a single

maturation layer




There are limited data on postnatal lung growth. Almost 40 years ago, Dunhill published data
from morphometric studies on 10 children showing that these children had 20 million alveoli
at birth which multiplied rapidly in the first few years of life but slowed down after 4 years of
age and stopped at 8 years (Dunhill 1972). This was supported by other studies (Davies and
Reid 1970, Thurlbeck and Angus 1975) albeit in small numbers of children. In 1982,
Thurlbeck studied post-mortem lungs of 36 boys and 20 girls (aged 6 weeks to 14 years)
dying as a result of trauma or after a short illness. The morphometric studies showed that
there was rapid alveolar multiplication during the first 2 years of life. Alveolar dimentions
and number of alveoli per unit area and volume did not change much during this period.
There was minimal growth in the alveolar number after 2 years of age (Thurlbeck 1982)

(Figure 1.1).

With recent advances on MRI imaging of lungs using hyperpolarized 3He (Ebert 1996, Peces-
Barba 2003), it may be possible to quantify linear alveolar growth more precisely. Until
longitudinal studies are carried out from birth onwards using these new technologies, our
knowledge on postnatal human lung growth is limited. Based on current literature, it is

assumed that alveolar hyperplasia is minimal after 8 years of age.



Figure 1.1 Postnatal lung growth
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1.1.2 Development of heart and pulmonary vessels

The heart and corresponding major blood vessels develop between 3-8 weeks of gestational
age. Unlike most other human organs, the fetal heart does not develop as a miniature adult
heart. In fact, it develops as a tubular structure, which undergoes a series of morphological

changes, to form the four chambers as well as the inflow and outflow tracts (Table 1.2).

Table 1.2 Development of cardiac structures (Koff 1993)

Neonatal structures Corresponding embryonic structures
Superior and inferior venae cavae Sinus venosus

Atria Dilation of heart tube

Septum Endocardial cushion

Left ventricle Dilation of heart tube

Right ventricle Bulbus cordis

Pulmonary and aortic arteries Truncus arteriosus

Pulmonary veins Outgrowth of posterior wall of left atrium

During early stages of lung development, the developing airways act as a template for
. pulmonary vascular development, and the pulmonary blood vessels form around the
branching airway by vasculogenesis, the process by which blood vessels are formed by de
novo production of endothelial cells (Hislop 2005). In later development, however, new
pulmonary blood vessels are formed only from pre-existing blood vessels, the process known
as angiogenesis. This physiological process takes place only as long as alveoli increase in size
and number (Hislop 2005). During the postnatal period, the existing capillaries split to form
new capillary meshes so that there is a double capillary network. Burri’s group has also

described that, besides the multiplication and enlargement of airspaces, some important
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microvascular changes occur in postnatal lung growth, which they termed as the stage of
microvascular maturation (Burri 2006). Essentially, during this period, the double capillary
network gradually merges as a single capillary layer. This is an extremely important event in
postnatal lung growth, as angiogenesis and alveolization go hand in hand, and once the
capillary network fuses into a single layer, new alveolar septa cannot be formed. This has now
been postulated as the major cause of premature arrest of lung growth following postnatal

steroid treatment in premature infants with chronic lung disease (Roth-Kleiner 2005).



1.2 Cardiorespiratory adaptation at birth

There are some fundamental differences between fetal and postnatal pulmonary physiology
and circulation. It is important to understand the mechanisms of fetal circulation and
cardiorespiratory adaptation at birth, in order to understand the cardiorespiratory

consequences of premature birth.

Fetal lungs are filled with fluid. The fluid secretion is maximal at mid-gestation and plays a
vital role in lung growth and development. These fluid filled lungs do not contribute to
oxygenation of blood in the foetus. Instead, the placenta acts as an organ of oxygenation. In
intrauterine life, only 12-20% of total right ventricular output flows through the pulmonary
circulation due to high pulmonary vascular resistance and high right atrial pressure. Besides,
there are some key structures in the fetal circulation, which undergo acute changes after birth.
In the fetal circulation, the ductus venosus and foramen ovale allow oxygenated blood to flow
from the placenta to the left atrium and subsequently to the ascending aorta, to be distributed
to the coronary and cerebral circulations. During labour, increasing levels of catecholamine
decrease the production of lung liquid. After birth, the inflation of the lungs displaces the lung
liquid from air sacs into perivascular space (Bland 1980). The majority of fluid is absorbed
“into pulmonary lymphatics and capillaries. Along with lung liquid absorption, the distension
of lungs and increase in oxygen tension reduces the pulmonary vascular resistance, which in
turn is associated with structural reorganization and thinning of the pulmonary vascular wall
(Abman 1990; Lakshminrusimha and Steinhorn 1999). This allows pulmonary vascular flow
to increase by almost eightfold. At the same time, as the umbilical cord is clamped, venous
return to the right atrium is reduced which leads to a drop in right atrial pressure and closure
of the foramen ovale. In intrauterine life, pulmonary arterial pressure is equal to or more than

the systemic arterial pressure. After birth, it rapidly falls to about 50% of that in the fetus,
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mediated by prostacyclin and endogenous nitric oxide (Leffler 1984; Fineman 1991). This
drop in pulmonary arterial pressure initiates the closure of the ductus arteriosus. In the
majority of healthy term infants, these steps of cardiorespiratory adaptation are complete by

about 24 hours after birth.

In prematurely born infants, postnatal cardiorespiratory adaptation does not occur as smoothly
as in the majority of term born infants. Pulmonary hypertension is a recognised complication
of neonatal lung diseases, but the mechanisms for persistently high pulmonary vascular
resistance in premature infants are not yet well understood (Goodman 1988; Mourani 2004;

Danhaive 2005).
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1.3 Respiratory consequences of premature birth

As evident from the stages of human lung growth, prematurely born infants have interrupted
lung development. Various factors such as mechanical ventilation, oxygen, infection,

inflammation, nutrition etc. affect their postnatal lung growth (Figure 1.2).

Figure: 1.2 Model of factors affecting lung growth
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Genetic Nutrition
Endocrine
Lung growth
Pulmonary inflammatio

Other

Infection Oxygen toxicity =~ Barotrauma  PDA VGOR
¥ Fluid

overload
RDS
Prematurity Postnatal

Top halfshows prenatal factors that may be important in normal lung growth; each may cause
inflammation, so affecting lung growth. Bottom half shows postnatal factors that may affect

lung growth (Kotecha 2000)

Thus, preterm birth is associated with both antenatal and postnatal risk factors that affect lung

growth and development which may lead to short term and long term respiratory morbidity.
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In sections 1.3.1 and 1.3.2 I shall discuss respiratory distress syndrome and chronic lung

disease, the two most important respiratory pathologies associated with premature birth.

1.3.1 Respiratory distress syndrome

1.3.1.1 Introduction

Respiratory distress syndrome (RDS) is an acute respiratory illness caused by surfactant
deficiency, primarily in prematurely born infants. In the majority of affected infants, RDS is
characterised by increased respiratory rate (>60breaths/ min), subcostal, intercostal or sternal
recession, expiratory grunting, and cyanosis. Extremely premature infants (<26 weeks),
however, may present with apnoea without any other associated respiratory signs. Premature
birth is by far the most important factor contributing to development of RDS in infants. Male
gender (M:F 1.7:1) and Caucasian race have also been strongly associated with this condition.
Other predisposing factors related to development of RDS are, Caesarean section, birth
hypoxia, maternal diabetes, hypothyroidism, genetic predisposition, twin pregnancy,
hypothermia, malnutrition, intrauterine growth retardation, haemolytic disease of newborn

and timing of cord clamping (Greenough 2005).

The incidence of RDS is known to be inversely proportional to the gestational age at birth.
Data from previous studies have shown that the risk of RDS reduces from approximately 50%
in infants born less than 30 weeks of gestational age to only 2% in those born at 35-36 weeks
of gestational age (Rubaltelli 1998). Exposure to antenatal steroids (Ventolini 2008) and
postnatal surfactant (Stoelhorst 2005) have been shown to significantly reduce the incidence
of RDS. Despite these positive interventions, RDS is still a major cause of morbidity in

preterm infants. As the incidence of preterm birth is ever increasing, and comprises about 5-
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7% of all live births in the developed world (Tucker 2005), further research into RDS and its

consequences still remains an area that needs to be understood better.

1.3.1.2 Pathology

The basis of RDS is surfactant deficiency. Surfactant is a combination of phospholipids and
proteins produced by type Il pneumocytes, which spread as a layer of thin film at the air
liquid interface of the alveolar surface and lowers its surface tension, thereby preventing
alveolar collapse. Dipalmitoyl phosphatidyl choline or DPPC is the principal component of
surfactant, which is responsible for reducing alveolar surface tension. As discussed in section
1.1.1, differentiation of types I and Il pneumocytes occur during 17-27 weeks of gestational
age. Type Il cells are detectable by 24 weeks of gestation. However, surfactant produced by
type Il cells at this stage is insufficient to adequately lower alveolar surface tension.
Therefore, alveoli tend to collapse, particularly at end expiration, leading to poorly compliant
lungs with atelectasis, and sometimes fluid filled lungs, which give rise to the ‘white out’
appearance in chest x-ray. Other radiological signs are small lungs and presence of air

bronchograms.

Histologically, in lungs affected by RDS, the distended terminal and respiratory bronchioles
are lined by hyaline membranes; giving its histological name ‘hyaline membrane disease’.
The hyaline membranes are formed by coagulation of plasma proteins that leak onto the lung
surface through damaged capillaries and epithelial cells, and fibrin exudates (Greenough
2005). After about 24 hours, the healing process begins, with appearance of inflammatory
cells and macrophages. In uncomplicated RDS, the healing process is complete in the first

few days after birth, and hyaline membranes disappear by the end of the first week. However,
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in extremely premature infants on mechanical ventilation, this process is markedly altered and

delayed (Greenough 2005).

1.3.1.3 Effects of RDS on pulmonary function

The pulmonary function of infants with RDS depends upon the gestational age, type of
ventilatory support and severity of RDS among other factors. By definition, the hallmark of
RDS is non-compliant, stiff lungs. Pulmonary resistance in infants with RDS has been
estimated to be 3-6 folds greater, compared with newborn infants without RDS. Studies have
also shown that functional residual capacity is decreased in RDS. Although infants with RDS
tend to achieve similar tidal volume as healthy term infants, almost 60-80% of this consists of
dead space ventilation (Ainsworth 2005). To compensate for this, spontaneously breathing
infants with RDS increase their respiratory rate. There is also evidence that prematurely born
infants with RDS tend to have poor pulmonary compliance and reduced functional residual
capacity in the first month of life, which is not fully corrected by treatment with surfactant
(Kavvadia 1999). In some prematurely born infants, this early structural and functional
damage in the lungs may lead to chronic lung disease of prematurity, requiring prolonged

oxygen dependency and/or ventilatory support.

1.3.2 Neonatal chronic lung disease

1.3.2.1 Introduction

In 1967 Northway introduced the term bronchopulmonary dysplasia (BPD), describing the
pulmonary changes in the surviving population of prematurely born infants with severe
respiratory failure (Northway 1967). In current literature, the terms chronic lung disease and

15



bronchopulmonary dysplasia are used interchangeably to describe chronic respiratory
problems following premature birth. The National Institutes of Health workshop in 2001
suggested that the term ‘Bronchopulmonary Dysplasia’ be used for prematurely born infants
who develop persistent respiratory problem, as this is a more specific terminology (Jobe and
Bancalari 2001). However, in 2003 the American Thoracic Society (ATS) document on the
‘Statement on the care of the child with chronic lung disease of infancy and childhood’
emphasized that the term bronchopulmonary dysplasia has certain histological and
pathological implications that may not be present in all prematurely born infants. More
importantly, the long term management of children and adolescents with different forms of
chronic lung disease of infancy are similar in principle. Therefore, the ATS document argued
that it may be more appropriate to use the generic term chronic lung disease to describe the

residual neonatal pulmonary problems in children and adolescents (ATS 2003).

Throughout this thesis, I have used the term chronic lung disease (CLD) to describe children
who were born <32 weeks of gestational age who were dependent on supplemental oxygen at

36 weeks of corrected gestational age or discharge to home, whichever comes first.

The incidence of CLD has been reported to be as varied as 10-40% (Fanaroff 2007). This
'variation is probably contributed by lack of agreed diagnostic criteria; some using oxygen
dependency at 28 days of life and others using oxygen dependency at 36 weeks of corrected
gestational age for diagnosis of CLD (Bancalari 1979; Avery 1987; Shennan 1988). Shennan
et al (Shennan 1988) made a case that the cut-off mark of oxygen dependency at 36 weeks of
corrected gestational age predicts a more accurate incidence of CLD irrespective of the
gestational age at birth. In 2001, the National Institute of Child Health and Human

Development (NICHD)/ National Heart Lung and Blood Institute (NHLB)/ Office of rare
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diseases workshop on CLD agreed on diagnostic criteria for CLD (Jobe and Bancalari 2001)
(Table 1.3). The NICHD also reported an incidence of CLD in 23% of prematurely born
infants, using the definition of oxygen dependency at 36 weeks of corrected gestational age in

prematurely born infants (Lemons 2001).
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Table 1.3 Diagnostic criteria for severity of CLD

Gestational age <32 weeks >32 weeks
TPA 36 wk PMA or discharge to home, >28 days but <56 days PNA or
whichever comes first discharge home, whichever is
first
Mild CLD Breathing room air at TPA Breathing room air at TPA
Moderate CLD Need for <30% oxygen at TPA Need for <30% oxygen at TPA
Severe CLD Need for >30% oxygen and/or Need for >30% oxygen and/or
positive pressure, (PPV or CPAP) positive pressure, (PPV or
CPAP)
(Jobe and Bancalari 2001)

TPA= Time point of assessment, PMA= Post menstrual age, PNA= Post natal age, PPV=

Positive pressure ventilation, CPAP= Continuous positive airway pressure
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1.3.2.2 Risk Factors for the Development of CLD

Several antenatal and postnatal factors have been associated with the development of CLD.
Antenatal inflammation and infections have been explored as potential causes in both animal
models and in infants born prematurely. In a sheep model, when chorioamnionitis was
induced by injecting endotoxin, there were alveolar and microvascular changes in the fetal
lung similar to CLD (Kramer 2008). Maternal preeclampsia (Hansen 2010) and
chorioamnionitis (Watterberg 1996, Paul 2009) have been shown to increase the incidence of
CLD in very low birth weight infants who are born prematurely. Others have suggested that
the exposure to antenatal inflammation is a risk for development of CLD only if the infant is
exposed to postnatal infection (Van Marter 2002). Cytomegalovirus (Sawyer 1987) and

Ureaplasma urealyticum (Cassell 1988) have also been suggested to be risk factors for CLD.

Oxygen toxicity and barotrauma are considered to be important postnatal causes of CLD. As
premature infants have a poorly developed antioxidant system, they are at higher risk of
oxygen free radical damage (Frank 1992). It has been clearly demonstrated in a piglet model
that hyperoxia causes more significant physiological, inflammatory, and histological changes
in the lungs than barotrauma alone (Davis 1991). The inverse relationship between
hypocarbia and development of CLD has also been demonstrated in prematurely born infants
who were hypocarbic prior to receiving surfactant replacement therapy (Garland 1995).
Barotrauma caused by high pressure ventilation is an important cause of pulmonary interstitial

emphysema (Greenough 1984) which in turn may lead to neonatal CLD (Cochran 1994).

When Cunha et al studied a cohort of 86 infants with birth weight less than 1500g, they

reported that apart from birth weight, gestational age and oxygen, the most important factors
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for development of CLD were prematurity, patent ductus arteriosus, high peak inspiratory

pressure and fluid overload (Cunha 2005).

Although CLD is a disease of prematurely born infants, lack of RDS does not prevent CLD.
In fact, in one study, up to 5% of infants who developed CLD did not have any initial lung
disease (Charafeddine 1999). Although antenatal corticosteroids have shown to be hugely
beneficial in decreasing the incidence of RDS, this has not influenced the incidence of CLD,

possibly as a result of increasing survival after extremely premature birth (Crowley 1995).

1.3.2.3 Pathogenesis and Pathophysiology of CLD

The population of infants, on whom Northway and his colleagues described CLD, were born
moderately premature and were exposed to high concentration of oxygen and aggressive
mechanical ventilation, and none of them had received surfactant (Northway 1967). These
infants had severe respiratory failure with prolonged healing process. The morphological
changes in the radiograph were severe, and included pulmonary hyperinflation, emphysema,
atelectasis and fibrosis. Histological characteristics of this classic CLD were epithelial
squamous metaplasia and smooth muscle hypertrophy in the airways and in the pulmonary
vasculature (Bancalari and Claure 2006). The post-mortem examinations of lung tissue in
infants who died of CLD demonstrated normal or increased lung volumes, thin alveolar walls,
and most importantly, less than normal total numbers of alveoli for post-natal and

postconceptional age (Hislop and Haworth 1990).

With the introduction of antenatal steroids in the 1970s and surfactant replacement therapy in

the early 1990s, along with improved mechanical ventilation, careful monitoring of oxygen
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therapy and improved nutritional care, the survival of extremely premature infants has
improved, and the pathology of CLD has changed over the years. Unlike the ‘classic CLD’ or
the ‘old CLD’ seen in the pre-surfactant era, the ‘new CLD’ of the post-surfactant era is seen
in extremely premature infants, who may or may not have suffered from RDS. ‘New CLD’
seems to occur due to arrest of alveolar growth leading to enlarged airspaces with minimal
alveolization (Jobe 1999; Coalson 2003), rather than the classic appearance of alternating
sites of hyperinflation and fibrosis caused by oxidant injury or barotraumas seen in infants in
the pre-surfactant years (Figure 1.3). The radiographic changes in the ‘new CLD’ are also
different to what was observed classically. These infants seem to have small lungs with
minimal alveolization. It has been demonstrated that antenatal exposure to steroids caused
thinning of the alveolar wall, an increase in alveolar volume by 20% and a decrease in
alveolar number by 30%, in fetal lambs (Willet 2000). This gives us the picture of pulmonary

pathology in the prematurely born children who have been exposed to antenatal steroids.
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Figure 1.3 Histological appearance o f‘old* and ‘new’ CLD
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1.3.3 Long term respiratory outcome of prematurity

Respiratory consequences of premature birth have been investigated in infants, pre-school and
school-aged children, and in young adults. The studies in infants have concentrated mostly on
the incidence of respiratory symptoms. lower respiratory tract infection such as respiratory
syncytial virus infection, and hospital admissions. Research on school-aged children and
adolescents has given us some insight on the pulmonary function in these children in greater

detail. However, most of these studies are based on children born in the pre-surfactant era.

Re-hospitalization:

Various studies have consistently shown that there is an increased incidence of hospital
admissions due to respiratory illness in premature infants with CLD. In an American cohort of
133 surviving infants of gestational age <32 weeks and 121 healthy term controls (born 1985-
1986). 36% of preterm infants were re-hospitalized in the first 2 years of life compared to
only 2.5% of term infants. Among the preterm infants who were hospitalized, 45% had CLD
compared to 25% who did not have CLD (Cunningham 1991). In another American study, out
of 125 surviving children born at 24-31 weeks of gestational age, 53% with CLD were re-
hospitalized within the first 2 years as opposed to 26% of preterm children without CLD
(Gross 1998). Similar results have also been shown by an Australian group who followed up
78 infants who were discharged home on home oxygen and 78 birth weight matched infants
without CLD. In this study, the overall rates of re-hospitalization (58% vs 35%) and
hospitalization for respiratory illness (39% vs 20%) were higher in the CLD group in the first

year of life (Chye and Gray 1995).
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In a large case control study carried out in the USA, increased risk of hospitalization for
respiratory illness has been reported in 18-27 year old adults who had a history of low birth
weight. In this study involving 4,674 cases and 18,445 controls, odds ratio for hospitalization
for respiratory illness was 1.83 (95% CI 1.28 to 2.62, p=0.001) for very low birth weight
(birth weight <1.500 grams) and 1.34 (95% CI 1.17 to 1.52. p<0.005) for moderate low birth
weight (birth weith 1,500 grams to 2,499 grams) subjects. Premature birth and presence or

absence of CLD was not considered in this study (Walter 2009).

Respiratory symptoms:

The fact that the incidence for re-hospitalization due to respiratory illness is higher in preterm
children with CLD implies that ongoing respiratory symptoms must be higher in this group of
infants. A four year prospective follow-up of 81 prematurely born children (median
gestational age 29 weeks) revealed that 47% of children were symptomatic with chronic
wheeze and cough in the first year of life, 36% in the second year and 33% in the third and
fourth years (Greenough 1996). Gestational age <28 weeks, ventilation >5 days, supplemental
oxygen >10 days, family history of atopy, and parental smoking were noted to be important
predictors of respiratory symptoms. In a larger study with 492 infants born before 29 weeks of
gestational age, up to 27% were symptomatic with cough and wheeze in the first year. Male
sex, oxygen dependency at 36 weeks of corrected gestational age, having older siblings under
the age of five and living in rental accommodation were reported to be risk factors for
respiratory symptoms at 6 and 12 months of age (Greenough 2005). Premature infants who
wheeze in the first year have also been associated with abnormal pulmonary function tests
(Broughton 2007). None of these studies have compared respiratory symptoms between

prematurely born children with and without CLD.
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Whether or not the respiratory symptoms in preterm children persist as they grow older is not
well understood, but there is evidence that prematurely born children continue to have
respiratory symptoms at school age. When respiratory symptoms over a period of 12 months
were studied in 384, 8-year-old children who were born with very low birth weight (<1500
grams), the investigators noted that respiratory symptoms were twice as common in the study
group compared to 154 term-born controls (Palta 2001). The investigators in this study also
compared the respiratory symptoms in this group of preterm children (born between 1988-
1991), prior to the introduction of surfactant therapy, to 2 other groups of preterm children;
those born between 1989-1990 when surfactant was used only as a rescue therapy and 1990-
1991 when surfactant became generally available. The investigators used a questionnaire from
the International Study of Asthma and Allergies in Childhood (ISAAC) (Asher 1995). They
concluded that with the advent of availability of surfactant, the prevalence of wheezing at 8
years of age decreased from 50% to 16% among children with CLD (defined as use of
supplemental oxygen at 25-35 days), but increase in wheezing at 8 years of age in those very
low birth weight children who did not meet the criteria for CLD (Palta 2001). Another
published data on the follow-up of the extremely premature children (<25 weeks, born in
1985) from the EPICure study cohort (Costeloe 2000) have shown that respiratory symptoms
and medication use were more prevalent at 30 months and at 6 years, in the CLD population
(n=180) compared to the non-CLD (n=56). They also concluded that need for hospitalization
and medication use declined between 30 months and 6 years (Hennessy 2008). The authors
found that discharge gestational age, exposure to passive smoking at home, maternal smoking

in pregnancy, and CLD were risk factors for respiratory symptoms at 6 years of age.
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Pulmonary function tests:

Respiratory compliance and resistance have been reported to be abnormal (50% predicted) in
infants during the acute phase of CLD, but these seemed to have improved during the first
year of life with values reaching normal ranges by 2 years of age (Baraldi 1997). However,
forced expiratory flow measured at the age of 2 years was abnormal in 70% of the children in
this cohort. If prematurely born infants wheeze, they tend to have evidence of gas trapping as
opposed to those who are asymptomatic at 1 year of age (Broughton 2007). In the EPICure
cohort which consisted of 236 infants born at <25 weeks of gestational age (74%, CLD), peak
expiratory flow was lower than in term born classroom controls (mean adjusted difference 39
/min) at 6 years of age (Hennessy 2008). CLD defined as need for oxygen supplement at 36
weeks of corrected gestational age was found to be the only independent predictor of peak

flow.

Very low birth weight (<1000grams) and extremely preterm (<28 weeks) children have been
shown to have compromised pulmonary function at school age (8-9 years) with lower forced
expiratory volume at 1 second, FEV, (<75% predicted) in 20% of the index population
compared to just 2% of term-born controls. They also had higher residual volume (RV) and
RV:TLC ratio (residual volume: total lung capacity) indicating air trapping (Doyle 2006).
57% (out of 298) of the very low birth weight children in this study had CLD. FEV, was
lower (<75% predicted in 27% with CLD V 15% without CLD), and RV as well as RV: TLC
ratio were higher in the CLD population. The results from the Australian cohort of 52 preterm
children with CLD and 62 preterm controls at 8 years of age are slightly different
(Kulasekaran 2007). In this cohort, forced expiratory flow at 25-75% of vital capacity (FEF »s.
7s) was the only respiratory parameter that was significantly lower in the CLD group

compared to the preterm controls, which responded to bronchodilator therapy. There was no
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evidence of increased air trapping or bronchial hyper-reactivity in the children with CLD
compared with the preterm controls. None of the children in this study had received surfactant
therapy. Data from 18 studies on children and young adults with CLD of prematurity (6-19
years) have been extensively reviewed by Baraldi (Baraldi 2007). As shown in Figure 1.4, it
is clear that even those children with CLD who receicved surfactant after birth tend to have

lower FEV later in life compared to the control population.

The evidence on the effect of surfactant therapy at birth on respiratory outcome at school age
is varied. 38% (out of 298) of the preterm children in the study by Doyle et al had received
surfactant therapy, and thus did not influence the respiratory outcome at 8 years of age (Doyle
2006). Similarly, 8 year follow-up on children who were recruited for a randomised control
study of surfactant therapy revealed that there were no differences in FRC, forced expiratory
flow (FEV,, FVC, FEF »s, FEF ), PEF or airway resistance between those who received
surfactant therapy and those who received placebo (Gappa 1999). 2/22 in the surfactant
group, compared with 9/18 in the placebo group had developed CLD. Another follow-up
study at school age (7-12 years), on children who were recruited in a randomised control trial
for surfactant therapy gives a different perspective to the influence of surfactant therapy on
long-term respiratory outcome. In this Finnish study which included 17 children who had
feceived prophylactic surfactant at birth, 14 children who received surfactant as a rescue
therapy and 9 children who received placebo, the recipients of the prophylactic surfactant
therapy had better FVC and PEF than the placebo group (p<.05) but did not differ to those
who received rescue surfactant. All the spirometric parameters were significantly lower in the
11 preterm children who developed CLD (28%) than in those who did not develop CLD.
None of the children in this study were exposed to antenatal steroids (Pelkonen 1998).

Another Finnish study which reported lung function at 8 years of age in preterm children
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received surfactant therapy at birth, demonstrated lower FEV,, higher RV: TLC and higher
airway resistance in the CLD group compared with the term controls (Korhonen 2004). The
limitation of this study is that the investigators defined CLD as oxygen dependency at 28 days
of life, and only 14 out of 34 children in the CLD group were oxygen dependent at 36 weeks
of corrected gestational age. FEV, was lower in the 14 children who were oxygen dependent

at 36 weeks compared to both the control groups.

The older population from the pre-surfactant era have had their lung function reported, in their
early adulthood. At 18 years, 68% of 26 subjects (born between 1964-1973) who had classic
CLD, had evidence of airway obstruction; this was irreversible in 24% (Northway Jr 1990).
Compared to the control population, the CLD group also had reductions in vital capacity and
higher RV:TLC ratio. Similar results were also reported by another study on 42, 19-year old
young adults who were born at <32 weeks of gestational age and <1500 grams of birth weight
(born in 1983). Compared to 48 healthy term control subjects, the ex-preterm subjects had
lower FEV, and lower diffusion capacities. This study also showed lower exercise capacity

(lower maximum load), but normal peak oxygen consumption, ( VO, ) in ex-preterm subjects

(Vrijlandt 2006). In this study, the authors reported that none of these differences were
statistically significant between preterm infants with and without CLD. This conclusion
should be carefully interpreted, as only 9/42 preterm subjects in this study had CLD.
Halvorsen et al (Halvorsen 2004) and Doyle et al (Doyle 2006) have also demonstrated lower
FEV, in the ex- CLD population compared to term controls at 18-19 years of age. More
recently published data on 60 ex- preterm subjects (7 with CLD) and 50 term-born controls
showed that at 21 years of age, the prematurely born young adults still had excess respiratory

symptoms but there was no significant difference in measured spirometry (Narang 2008).
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There are only limited studies with longitudinal data on preterm cohorts that give prospective
evidence about the natural history of lung function in the survivors of CLD. In a study on 17
survivors of CLD, 17 preterm controls and 34 healthy controls, the FEV, z- score was
consistent in the CLD group at 2 years, 9 years and 15 years. Values for FEV; were
significantly lower in the CLD group compared with the control groups at 9 and 15 years
(Filippone 2009). In the study by Doyle et al (Doyle 2006), there was a larger fall in FEV;:
FVC ratio in the subjects with CLD (n=29) than in preterm controls (n=129) between 8 and
18 years of age (mean difference in FEV1: FVC -3.4%). On the other hand, Blayney et al
reported improvement in FEV; by 10 years of age in 19 children (out of 32 who had CLD)
who had FEV,<80% predicted at 7 years of age (Blayney 1991). In another study,
Koumbourlis et al reported improvement in TLC and RV: TLC ratio over time (from 8 years
to 15 years) suggesting resolution in gas trapping. FEV; and FEV;: FVC remained normal at
both the phases but FEF at 25-75% of VC and at FEF at 75% of vital capacity remained low

at both the phases (Koumbourlis 1996).

There are also limited data on diffusion capacity and exercise tests on school-aged children
and young adults with history of CLD. Currently available literature on alveolar diffusion
capacity and cardiopulmonary exercise on preterm subjects is summarized in Table 1.4 (a)

and 1.4 (b) respectively.

Measurement of alveolar diffusion capacity (DLco) is a method for indirectly assessing
alveolar-capillary gas transfer. There is lack of consistency in the literature regarding
information about the alveolar-capillary carbon monoxide diffusion in preterm infants. The
only available data from school-aged children have shown lower DL, in children with CLD

compared to the controls (Mitchell and Teague 1998). The investigators used the intrabreath
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technique rather than the more commonly used single breath method in this study. The
EPICure study group recently reported lower diffusion capacity and lower peak oxygen

consumption during exercise (VO,) in preterm children born at <26 weeks gestation in the

surfactant era (Welsh 2010). Balinotti and colleagues have reported significantly lower DLco
and the ratio of DLgo:alveolar volume in infancy in preterm infants with CLD compared to
term controls suggesting impaired alveolar development (Balinotti 2010). Other studies for
DL¢o including those conducted in preterm born children and young adults report variable
results (Mitchell and Teague 1998; Vrijlandt 2006; Smith 2008; Narang 2009). Some studies
in this older population showed lower DLco values in preterm compared to term controls
(Vrijlandt 2006; Narang 2009) but they suggested that the alveolar transfer factor was similar
in preterm subjects with and without CLD. In the adult CLD population, Northway and
colleagues demonstrated that although DLco was statistically lower in the CLD group
compared to the term controls, their alveolar diffusion capacity was >80% of the predicted

value i.e. within normal limits (Northway Jr 1990).

Currently available data on cardio-pulmonary exercise tests in school-aged children (Jacob
1997; Pianosi and Fisk 2000; Kriemler 2005; Welsh 2010) and young adults who were born
preterm are also inconsistent (Vrijlandt 2006; Narang 2009). Some studies have shown no

differences in exercise capacity or peak VO, between preterm and term groups (Jacob 1997;

Kriemler 2005; Vrijlandt 2006; Narang 2009) whereas other studies have demonstrated
reduced peak VO, in the preterm subjects (Pianosi and Fisk 2000; Welsh 2010). These
differences in the results may be due to variation in the study groups and also in the methods
of cardiopulmonary exercise testing and, indeed, often do not differentiate between preterm

infants with and without CLD.
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Thus, there is a lack of data on comparing lung function and exercise capacity between age
and gender matched preterm children with and without CLD with those born at term.
Furthermore, the objective effect of exercise on airway function has not been reported nor has
the effect of bronchodilator drugs after exercise been assessed in children with or without
CLD. Finally, it is unclear which perinatal factors including gestational age, length of oxygen
dependency or mechanical ventilation during infancy, influence important parameters such as

DLco, exercise tolerance and ventilatory capacity during exercise.

The pathogenesis and pathology of lung disease in prematurely born children in recent years
is different to those born before the introduction of surfactant. Currently available literature is
based on small cohorts of subjects and there is a lack of evidence based on comprehensive
pulmonary function tests including exercise testing in a single cohort. Almost all pulmonary
function studies on preterm children mix up preterm children with and without CLD.
Therefore, it is unclear if pulmonary function abnormalities in ex-preterm children are due to

prematurity per se or because of the chronic lung disease.

There is evidence from the older cohort that CLD of prematurity may be associated with
early ‘ageing’ of lungs. CT scans on 21, 17-33 year old (median age 19) adults with a history
of CLD revealed abnormal pulmonary CT in all the subjects with evidence of emphysema in
84%. (Wong 2008). Although this is a small study, other studies have also shown similar
results. Brostron et al studied 60 (28 with RDS, 32 with CLD) very low birth weight children
at 1 month and at 6-8 years of age. 25/32 infants with CLD had abnormal chest x-ray at 1
month of age. Only 26 of these children had high resolution computed tomography (HRCT)
scan at 6-8 years of age. 19/26 had evidence of lung fibrosis, emphysema, bronchial wall

thickening or linear opacities (Brostron 2010). Similarly, when HRCT was done on preterm
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(gestational age < 28 weeks) low birth weight (birth weight < 1000 grams) subjects who were
10 years old (n=42) and a separate cohort of subjects who were 18 years old (n=32), 64
subjects (86%) had minor abnormalities such as opacities and hypoattenuated areas. The
authors have reported that neither age at examination nor birth cohort predicted the HRCT
score. However, those who were oxygen dependent for >100 days after birth were noted to be
at higher risk for CT abnormality (Aukland 2009). These results suggest that children who are
born prematurely and develop CLD are potentially at risk of developing chronic obstructive

pulmonary disease (COPD) later in life.
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Figure 1.4 FEVi in prematurely bom children and young adults who had CLD
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Figure 3. FEVXValues in Children, Adolescents, and Young Adults Who Were
Born Prematurely and Had Bronchopulmonary Dysplasia, as Compared with
Controls Born at Term.

Data (presented as means-2 SD) are from 18 studies, reported since 1990,
in which survivors of bronchopulmonary dysplasia who were 6 to 19 years
of age were compared with a reference population born at term. In all but
two studies, the mean forced expiratory volume in 1 second (FEVX was sig-
nificantly lower in the patients with bronchopulmonary dysplasia than in the
healthy controls. Eighty percent of the predicted FEVXvalue is the accepted
lower limit of the normal range. An asterisk indicates that the study was per-
formed after the introduction of surfactant therapy. The studies were conduct-
ed in the United States,21535 37 Australia,22,24,38,39 Finland,21,4041 Canada,4243
Italy,44,45 Norway,25 and the Netherlands.46 The numbers within the graph
refer to the reference numbers of the studies.

(Baraldi 2007)
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Table 1.4 (a): Summary of the literature review on alveolar diffusion capacity in prematurely born children

Reference Participants (N) Age Method Results
(Balinotti 2010) CLD (39) 12-14 months Single breath - DL¢o adjusted for haemoglobin was lower in the CLD group
Term (61) (p<0.01)
(Welsh 2010) Extremely preterm 11 years Single breath -DL¢o was lower in the extremely preterm group compared to
(38) the term controls (p<0.001)
Term (38) -CLD vs. non-CLD was not tested
(Mitchell and Teague CLD (10) 7 years Intrabreath technique | -Baseline DL was lower in CLD group.
1998) Preterm control (10)
Term (10)
(Vrijlandt 2006) CLD (9) 19 years Single breath -Preterm subjects had lower DL¢o compared to term controls
Preterm control (42) but there were no differences between those with and without
Term (48) CLD
(Narang 2009) CLD (57) 21 years He dilution mixed -Reduced DLo and QpefT at baseline in ex-preterm subjects
Term (50) expired gas analysis which normalised during exercise and reduced again after
recovery.
(Northway Jr 1990) CLD (26) Adult Single breath - DLco >80% predicted for patients and controls.
Preterm control (26) -CLD vs. Term p <0.05
Term (53) -CLD vs. preterm control (not significant)
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Table 1.4 (b): Summary of the literature review on cardiopulmonary exercise test in prematurely born children

Reference Participants (N) Age Method Results
(Welsh 2010) Extremely preterm (38) 11 years Cycle ergometry | -Peak VO, was lower in the extreme preterm compared to term
Term (38) -CLD vs. non-CLD not tested
(Bader 1987) CLD (10) 7-14 years | Treadmill - No difference in peak VO, between CLD and term groups.
Term (8)
(Baraldi 1991) Preterm (15) 7-12 years | Treadmill -No difference in peak VO between preterm and term groups
[None had CLD]
Term (26)
(Jacob 1997) CLD (15) 9-12 years | Cycle ergometry - No difference in peak VO, between groups
Preterm control (15)
Term (13)
(Pianosi and Fisk CLD(17) 8-9 years | Cycle ergometry - Preterms with and without CLD had lower VO, compared to the
2000) Preterm control (15) terms (p<0.05)
Term (15)
(Kriemler 2005) CLD(17) 5-7 years | Cycle ergometry - No difference in peak VO, between groups
Preterm control (14)
Term (24)
(Vrijlandt 2005) CLD (9) 19 years Cycle ergometry - No difference in peak VO: between preterm and term groups
Preterm control (32) (mean age) -Work load was 15% lower in preterm group (p<0.0001)
Term (48)
(Smith 2008) CLD (37) 10 years -6 minute walk - Peak VO, was lower in the preterm group compared to the term
Preterm control (89) (mean age) | - 20 meters shuttle | - Difference between CLD and preterm controls was not tested
Term (34) run - No difference in 6 minute walk distance
- Mean completed shuttle stage in the preterm control group was
50% lower than that of the Term group
(Narang 2009) CLD (7) 21 years Cycle ergometry - No difference in peak VO, between term and preterm groups
Preterm control (53) (mean age)
Term (50)
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Whether or not the short term respiratory morbidilty and the long term abnormalities in
pulmonary function in prematurely born children with CLD are due to prematurity per se or
due to the pathology of CLD is difficult to disentangle. As shown in Figure 1.2, there are
various antenatal factors that affect lung growth, and if a baby is born prematurely, lung
growth is interrupted. This alone may be a major risk factor for long term respiratory
morbidity. In a large American population consisting of 233,844 deliveries (born in 2002 to
2008), when late preterms (34 to 38 weeks) were compared to term born infants (>38 weeks),
incidence of RDS was 10.5% in the late preterms vs 0.3% in the term population (Hibbard
2010). This suggests that even in late preterms who may or may not have developed CLD,
respiratory morbidity in infancy is higher than in the term-born population. However,
postnatal interventions such as mechanical ventilation and oxygen inhalation also contribute
to lung inflammation. Factors such as low birth weight and postnatal nutrition may also have
arole in long term respiratory outcome.When spirometry was performed on 8-9 year old
children who were appropriate or gestational age at birth (n=3,462) and those who had
intrauterine growth retardation (n=576), FEV, was significantly lower in those with
intrauterine growth retardation (Kotecha 2010). This study did not include prematurely born
children. Current literature on respiratory outcome of CLD do not differentiate if the
respiratory consequences are due to prematurity alone or due to the pathology of CLD.
Prematurity, CLD and IUGR are intermingled in most of the literature. The question still
remains that if preterm infants do not develop CLD, would they still have abnormal lung

function in later life?
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1.4 Cardiac consequences of premature birth

Although primary airway disease following premature birth is more obvious, premature
infants with RDS and CLD are also at high risk of cardiovascular sequelae, particularly

pulmonary arterial hypertension (PAH).

1.4.1 Pulmonary vascular changes in RDS and CLD

Premature arrest of lung development and subsequent exposure to hypoxia has important
effects on infant haemodynamics during the transitional period. These infants are more likely
to have persistent fetal circulation leading to increased pulmonary arterial pressure in the early
postnatal period. Hislop and Haworth have also demonstrated that those infants who died of
RDS or subsequent CLD had significant structural abnormalities in their pulmonary
vasculature irrespective of whether or not they had clinical or pathological features of cor
pulmonale (Hislop and Haworth 1990). In infants who died within the first 3 months, while
still being supported by mechanical ventilation, the muscularity of the pulmonary vascular
wall was similar to that seen in the normal fetus. This was less evident in those who had
recovered from initial RDS and did not have clinical cor pulmonale. However, in those who
died of cor pulmonale, the muscularity of the pulmonary vessels was considerably increased.
All infants who died of CLD, with or without cor pulmonale, had increased adventitial
thickness. These structural changes in the pulmonary vasculature cause narrowing of the
vessels and also compromise their compliance, thereby contributing to high pulmonary
vascular resistance. These findings clearly demonstrate the importance of the assessment of

pulmonary arterial pressure and right ventricular function in premature infants with CLD.
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1.5 Body composition in prematurely born children

Prematurely born infants are known to have impaired growth in early infancy (Huysman
2003; Cooke and Griffin 2009). Although the mechanisms underlying growth failure in
infants with CLD are poorly understood, this has been speculated to be due to increased work

of breathing (Kurzner 1988), infection and a different body composition (Huysman 2003).

Cooke et al studied 149 preterm infants (<34 weeks of gestational age, <1750 grams at birth)
at discharge from hospital (Cooke and Griffin 2009). The researchers reported that fat free
mass measured by dual-x-ray-absorptiometry (DXA) was significantly less in preterm infants
than in the reference infants at the same weight or gestational age. Global fat mass was greater
in the same group of preterm infants compared to the control population. The authors
concluded that the impaired linear growth and fat free mass in preterm infant may be because

dietary protein needs were not met before discharge.

In a study by Fewtrell et al (Fewtrell 2004) when 497 prematurely born children (<37 weeks
of gestational age) and 95 term-born children were studied at 8-12 years of age, the
researchers noted that those born prematurely had significantly lower fat mass index (FMI)
measured by DXA compared with the term-born controls but fat free mass index (FFMI) was
not different between the two groups. There was no association between birth weight,

gestational age, or neonatal diet and FMI or FFMI at 8-12 years of age.

Body composition has also been measured in prematurely born children with CLD. Bott et al
studied 71 children, aged 4-8 years, with CLD of prematurity (Bott 2006). The researchers did
not compare the results with preterm or term-born controls. Instead, this study was designed

to compare FMI and FFMI measured using anthropometry, dual x-ray-absorptiometry (DXA)
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and bioelectrical impedance analysis (BIA). The authors concluded that both BIA and
anthropometry gave good agreement with DXA to evaluate fat mass and fat free mass but
BIA overestimated fat mass (mean difference: 0.34 kg+2.06) and underestimated fat free mass

(mean difference: -1.24 kg+3.32).

In prematurely born young adults aged 19 years (n=403, <32 weeks of gestational age),
weight gain before 32 weeks of corrected gestational age was positively associated with adult
body size but not with body composition and fat distribution (Euser 2005). Whether body
composition of prematurely born children with CLD varies from those who do not develop

CLD is not clear.

1.5.1 Validation of bioelectrical impedance for measurement of body

composition in children

Dual-x-ray-absorptiometry (DXA) is a reference criterion for measurement of body
composition. The drawbacks of this method are that this is a time-consuming and expensive
method that requires an expert technician and sophisticated equipment. DXA also involves
radiation, albeit a negligible dose of 0.001 milli Sievert (Radiological Society of North
America. http://www.radiologyinfo.org/en/safety/index) Bioelectrical impedance (BIA) is a
more user-friendly and an easily accessible method for measuring nutritional status. BIA is
based on the principle that the electrical conductivity through body fluid is much greater in fat
free mass than in fat mass because fat free mass contains all body fluids and electrolytes

(Sung 2001).
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BIA has been validated in a large study on 1139 girls and 1243 boys, aged 7-16 years (Sung
2001). The 95% limits of agreement between BIA and DXA methods were considered to be
acceptable (-3.3 kg to -0.5 for fat mass in kg and -3.9 to 0.6 for % body fat). Bott et al studied
71 children, aged 4-8 years, with CLD of prematurity (Bott 2006). The investigators
compared fat mass and fat free mass measured using anthropometry, BIA and DXA. The
results showed that BIA overestimated fat mass (mean difference: 0.34 kg, SD: 2.06) and
underestimated fat free mass (mean difference: -1.24 kg, SD: 3.32) compared to that
measured by DXA in children with CLD. The researchers did not, however, adjust fat mass or
fat free mass to body size. As a result, it is also not clear from this study whether the
reproducibility for fat mass and fat free mass measured by BIA compared with DXA is
different in children with CLD compared with the term-born population. A previous study has
suggested that in an undernourished population, body composition data correlate less with a
reference method like DXA (Wells 1999). In a more recent study on 69, 8 year old children,
the same group of researchers have suggested that body composition data should be

normalised to height rather than weight (Wells and Cole 2002).

BIA is simple and quick to use in clinical settings. Although BIA may not be as accurate as
DXA in measuring body composition in undernourished children, this is a useful method for
cross-sectional and longitudinal studies because of its simplicity and acceptable validity. It

has been shown to have a relatively good agreement with DXA.

1.5.2 Relationship between body composition and respiratory function

In adult studies, abnormality in body composition, especially depletion of fat free mass has
been associated with increased mortality and lower maximal exercise performance in patients
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with chronic obstructive pulmonary disease (COPD) (Andreassen and Vestbo 2003). Low fat
free mass and low body mass index have been found to predict a higher mortality even in
those with a predominantly early stage COPD (Vestbo 2006). It has been demonstrated that
patients with COPD have less fat free mass index and that this may be associated with normal
body mass index (17/33 COPD patients had low FFMI but normal BMI) (Bolton 2004). In
another study, higher lean-to-fat mass ratio was shown to be associated with a greater distance
walked in 6 minutes in adults with COPD (Eisner 2007). FFMI has also been shown to be
significantly associated with percentage of predicted FEV, and FEV:FVC ratio in adults with

clinically stable COPD (Ischaki 2007).

The influence of body composition on respiratory muscle and lung function has been
established in adults (Ionescu 1998; Enright 2007) with cystic fibrosis. Loss of fat free mass
has particularly been associated with loss of diaphragmatic muscle mass and loss of
inspiratory muscle work capacity (Enright 2007). In children with cystic fibrosis appropriate
weight gain has been associated with better FEV, (Zemel 2000; Peterson 2003). These studies

have not explored the individual roles of fat mass and fat free mass on lung function.

Bott et al have reported that in children with CLD undernutrition does not correlate with
' pulmonary status at childhood (4-8 years), but is associated with nutritional status before the
age of 2 years (Bott 2006). The authors also noted that although children with CLD had lower
fat mass, resting energy expenditure adjusted for weight and fat free mass was similar in those
with CLD and the control population (Bott 2006). There is lack of information on how
different components of body composition vary between prematurely born children with CLD
and the control population and whether this has any correlation with different aspects of lung

function.
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1.5.3 Relationship between body composition and cardiovascular

function

The relationship between body weight and cardiovascular disease has been explored in
numerous studies in the past. Low birth weight has been related to increased cardiovascular
morbidity and mortality later in life (Barker 1994; Lurbe 2001; Lackland 2003). The
association between low birth weight and elevated blood pressure later on life has been
extensively studied on the population in the Bogalusa Heart Study (Mzayek 2007). On the
other hand, a high body mass index in children has been associated with various
cardiovascular risk factors, atherosclerosis and mortality in adulthood (Berenson 1998; Reilly

2003; Bjorge 2008).

There is a gap of knowledge in the current literature on the relationship of different
components of the body mass index and cardiovascular risk factors in children. As high body
mass index can reflect increase in either fat mass or fat free mass, it would be useful to
understand the relationship between specific components of body composition with
physiological and biochemical indices of cardiovascular disease. Furthermore, it is not clear if
-altered body composition is related to subclinical myocardial dysfunction. Understanding the
basis of these relationships can help in the holistic management of prematurely born children,
particularly those with CLD, who may be at high risk of developing cardiopulmonary disease

later in life.
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1.6 Assessment of pulmonary arterial pressure by
echocardiography

The technical challenges in the assessment of pulmonary arterial pressure (PAP) and RV
function in infants and children cannot be overstated. Although the reference criterion for
diagnosis of pulmonary arterial hypertension (PAH) is right heart catheterization, this is an
invasive procedure, which is highly impractical and unethical, particularly for diagnosis of
subclinical disease in small infants and children. Therefore, over the last two decades, non-

invasive echocardiographic features have been explored extensively for diagnosis of PAH.

1.6.1 Pulsed Doppler methods

Pulmonary arterial hypertension (PAH) is defined as mean PAP >20 mm Hg at rest, or >30
mm Hg during exercise. Commonly used equations for assessment of PAP by Doppler
echocardiography are,

1. Systolic PAP = 4 x (Tricuspid regurgitation peak velocity) 2 + right atrial pressure (Hatle
1981)

2. Mean PAP =79 - 0.45 (Pulmonary arterial acceleration time, AT) (Dabestani 1987)

3. Diastolic PAP = 4 x (Pulmonary regurgitation end diastolic velocity) > + right atrial

pressure (Masuyama 1986)

1.6.1.1 Tricuspid regurgitation peak velocity

The assessment of peak systolic pressure across the tricuspid valve using tricuspid

regurgitation (TR) peak velocity is perhaps the most widely used echocardiographic
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parameter for direct assessment of systolic PAP. In this method, maximum peak velocity of
blood flow through tricuspid valve is measured by continuous wave Doppler ultrasound
(Figure 4.7) and right ventricular to right atrial pressure gradient is calculated by applying the
modified Bernoulli equation (AP=4V?). RV pressure is calculated by adding estimated right
atrial pressure to the calculated pressure. The right atrial pressure can be estimated by the
degree of collapse of the inferior vena cava on inspiration (Kircher 1990). In the absence of

RYV outflow tract obstruction RV systolic pressure should be equal to the PAP.

This method has been validated both in adults, and in children. When a measurable TR jet is
visible, this has been demonstrated to be highly accurate in diagnosis of PAH in adults and
correlated well with catheterization measurements (r=0.97) (Skjaerpe and Hatle 1986). It has
also been shown to be accurate and reproducible in infants with congenital heart disease
(r=0.95) (Skinner 1993). The problem however is, that a TR jet was detectable only in 47% of
patients with chronic obstructive airway disease (COPD) with only 30% patients having good
quality TR jet in one study (Tramarin 1991). Similarly, in young children <2 years with
chronic lung disease of various aetiology, TR jet could be detected in only 63% of patients
and TR velocity could diagnose presence of PAH in 79% of patients, but could correctly
estimate PAP in only 47%. 58% of children (7/12) who did not have measurable TR jet were
" diagnosed to have PAH by subsequent catheterization (Mourani 2008). Thus, although in the
presence of a measurable TR jet velocity, the presence of PAH can be diagnosed with fairly

good accuracy, its absence does not exclude PAH.
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1.6.1.2 Pulmonary regurgitation end diastolic velocity

Continuous-wave or pulse-wave Doppler echocardiography can be used to measure
pulmonary regurgitation flow velocity (Figure 4.8), to estimate PAP by modified Bernoulli
equation. This method has also been validated in a small study of 21 patients with PAH and
24 controls without PAH (Masuyama 1986). The Doppler determined pressure gradient at end
diastole correlated well with catheter measurements (r=0.94) in this study. However,
measurable PR velocity was visible in only half of the controls and 78% of patients with

PAH.

1.6.1.3 RV outflow systolic time intervals

RV systolic time intervals are probably the most extensively studied surrogate markers of
PAH. In this method, the forward flow through the pulmonary artery is visualized by pulse-
wave Doppler ultrasound. Acceleration time (AT) is measured from the onset of ejection to
the time of peak flow velocity, and ejection time is measured from the onset to the end of
systolic flow velocity (Figure 4.9) The advantage of this method is that unlike the TR and PR
jets, pulmonary flow can invariably be measured in all patients, irrespective of age and

presence or absence of PAH.

The negative linear correlation with mean PAP in adult population has been demonstrated in

various studies (Matsuda 1986; Dabestani 1987).
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Table 1.5 Sensitivity and specificity of acceleration time (AT) for detecting pulmonary

arterial hypertension (PAP >20 mm Hg)

Doppler index Sensitivity Specificity
AT <120 ms 91% 63%

AT <110 ms 87% 88%

AT <100 ms 78% 100%

(Dabestani 1987)

In the study by Dabestani et at (Dabestani 1987), all patients with pulmonary systolic flow
acceleration time (PA AT) <75 ms had severe PAH (PAP of at least 40 mm Hg). There was
significant correlation between PA AT and mean PAP (r=0.84, p<0.001). In this study, the
use of acceleration time to ejection time ratio (AT: ET) did not improve the correlation with
mean pulmonary arterial pressure. All patients in this study had heart rate (HR) <110 beats
per minute. The high specificity of PA AT for diagnosis of PAH does not hold true unless the
heart rate is 60-100 beats per minute. This caveat needs to be taken into account when using
PA AT as a surrogate marker of PAH in infants and children. Reassuringly, when AT was
corrected for heart rate by dividing AT by square root of R-R interval, significant inverse
correlation with ATc (r =-0.78) and AT/ETc (r=0.87) was noted in children aged 4 days to 16

years (Akiba 1988).

AT:ET ratio has been used to study changes in PAP in preterm infants during the acute phase
of RDS (Evans and Archer 1991), during recovery (Evans and Archer 1991), and in infants
with CLD of prematurity (Fitzgerald 1994; Subhedar and Shaw 2000). In one of these studies,
using AT:ET ratio of >0.35 as normal and <0.31 as definitely low, 24% of infants with CLD

were suggested to have raised PAP (Fitzgerald 1994). The evidence of lower AT:ET ratio in
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preterm infants with RDS compared to controls is evident in all these studies. However, this
measurement has been reported to have considerable intraobserver variability in preterm
infants (Subhedar and Shaw 1996). The coefficient of repeatability for measurement of
AT:ET ratio was only 25.4% in this study. The PA AT measurement also depends upon the
sampling site, possibly due to varying angle of incidence to pulmonary arterial flow and also

sample volume of pulsed Doppler (Panidis 1986).

In summary, pulmonary systolic flow acceleration time (PA AT) is a specific, but not a

sensitive index of PAP.

1.6.2 Tissue Doppler methods/ Myocardial velocity imaging

1.6.2.1 Right ventricular relaxation time 'IVRT'

Myocardial pulsed Doppler imaging of the tricuspid annulus can be used to measure RV
relaxation time ‘IVRT (Figure 4.11)’. In adults, IVRT correlates well (r=0.74 to 0.87) with
simultaneously measured PAP by RV catheterization (Dambrauskaite 2005; Brechot 2008).
RV relaxation time was longer in patients with PAH, compared to those who did not have
" PAH. RV relaxation time ‘IVRT’ <40 ms has been shown to exclude PAH with 100%
negative predictive value (Brechot 2008). Although prolonged IVRT is suggestive of elevated
PAP, this cannot confirm the diagnosis of PAH by itself. At present, there is a lack of normal

values and validation of this technique in infants and children.

47



1.6.2.2 RV lateral wall peak systolic strain

Strain is the percent magnitude of myocardial deformation during cardiac cycle. Systolic
strain is percent shortening of myocardium in a defined region of interest, during systole
(Figure 4.14). RV systolic strain has been explored as a promising new technique for
diagnosis of PAH. When used as a surrogate marker of PAH, RV systolic strain had
significant inverse correlation with PAP (= -0.67; p<0.001) and pulmonary vascular
resistance (r=0.6; p<0.001) (Rajagopalan 2008). In another large study on adults, when 111
patients with PAH and 35 patients with normal PAP had tissue Doppler myocardial imaging
and cardiac catheterization, RV systolic strain < -20% was shown to predict PAP>40 mm Hg
with a sensitivity of 60% and specificity of 87% (Lopez-Candales 2008). In this study, RV
dyssynchrony measured by delayed time to peak strain between the ventricular septum and
RYV lateral wall of >25 ms was demonstrated as a good predictor of systolic PAP>40 mm Hg
with sensitivity of 78% and a specificity of 80%. In view of these promising results in adult
studies, it is possible that RV systolic strain may be a useful surrogate marker for diagnosis of
PAH in infants and children as well. Strain and strain rate imaging has been proved to be
feasible and reliable in infants (Nestaas 2007). This has not yet been validated for diagnosis of
PAH in infants or children. Nevertheless, normal values for RV strain have been described in
children, albeit in a wide age range of 1.1-18 years (Kutty 2008). The mean RV basal strain in
~ this study for 30 normal children was, -18.9+ 4.7%. Thus, the cut-off value of strain < -20%

cannot be blindly applied in children for diagnosis of PAH.
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1.6.3 Echocardiographic evidence of pulmonary arterial hypertension in

respiratory distress syndrome and chronic lung disease of prematurity

Evans and Archer have used pulmonary acceleration time to ejection time ratio (AT: ET) for
indirect assessment of PAP in 57 preterm infants (38 infants with RDS) at different time
periods during the acute phase of RDS (Evans and Archer 1991). In this study, AT:ET ratio
did not differ in preterm infants with and without RDS during the first 6 hours after birth, but
the ratio was significantly different by 73 to 96 hours. The mean AT: ET ratio did not show
significant correlation with gestation, birth weight, maximum supplemental oxygen, or the
length of acute phase of illness. Importantly, the investigators noted that the AT: ET varied
considerably among infants with RDS, and also depending upon the sampling site. The same
group of investigators followed up 37 infants with RDS, during recovery phase of the illness.
12/37 premature infants in this study continued to have low AT: ET ratio at discharge, despite
having no clinical signs of respiratory illness. The infants in this group had lower gestational
age at birth, lower birth weight, and had required longer duration of additional oxygen
compared to the groups in which the ratio returned to normal at discharge (Evans and Archer
1991). Following this, a study involving preterm infants who developed CLD (oxygen
dependency at 28 days) has also demonstrated that 24% of infants with CLD, who had no
clinical evidence of PAH, had low AT: ET ratio (<0.31), suggesting raised PAP. In a more
recent study involving 248 examinations on 54 infants with CLD and 44 healthy preterm
controls who were born between 1995 and 1997, the AT: ET ratio was significantly lower in
the preterm CLD group compared to preterm controls (0.31 vs 0.37) (Subhedar and Shaw
2000). All infants in this study, who had required mechanical ventilation, had been treated
with 2 doses of surfactant, 12 hours apart. The infants had longitudinal echocardiographic
studies from 36 weeks of corrected gestational age till 40-52 weeks of corrected age. This

longitudinal study showed that in infants with CLD, the AT: ET ratio was significantly
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independently associated with age and inversely correlated with duration of supplemental
oxygen treatment. Thus, although PAP falls with increasing age in the premature infants,
there is evidence that some infants with CLD may have persistent subclinical PAH, even in
the post-surfactant era. Whether this subclinical PAH seen in infants with RDS and CLD

persist later in life, is yet to be seen.

In adults with chronic obstructive airway disease, left ventricular function has also been found
to be compromised (Acikel 2010; Sabit 2010) and left ventricular diastolic function has been
found to be closely related to the level of pulmonary hypertension (Acikel 2010). This has not

yet been tested in children with CLD of prematurity.

In most of the studies assessing PAP in infants with RDS or CLD, the investigators have used
blood Doppler echocardiography for indirect assessment of PAP. Tissue Doppler or
myocardial velocity imaging methods have not yet been applied in prematurely born infants

and children for diagnosis of PAH.

1.7 Cardio-Respiratory Effects of Hypoxia

1.7.1 Hypoxic effects of altitude

The atmosphere consists primarily of nitrogen (78%) and oxygen (21%). This percentage of
inspired oxygen remains constant at different altitudes. What varies is the atmospheric
pressure. As the altitude increases, the atmospheric pressure decreases, which results in the
reduction of the driving pressure for gas exchange in the lungs i.e. reduction in the inspired

alveolar and arterial partial pressure of oxygen (Dalton’s Law).
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Atmospheric pressure is the pressure at any point of the earth’s atmosphere and is determined
by hydrostatic pressure caused by the weight of air above the point of measurement. At sea
level, the weight of air above us is normally 100kPa. Atmospheric pressure is calculated as the
sum of the partial pressure of the constituent gases (oxygen and nitrogen) and the partial
pressure of water vapour (6.3kPa at 37°C). As oxygen is 21% dry air, the inspired oxygen
pressure at sea level is 0.21x(100-6.3) =19.6kPa (Peacock 1998). As we ascend, the air
becomes less dense resulting in hypobaric hypoxia and is effectively equivalent to breathing

oxygen at lower concentration.

The accessibility of commercial flights means that more and more people are travelling by
long distance air flights. Similarly, visits to high altitude ski resorts or hiking in the mountains
are becoming increasingly popular. Some of the ski resorts in Europe and North America are
less than 2,438m (8,000ft) high. Others are higher than 8,000ft. The highest ski resort in
North America is 3,962m (13,000ft) in Colorado, and in Europe, it is 3,794m (12,450f%).
Destinations such as the Everest base camp (5,500m) and Tibet (3,658 m), which were once
considered remote, are now relatively easily accessible. The impact of this fast pace,
adventurous life means that increasingly more people are exposed to altitude related hypoxia

-and its consequences.

1.7.1.1 Air flight and altitude

Commercial aircrafts generally cruise at altitudes of 9,000 to 12,000m (30,000 to 40,000ft)
above sea level, where atmospheric partial pressure of oxygen, PO, is <S5kPa. This level of

oxygen would normally cause lethal alveolar hypoxia. To reduce the hypoxic effect of
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altitude, aircraft cabins are pressurised to an altitude of 1,500-2,400m (5,000-8,000ft) above
sea level, giving atmospheric pressure of about 75kPa and an atmospheric PO, 15-17kPa. This
is equivalent to breathing 15-17% oxygen at sea level (Samuels 2004; Bossley and Balfour-
Lynn 2007). In emergency, if the aircraft has to cruise above this altitude, oxygen masks are
automatically deployed to all the passengers. For practical and commercial reasons, it is not
possible to pressurise aircrafts to sea level. Maintaining aircraft at a sea level pressure would
reduce the energy available for other aircraft systems, increase fuel consumption and reduce

the working life of the aluminium airframes (Samuels 2004).

The current code of US Federal Aviation Regulations specifies that the air flight cabins and
compartments should be pressurised to not more than 2,438m (8,000ft) at the maximum
operating altitude of the aeroplanes under normal operating conditions (Anonymous 1986).
One important fact to be noted with this regulation is that, it is practically not possible to
always adhere to this limit and also, that the cabin altitude does not remain constant during
the flight. This has been demonstrated when cabin pressures were directly measured in

commercial aircraft flights (Cottrell 1988; Kelly 2007).

1.7.1.2 Flight hypoxia in adults and children

With the growing number of passengers flying with pre existing cardiorespiratory conditions,
insight into the hypoxic effects of flight and its possible consequence has become an area of
intense scrutiny. When oxygen saturation (SaO;) was monitored in 84 passengers (aged 1-78
years) during short and long haul flights, the average change in oxygen saturation was noted
to be from 97% (93-100%) at ground level to 93% (85-98%) at cruising altitude (Humphreys

2005). In this study, the authors presented the results from long and short haul flights together
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and did not present the data from adults and children separately. Lee and his colleagues have
also carried out a similar study on 80 healthy, 0-15 year old children, on a long distance flight
from Honolulu to Taipei, lasting 8-10 hours. In this study, the mean oxygen saturation
declined from a mean sea level SaO; of 98.5% (= 1.2) to 95.7% (+ 1.7) after 3 hours and
94.4% (+ 1.8) after 7 hours of flight (Lee 2002). It is now well established that most children
and adults experience some degree of oxygen desaturation in long haul flights. This degree of
hypoxia may not be clinically significant in a well, asymptomatic passenger. On the other
hand, passengers with pre-existing cardiopulmonary conditions with chronic mild hypoxemia
may develop exaggerated hypoxemia during commercial airline flights or in any other high
altitude conditions. There is no strong evidence at present to argue for or against this

hypothesis.

1.7.1.3 British Thoracic Society guidelines

With the growing concerns regarding patients with respiratory conditions embarking on
commercial flights and lack of clear guidance for recommendation of oxygen for these
passengers, there was clearly a need for consistent, practical, and comprehensive advice. To
meet this demand, in 2002, British Thoracic Society Standards of Care Committee provided
‘recommendations for respiratory physicians, for those passengers who travel by commercial
aircraft and have predisposing lung disease (Coker 2002). In summary, the 2002 BTS
guidelines for children recommended that,

o It is prudent to wait for 1 week after birth before allowing infants to fly to ensure the infant

is healthy
o If the infant has had any neonatal respiratory problems, the proposed journey should be

discussed with a paediatrician and a hypoxic challenge test considered
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e For oxygen-dependent children including ex-premature infants with chronic lung disease
where flying is imperative, oxygen requirements should be titrated in a body box as

follows:

The infant, receiving oxygen via nasal cannula is placed in the body box in the company of a
parent or a carer, and SaO, monitored. The air in the body box is then diluted to 15% oxygen
with nitrogen for 20 minutes. Any fall in SaO, can be restored to the original value by titration
of the flow of oxygen through the nasal cannula. This flow of oxygen should then be supplied

during the flight.

For adults with respiratory disease, the BTS guidelines suggest that those with sea level Sa0O,
of 92-95% should undergo hypoxic challenge with 15% oxygen for 20 minutes, while those
with Sa0O, <92% at sea level should receive in-flight oxygen. For those undergoing hypoxic
challenge, the guidelines recommend that if either the SaO, during the challenge falls <85%
or post-test PaO, is <6.6, in-flight oxygen (2 /min) should be advised. However, the 2004
update of these guidelines suggested that in-flight oxygen should be recommended if SaO,
falls <90% during the hypoxic challenge (instead of <85%). Thus, the cut off value of
Sa0,<90% during hypoxic challenge for in-flight oxygen requirement is an arbitrary

consensus view rather than evidence based.

1.7.2 Pre-flight hypoxia test

Since the publication of the BTS guidelines for passengers with lung disease, there have been
prospective as well as retrospective studies on pre-flight hypoxia challenge tests. In the
paediatric age group, the pre-flight hypoxia tests have been mainly concentrated on preterm
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infants (Buchdahl 2004; Udomittipong 2006; Hall 2007; Martin 2008) and children with

cystic fibrosis (Oades 1994).

Buchdahl and colleagues used 15% oxygen delivered in a body box to test 20 infants (8,
CLD). 6/8 infants with CLD had baseline SaO, of >95% but overall 8/20 children dropped
their Sa0, to <90% during the hypoxic challenge (Buchdahl 2004). In a retrospective review
of infants who had pre-flight hypoxic challenge test by Udomittipong et al (Udomittipong
2006), 14% oxygen had been delivered using face masks. 32/47 infants in the study had CLD.
All had baseline Sa0; >95% but 23/32 infants with CLD dropped their SaO, to <85% during
the hypoxic challenge. In a larger study by Martin et al (Martin 2008), 69 children who had
pre-flight hypoxic challenge test using 14% oxygen were reviewed. In this study, 14/23
children with CLD (<2 year old) desaturated to <90% whereas 6/23 children with CLD (>2
year old) dropped their oxygen saturation to <85%. Interestingly, 12/24 healthy children (<2

year old) also desaturated to <90% and 1/24 healthy child (> 2 year old) desaturated to <85%.

It is interesting that SaQ; in room air was not predictable of the response to hypoxic challenge
in any of the above studies. More importantly, in the study by Martin et al (Martin 2008),
when Sa0,< 90% was considered as a failure to pass a hypoxic challenge as suggested by
2004 BTS guidelines, 50% of healthy infants failed hypoxic challenge. Sa0O, <85% seems a

more reasonable cut-off according to this study.

1.7.2.1 Hypobaric hypoxia V normobaric hypoxia

Hypobaric hypoxic chambers can simulate aircraft cabin pressure and partial pressure of

oxygen (Pa0O,) and would be an ideal method of carrying out pre-flight hypoxic challenge.
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However, hypobaric hypoxic chambers are not readily available. Alternatively, hypoxic
challenge can be carried out by diluting the oxygen concentration in a body box as suggested
in the 2002 BTS guidelines or by letting the child breathe reduced concentration of oxygen
via a face mask or nasal cannula. Both these methods would create normobaric hypoxia as

opposed to hypobaric hypoxia encountered in an aircraft or at high altitude.

To assess the validity of a normobaric hypoxia inhalation test compared with actual in-flight
responses, Kelly et al (Kelly 2006) studied 15 healthy adults, who underwent pre-flight
normobaric hypoxia inhalation testing by inhaling 15% oxygen, and compared the SaO,
results with actual in-flight SaO, results. They noted that although there was no difference
between the final normobaric hypoxia inhalation test Sa0O, (92+2) and mean in-flight SaO,
(92+2), there was a significant difference between the lowest normobaric hypoxia inhalation
test Sa0; (90+2%) and the lowest in-flight Sa0O, (88+2%). Reassuringly, a study on adult
patients with Chronic Obstructive Airway Disease (COPD), comparing PaO, at 15%
hypobaric hypoxia inhalation test and 2,438m (8,000ft) hypobaric chamber has shown that the
PaO; relationship was comparable (Dillard 1995). Another validation of normobaric hypoxia
testing has been carried out on 7 children aged 2-51 months in Perth, Australia (Hall 2007).
These children were exposed to 14% oxygen at high flow rate of 15 I/min via a mask for 20
'minutes. 2 separate periods of 30 seconds of quiet breathing were recorded and inhaled
oxygen concentration for each inspiration was calculated. It was noted that the median
concentration of inhaled oxygen was 13.5% (SD 0.2%). Therefore, use of normobaric hypoxia

inhalation test seems to be a good method to simulate hypobaric hypoxia.
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1.7.3 Hypoxic pulmonary vasoconstriction

Hypoxic pulmonary vasoconstriction is an adaptive mechanism whereby blood is shunted
from segments of poorly perfused segments of the lung to the well perfused segments, thereby
optimizing the ventilation-perfusion match and thus reducing shunt function. This also results
in optimal systemic delivery of oxygen in patients with focal lung disease such as pneumonia
and atelectasis (Thomas and Garrett 1982; Brimioulle 1996). However, with global hypoxic
conditions such as in high altitude hypobaric hypoxia or sleep apnoea, hypoxic pulmonary
vasoconstriction results in constriction of pulmonary arteries throughout the pulmonary
circulation resulting in increased pulmonary vascular resistance (Moudgil 2005). Bindsler and
his colleagues observed that during anaesthesia, hypoxic pulmonary vasoconstriction
increased pulmonary vascular resistance by 50% to 300%, and that the response to hypoxia
starts within minutes of exposure and peaks within 15 minutes (Bindslev 1985). Similarly,
inhalation of 12.5% oxygen at sea level has been shown to decrease systemic PaO, to below
50 Torr and increase pulmonary vascular resistance by 100% -150% in normal adult
volunteers (Naeije 1987). Interestingly, it is the alveolar oxygen tension that determines the
hypoxic pulmonary vasoconstriction and not the blood PaO, As long as the alveolar oxygen
tension is maintained above 60 Torr, there seems to be little hypoxic pulmonary
vasoconstriction even when blood Pa0; is reduced to 10 Torr (Marshall and Marshall 1983).
To combat the hypoxic pulmonary vasoconstriction, hypoxia also results in hyperventilation
and respiratory alkalosis (Bindslev 1985). All these effects of hypoxia are modulated by
pulmonary vascular endothelium and the mechanisms surrounding this complex process,
including the Redox Theory and the role of K* and Ca’ channels have been extensively

reviewed by Moudgil et al (Moudgil 2005).
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1.7.4 Effects of acute hypoxia on children with neonatal hypoxic

pulmonary arterial hypertension

Epidemiological studies have clearly suggested that adverse events in utero may lead to
cardiovascular and metabolic diseases in adulthood (Barker 1994; Barker 2001). With regards
to hypoxic pulmonary arterial hypertension, although there is enough evidence that localized
or generalized pulmonary hypoxia leads to hypoxic pulmonary vasoconstriction, there is little
evidence to prove that hypoxia in perinatal period leads to susceptibility for hypoxic
pulmonary arterial hypertension (PAH) in adulthood. Animal studies on rats have
demonstrated that exposure to hypoxia in the first few days of life induces transient
pulmonary arterial hypertension and predisposes to augmented pulmonary arterial
hypertension in response to hypoxia in adulthood (Hakim and Mortola 1990; Hampl and

Herget 1990).

In the only relevant human study in this field, Claudio Sartori and his team tested this
hypothesis on 15 adults (mean age 21 years), who had transient hypoxic pulmonary
hypertension in the first week of life (Sartori 1999). These volunteers had their systolic
pulmonary arterial pressure (PAP) measured by echocardiography at sea level with hypoxic
breathing (12% oxygen for 20 minutes), and then at a high altitude research laboratory at
4,559m (4,600m ~ inhalation of 12% oxygen at sea level). They also had their PAP measured
after inhalation of nitric oxide at high altitude. The results were compared with that of 10
healthy volunteers who were born at full term and had normal perinatal period. The results
showed that at sea level, PAP between the two groups was similar but 24-36 hours after
arrival at 4559m, the mean increase in PAP in the group who had neonatal pulmonary
hypertension was significantly higher compared to the control group (p<0.01). In this

experiment, the decrease in PAP after inhalation of nitric oxide at high altitude was also

58



significantly higher in the neonatal pulmonary hypertension group compared to the control

group.

We know from post mortem studies that infants who died from neonatal chronic lung disease
showed thickening of pulmonary vascular smooth muscle (Bush 1990; Margraf 1991). Similar
findings were also noted on those infants who died from pulmonary hypertension (Haworth
1988; Stenmark 1988). Whether this early life pathology persists in children who survive
neonatal chronic lung disease is not known. If it does, it could predispose to exaggerated
vasoconstrictor response to acute hypoxia. Specifically, in light of the observations made by
Sartori et al in the above study, it seems prudent that we look for evidence of pulmonary
arterial hypertension in response to acute hypoxia in the surviving children with chronic lung

disease of prematurity.

In summary, fetal lung growth and the development of pulmonary vasculature are closely
related to each other. Pulmonary function studies on ex-preterm children suggest that they
continue to have evidence of airway obstruction and impaired alveolar diffusion as they grow
older, but most studies do not differentiate whether this impaired pulmonary function is due to
prematurity per se or due to CLD. Besides, current literature on exercise capacity in children
\;vith CLD is not consistent. It is also not clear if these children have exercise induced
bronchospasm and whether the CLD related airway obstruction is reversible. Premature birth
is also associated with abnormal pulmonary vascular development. There is some evidence
that prematurely born infants who develop CLD have thickened pulmonary arterial smooth
muscle and develop pulmonary arterial hypertension. Whether this early life pathology
persists as these children grow older is not clear. It is also not known if children with CLD of

prematurity are at risk of developing subclinical right ventricular dysfunction and pulmonary
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arterial hypertension secondary to impaired lung function, especially if they are exposed to

hypoxic conditions.

As lung function and cardiovascular function have both been generally related to nutritional
status, it would also be useful to learn if children with CLD have a different body composition
compared to the control population and whether there is any relationship between body

composition and cardio-respiratory function in children.

1.8 Hypothesis and study aims

1.8.1 Hypothesis

I hypothesized that prematurely born children who had chronic lung disease in infancy would
have:

1(a) Impaired pulmonary function at rest and after exercise

1(b) Reduced exercise capacity compared to both preterm and term controls

1(c) Greater exercise induced bronchoconstriction

1(d) Greater response to bronchodilator administered after exercise.

Children who had chronic lung disease in infancy would also have:

2(a) Subclinical right ventricular dysfunction

2(b) Evidence of raised pulmonary arterial pressure after exposure to acute hypoxia
2(c) Subclinical left ventricular dysfunction

compared with preterm and term-born controls.
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1.8.2 Specific aims

Primary aims:
1(a) To assess pulmonary function at rest in children with CLD and in term and preterm
control subjects, using spirometry, single breath test for alveolar carbon monoxide diffusion

capacity and whole body plethysmography for static lung volumes

1(b) To measure spirometry after cardiopulmonary exercise test to assess exercise induced

bronchospasm in children with CLD and in control subjects

1(c) To assess exercise duration and exercise load, oxygen consumption, carbon dioxide
production, maximum voluntary ventilation and ventilatory reserve at maximum exercise in

those with CLD compared with preterm and term-born control subjects

1(d) To test response to inhalation of bronchodilator agent in children with CLD compared

with the control subjects, to assess the presence of reversible airway disease

2(a) To assess baseline right and left ventricular function in children with CLD compared
with term and preterm control subjects, using physiological, biochemical and

echocardiographic markers
2(b) To assess right ventricular function and evidence of subclinical pulmonary arterial
hypertension in response to acute hypoxia in children with CLD compared to healthy term

and preterm controls, by using pulsed-wave Doppler and tissue-Doppler echocardiography.
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Secondary aims to generate hypothesis for future studies:

1(a) To assess body composition using bioelectrical impedance in children with CLD and

compare it with preterm and term-born control population.

1(b) To assess subclinical relationships between body composition and indices of

pulmonary function and cardiovascular function.
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Chapter Two: Pulmonary Function Study
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2.1 Introduction

Survivors of chronic lung disease of prematurity (CLD) have increased respiratory morbidity
(Greenough 1996; Greenough 2005), increased hospitalization (Cunningham 1991; Chye and
Gray 1995; Gross 1998) and poor lung function during infancy and early childhood (Baraldi
1997; Hennessy 2008). Increased respiratory morbidity is thought to be related to limited
ventilatory capacity in infancy but it is unclear if this improves with age. Children with CLD
have evidence of airway obstruction (Fawke 2010; Doyle 2006; Hennessy 2008), bronchial
hyper-reactivity (Bader 1987; Korhonen 2004) and air trapping (Doyle 2006) compared with
term-born controls at school age and in early adulthood (Northway Jr 1990). Preterm children
without CLD have also been demonstrated to have lung function abnormalities in early
adulthood (Hakulinen 1996; Vrijlandt 2006). Recent studies have reported lower diffusion
capacity (DLco) in preterm infants (Balinotti 2010) and children (Welsh 2010) suggesting
impaired alveolar development in preterm children born in the surfactant era. As described in
section 1.3.3 currently available data on DLco (Mitchell and Teague 1998; Vrijlandt 2006,
Smith 2008; Narang 2009) and cardiopulmonary exercise test (Jacob 1997; Pianosi and Fisk
2000; Kriemler 2005; Vrijlandt 2006; Narang 2009; Welsh 2010) in prematurely born

children and young adults are inconsistent.

Currently available data on lung function in preterm children do not differentiate those with
and without CLD. There is also lack of information on the objective effect of exercise on
airway function and the effect of bronchodilator drugs after exercise in children with or

without CLD in infancy.

I hypothesized that children who had CLD in infancy would (a) have impaired pulmonary

function at rest and after exercise; (b) have reduced exercise capacity compared to both
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preterm and term controls; (c) have greater exercise induced bronchoconstriction; and (d)
have greater response to bronchodilator administered after exercise. Finally, I modelled the
data to assess which perinatal factors may influence DLco, exercise tolerance and ventilatory

capacity.

2.2 Methods

2.2.1 Recruitment of the subjects

Inclusion criteria:

1. 8-12 year old children, who were born at <32 weeks of gestational age and who were
oxygen dependent at either 36 weeks of corrected gestational age or at discharge to
home, were included in the preterm CLD group.

2. 8-12 year old children, who were born at <32 weeks of gestational age and who did not
require oxygen at 36 weeks of corrected gestation age, were included in the preterm
control group.

3. 8-12 year old children, who were born at >37 weeks of gestational age, were included in

the term control group.

Exclusion criteria:

1. Children with congenital structural cardiac defect

2. Children with congenital structural respiratory tract defect

3. Children with any neuromuscular disease that could compromise cardiac or lung
function

4. Children with severe neurodevelopmental impairment who would not be able to comply
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with the research protocol
Temporary exclusion criteria:
1. Recent respiratory tract infections, i.e. within last 3 weeks
2. Hospital admission within the last 6 weeks for any reason

These children were invited to attend at a later date.

Recruitment of prematurely born children:
Prematurely born children were recruited from Cardiff and Vale NHS trust and Gwent

Healthcare NHS trust.

1. Cardiff and Vale NHS Trust

Two sources were used to identify children from Cardiff and Vale NHS trusts: Neonatal Unit
Database at University Hospital of Wales, and Neonatal Outreach Team Register for all
children who were followed up by Neonatal Outreach Team once they are discharged from

the Neonatal Unit at University Hospital of Wales and Llandough Hospital.

204 children who were born at <32 weeks gestational age between January 1996 to December
1 999, and cared for at the Neonatal Unit at University Hospital of Wales were identified by a
Consultant Neonatologist (Dr Drayton) from the patient database which is maintained by the
Neonatal Unit. A further 101 children who were born at <32 weeks of gestational age at
University Hospital of Wales or Llandough Hospital between January 1996 and December
2001, who were followed up by the Neonatal Outreach Nursing Team were identified from

the Neonatal Outreach Team register.
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From the computer database, each child’s name, date of birth, gestational age at birth,

duration of oxygen dependency was identified. The deceased children were identified from

the hospital ‘Patient Management System- PMS’ programme.

Out of the 305 children (91 children with CLD, 214 children without CLD) who were

identified, 31 (10%) children were excluded for the following reasons;

9 children were deceased (7 CLD, 2 without CLD)

7 had been diagnosed with congenital structural cardiac defects: 2 Pulmonary stenosis, 2
atrial septal defect and ventricular septal defect, 1 Pulmonary atresia and 2 cardiomyopathy
(1 CLD, 6 without CLD)

15 children resided outside South Wales

General practitioners for the remaining 274 children were contacted by telephone to ensure
that the children are alive, and to confirm their home addresses prior to sending out the
letters to the parents inviting the children to participate in the study.

The current General Practitioner could not be located for 117/274 (43%) children.

Letters (Appendix C) were sent out by a Consultant Neonatologist (Dr M Drayton), to the
parents of the remaining 157 children inviting the children to participate in the study, along
with the information sheets for the parents (Appendix D) and for the children (Appendix
E), and reply letter with a self addressed return envelope.

53/157 (34%) (25 CLD, 28 without CLD) children and parents agreed to participate in the
study

16/ 157 (14%) (6 CLD, 10 without CLD) children/ parents declined to participate

87/157 (56%) parents did not reply
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2. Gwent Healthcare NHS Trust

In order to obtain the desired number of prematurely born children to maintain the power of
the study, 8 children (5 CLD, 3 without CLD) were recruited from Royal Gwent Hospital.
Children who were born at <32 weeks of gestational age, who were admitted in the Special
Care Baby Unit at the Royal Gwent Hospital were identified from the admission register.
Letters of invitation was sent out by a Consultant Neonatologist (Dr S Sen) at Royal Gwent
Hospital to the parents of 23 children (10 CLD, 13 without CLD) out of which 5 did not agree

to participate, 9 agreed to participate and were recruited. The others did not reply.

Recruitment of subjects for the term control group:
Four different sources were used to recruit term-born healthy children for the control

population of the study.

1. Siblings/ friends of the participants in the preterm groups

All the parents of the prematurely born children who agreed for their children to participate in
the study were asked if the child had a term-born sibling or friend between the ages of 8-12
who may want to participate in the study as a term control.

. 4 children in the term control group are siblings of children in the preterm groups

¢ 1 child in the term control group is a friend of a child in the preterm control group

2. Children who attended General Paediatric and Orthoptic Clinics at University
Hospital of Wales
A research nurse (A Russell) attended the General Paediatric Clinics and Orthoptic Clinics at

the University Hospital of Wales twice a week to identify children who were suitable for the
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study. If the parents of these children were interested in the study, they were given the
information pack for the study, which included information sheets for the parents, information
sheets for the children and reply letter with a self-addressed envelope.

o 8 children in the term control group were recruited from the clinics.

3. Children of Staff working in University Hospital of Wales and Cardiff University
Flyers were posted on various notice boards in the University Hospital of Wales and Cardiff
University buildings at Heath site, inviting children between the ages of 8-12 years to
participate in the study.

e 10 children in the term control group are the children of the staff from the University

Hospital of Wales or Cardiff University, or the children of their friends and colleagues

4. Schools in Cardiff
Electronic flyers were distributed to nine Primary and Secondary schools in Cardiff who
agreed to post the flyer in their school websites.

o 7 parents responded to the flyer, out of which 5 participated in the study

69



Figure 2.1. Flow chart showing recruitment of prematurely born children
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2.2.2 History and general examination

For the prematurely born infants, their neonatal history including exposure to antenatal and
postnatal steroids, surfactant therapy, gestational age at birth, birth weight, treatment with
oxygen and mechanical ventilation, age and weight at discharge were all obtained from the
hospital case notes and/or hand-held neonatal records. The birth weight and gestational age at
birth for the term-born controls were obtained from the hand-held neonatal records. Case

notes for 2 preterm children could not be traced.

The parents of all the participants completed a history proforma that included questions
regarding family history of parental smoking, atopy, respiratory and cardiac conditions as
well as the child’s history of atopy, asthma, respiratory and cardiac conditions and self

assessment of physical activity. The proforma for the medical history is in Appendix B.

2.2.3 Physiological measurements

Height and weight were measured using a Stadiometer and a balance scale (Weylux, Model
424, UK). Blood pressure, pulse rate and oxygen saturation were measured using a Dynamap
Procare monitor (GE Healthcare, UK). The children had 10-15 minutes rest prior to the

measurement of these parameters.
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2.2.4 Urinary cotinine

A 10-20 ml urine sample was obtained in a sterile container. The urine sample was

immediately divided into 3 individual containers and stored at -80° centigrade.

The samples were analysed in batches of 44. The urine samples were defrosted in the water

bath at 36° centigrade before being analysed. The samples were tested for ‘Urinary Cotinine’,

using Urine Cotinine Enzyme Immunoassay (Cozart EIA Cotinine Urine Kit, M155U1). Each

sample was tested in duplicate using the following method;

10 pL of sample was added to each well

100 pL of Cotinine Enzyme was added into each well

The 96 well plate with sample and enzyme was incubated at room temperature for 30
minutes

The plate was washed four times with 300 pL of Wash Buffer

100 puL of Substrate Solution was added to each well and incubated for 30 minutes at room
temperature

100 pL of STOP Solution was added to each well

The absorbance was measured at 450 nm immediately

Urinary cotinine level was measured in 85 (92%) children to assess level of exposure to

smoking. 6 children did not provide the urine sample.

2.2.5 Pulmonary function tests

The ‘Pulmonary function tests’ were carried out in the ‘Physiological Assessment Suite’ at

Glyntaff Campus, University of Glamorgan in Pontypridd. The study comprised of
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¢ Baseline spirometry

e Measurement of alveolar diffusion capacity of carbon monoxide using a single breath
helium dilution test

e Measurement of static lung volumes using whole body plethysmography

o Exercise test using bicycle ergometry

e Post exercise spirometry

e Reversibility test with inhaled B2 agonist (Salbutamol)

2.2.5.1 Spirometry

Baseline spirometry

Prior to the spirometry tests, I explained and demonstrated the forced expiratory methods to
the children. The children had the opportunity to practice the manoeuvre using an animated
programme (Flow screen, Viasys Healthcare Gmbh, Hoechberg, Germany) until they were

comfortable with it and 1 was satisfied with the child’s technique.

Baseline spirometry was carried out in a whole body plethysmograph (Mastersceen, Jaeger,
Germany) (Figure 2.2). All the equipments were calibrated using the manufacturer’s (Jaeger)
instructions each morning after adjustment for ambient conditions. Volume and measures of
flow rate were calibrated using a certificated 3 litre syringe, and gas concentrations set against
certificated cylinders of known concentration. The equipment was serviced before the study

began by the manufacturers.

The test was carried out with the child in sitting position and with nose clip in place and the

body box door kept open. The subjects were instructed to place their lips around the
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mouthpiece of the pneumotachometer so that the air did not leak around the mouthpiece when
breathing. They were then instructed to take the deepest breath possible and blow out as hard
and as fast as they could for as long as possible. The absolute values for FEV,, FVC, FEF 25.75
and PEF along with % predicted values based on age, gender, and heights were calculated.
Each child performed at least three to five spirometric tests and at least three reproducible
manoeuvres as per the European Respiratory Society, ERS recommendations (Miller 2005).
The reproducibility was assessed by visually observing the flow volume curves and aiso by

ensuring that the differences in the FVC and FEV, between the manoeuvres were within 5%.

Post-exercise spirometry

Following the exercise test on bicycle ergometry as described in section 2.2.5.4, the children

underwent a series of spirometry tests at 5 minutes, 10 minutes, 15 minutes, 30 minutes and
40 minutes after the exercise was stopped at peak VO, . At each stage, they performed at least

three spirometric manoeuvres with at least two reproducible and acceptable tests.

Reversibility test

inhaled bronchodilator (Salbutamol) was delivered as 4 doses of 100 microgram puffs using a
paediatric aerochamber with a mask (Figure 2.5). The children were asked to take 10 normal
breaths through the aerochamber in between the puffs. Spirometry was repeated soon after
inhalation of the last dose of Salbutamol and after 15 minutes, to test for evidence of
reversible airway disease. Reversibility was defined as improvement in FEV, of >10% after

bronchodilator therapy (Quanjer 1993).
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2.2.5.2 Carbon monoxide diffusion capacity

A single breath method for measuring the diffusion capacity of lungs has been most widely
used and validated. Both the ERS and the ATS documents for recommendations for a
standard technique for measuring DLco (Cramer 1993; ATS 1995) propose the use of single
breath method for this purpose. Therefore, 1 used the single breath method to study the

alveolar diffusing capacity of lungs in the subjects in my study.

MS-PFT analyzer unit (Jacger, Germany) was used to measure DLco in this study (Figure
2.3). The participants were seated in a comfortable chair in upright position. A nose clip was
used in all participants. After 4-5 tidal breaths, the participants were instructed to expire to
residual volume (RV) followed by deep inspiration to total lung capacity (TLC). As soon as
they reached the maximal inspiration, they were asked to hold the breath at TLC for 10
seconds. The countdown was visible on the screen for the benefit of both the participant and
the investigator. The children then continued expiration and tidal breathing until the analyser

signalled the end of test.

All subjects were trained prior to the actual tests using the ‘training mode’ to avoid inhalation
of carbon monoxide during the training period. The tests were started only when the subject
and | were both satisfied with the technique. At least three consecutive tests were performed
on all subjects with 4 minutes of interval between the manoeuvres to allow carbon monoxide
to wash out and to avoid the carbon monoxide back-pressure due to formation of
carboxyhaemoglobin. For the same reason, the tests were not repeated more than 5 times. The

subjects were seated during the intervals in between the manoeuvres.
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2.2.5.3 Static lung volumes

Static lung volumes were measured by whole body plethysmography method using a body
box (Jaeger Masterscreen Plethysmograph, Jaeger, Hoechberg, Germany). The tests were
explained to the child in detail including the fact that the door of the body box would be
closed. The child was then seated in the chair inside the body box and the height adjusted so
that the child’s neck was not hyperextended or flexed while breathing through the mouth
piece. The child was then instructed on how to breathe through the mouthpiece, and to breathe
against the shutter when the shutter is closed. This manoeuvre was demonstrated by asking
the child to breathe through one end of the mouthpiece while briefly closing the other end by
hand to replicate shutter closure. Once the child and I were both satisfied that the child had
understood the procedure, the door of the body box was closed. After 1-2 minutes of waiting
time to maintain the temperature equilibrium inside the body box, the child was then asked to
breathe normally at the rate of 15-20 breaths per minute. Once tidal volume breaths were
maintained, specific airway resistances (SReff) and effective resistance (Reff) measurements
were performed with at least 5 consecutive loops established. Immediately after the SReff
measurements, the shutter was closed and the child was instructed to breathe in and out
against the shutter to measure FRC. This was repeated at least 3 times to obtain at least 2
' satisfactory tests. After the final occlusion, the child was asked to inspire maximally, followed
by maximal expiration and then full inspiration to measure vital capacity (VC), total lung
capacity (TLC) and residual volume (RV). The door of the body box was closed and the nose

clip was used throughout the test.
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2.2.5.4 Cardiopulmonary exercise testing

Maximal exercise capacity was measured using an incremental symptom limited bicycle
ergometer test using electrically braked cycle ergometer (Jaeger, Germany) by a fellow
researcher, T Powell and me (Figure 2.4). Pedalling was started on an unloaded cycle, and
then every 3 minutes thereafter the load was incremented by 30W until volitional exhaustion
or until the heart rate reached 80-90% of the predicted maximum (220-age in years). Pedalling
cadence was held at approximately 60 rpm. Children were verbally encouraged to cycle as
long as possible. Heart rate was monitored throughout the exercise test using a telemetric
monitor (Polar t31, Polar Electro Inc, UK). The mouth-piece was connected to a computerised
0,/CO, breath-by-breath analysis system (Jaeger MS-CPX, Germany). The test was
considered to be acceptable if at least 2 of the following 4 criteria were met;

e Maximum heart rate >80% of predicted maximum
e Respiratory exchange ratio>1
e VO, Plateau was reached

e Volitional exhaustion as assessed by Borg’s scale

Peak oxygen uptake at peak exercise (VO,), carbon dioxide output (VCOZ) and minute
ventilation (VE) were calculated as a mean from the final 15 seconds of exercise. Maximum
voluntary ventilation (MVV) was calculated as baseline FEV, x 35 (Stein 2003). Ventilatory

reserve (VR) was calculated as (1 — peak V,/MVV) x 100% (Medoff 1998).
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Figure 2.2 Photograph ofa child performing a spirometry test

A child inside the body-box performing a spirometry test
(A written parental consent and the assent from the child was obtained for the publication of

this image)
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Figure 2.3 Photograph ofa child performing a ‘single breath test’

A child performing a ‘Single-breath test’ for measurement of alveolar diffusion capacity
(A written parental consent and the assent from the child was obtained for the publication of

this image)
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Figure 2.4 Photograph ofa child performing a ‘cardiopulmonary exercise test’

A child performing ‘cardiopulmonary exercise test’ using a bicycle ergometer.
(A written parental consent and the assent from the child was obtained for the publication of

this image)
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Figure 2.5 Photograph of a child having bronchodilator medication using a spacer device

Salbutamol administered using a spacer device
(A written parental consent and the assent from the child was obtained for the publication of

this image)
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2.2.6 Statistical methods

2.2.6.1 Sample size

I aimed to study 90 subjects (30 CLD, 30 preterm controls and 30 term controls) to give 80%
power and p<0.05 to detect 30% difference in FEV, between preterm children with CLD and

term-born controls.

2.2.6.2 Statistical analysis of data

Data are given as mean * standard deviation, SD. Differences between groups were tested by
ANOVA with Tukey’s posthoc analyses. Multiple linear regression modelling used
haemoglobin corrected DLco, total exercise time and ventilatory reserve as dependent
variables and perinatal factors including gestational age, oxygen duration in the neonatal
period and days of mechanical ventilation as explanatory variables and adjustments were
made for age, gender and height or body mass index (BMI) as appropriate. p<0.05 was

considered significant. SPSS 16.0 (SPSS Inc., Chicago, IL) was used to perform analyses.

2.2.7 Ethical approval

‘South East Wales Regional Ethical Committees’ gave ethical approval for this study on 10

October 2007. (Reference: 07/WSE03/77)

Written informed consent from parents (Appendix F) and assent from children (Appendix G)

were obtained prior to the study.
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2.3 Results

2.3.1 Baseline characteristics

I studied 92 children, 29 CLD, 33 preterm control and 30 term-born controls with one CLD
re-classified into the preterm control group after detailed review of the patient’s neonatal
records. Characteristics of the population studied are given in Table 2.1 and reported
symptoms in Table 2.2. As expected, the CLD group was significantly more immature and
had a lower mean birth weight than the preterm or term groups. They also received
mechanical ventilation and oxygen therapy for longer. All infants in the CLD group had
received exogenous surfactant compared to 45% in the preterm group and none in the term
group. The weight at the time of lung function was significantly lower in the CLD group
compared to the preterm and term groups but height and body mass index (BMI) were not

statistically different between the groups.

Doctor diagnosed asthma and exercise-induced wheeze were reported more frequently in the
CLD group compared to the preterm and term groups (Table 2.2). Whilst reporting of dry
cough at night and current asthma treatment were greater in the CLD group, this difference
did not reach statistical significance. Self-reported physical activity was significantly less in

the CLD group compared to the other two groups.

Parents also reported the respiratory symptoms of the children by completing a questionnaire.
39% (24/62) of prematurely born children had been diagnosed with asthma at some stage in
life. The prevalence was similar in preterm children with or without CLD (45% vs. 33%), but
only 4/30 (13%) of the term born children had ever been diagnosed with asthma. Similarly,

42% (26/62) of preterm children had parents and/or siblings with asthma whereas family
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history of asthma was reported in only 11% (3/30) term-born children. None of the term-born
children were symptomatic within the 12 months prior to the study, whereas 31% (9/29) of
children with CLD and 28% (9/33) of preterm children without CLD were symptomatic with
some form of chronic respiratory symptom, and 10 ( 6, CLD and 4, preterm control) of them
continued to use inhalers for asthma. Significantly more parents of the prematurely born
children were reported to be smokers (41% CLD, 47% preterm control) compared to the term-

born controls (11%).
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Table 2.1. General characteristics of the subjects (Pulmonary function study)

Parameters CLD Preterm control = Term group  p-value
group

(n=29) (n=33) (n=30)
Demographics
Male gender 17 (59%) 15 (46%) 15 (50%)
Gestation (weeks) 273 (2.1) 30.0 (2.0) 39.8 (1.5) 588
Birth weight (kg) 1.1(0.4) 1.5(0.4) 3.4(0.5) 588
Age (years) 10.2 (1.4) 10.3 (1.1) 10.5 (1.5)
Height (cm) 137.1 (9.6) 140.9 (9.0) 143.2 (11.0)
Weight (kg) 32.1(8.2) 37.3(10.9) 39.6 (13.7) t
Basal metabolic index (kg m?) 16.3 (3.2) 17.6 (3.8) 17.9 (4.6)
Antenatal and postnatal
respiratory status
Antenatal steroids 24 (83%) 20 (61%) None
Postnatal steroids 9 (32%) 1 (3%) None :
Surfactant 29 (100%) 15 (45%) None §
Supplemental oxygen (days)* 84 (30-410) 4 (0-61) None §
Assisted ventilation (days) * 28 (5-80) 3 (0-50) None §

Results are expressed in Mean (SD) unless otherwise specified, *Median (range),

¥ p<0.001 (CLD vs. preterm control), ¥ p<0.001 (CLD vs. term), " p <0.05 (CLD vs. term),

3 p<0.01 (CLD vs. preterm control)
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Table 2.2. Prevalence of parent reported respiratory symptoms and measured urine cotinine

levels
CLD Preterm control  Term group  p value
(n=29) group (n=30)
(n=33)

Asthma ever (Doctor diagnosed) 13 (45%) 11 (33%) 4 (13%) '
Current asthma on treatment 3 (10%) 4 (12%) Nil
(Past 12 months)
Exercised induced wheeze 5(18%) 2 (6%) Nil t
(Past 12 months)
Dry cough at night (Past 12 months) 9(31%) 9 (28%) 1 (4%)
Eczema ever 7 (24%) 12 (36%) 9 (32%)
Eczema (Past 12 months) 4 (14%) 6 (19%) 4 (14%)
Family history of asthma 11 (38%) 12 (36%) 9 (32%)
Family history of eczema 10 (35%) 12 (36%) 11 (39%)
Family history of hay fever 9(31%) 18 (55%) 16 (57%)
Parental smoking 11 (41%) 15 (47%) 3(11%) 3
Self-reported physical activity 2.0 (0-24) 3.0 (0-10) 3.5(0-24) T
per week (hours)*
Urine cotinine (ng/ml)* 11.3 (7.6-74) 19.6 (0-186.8) 12.3 (0-104.2)

Results are expressed in Count (%) or Mean (SD) unless stated otherwise. * Median (Range)

* Pearson’s Chi square significance p<0.05, ! Pearson’s Chi square significance p<0.01,

*p<0.05 (CLD vs. preterm control, CLD vs. term)
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2.3.2 Urinary cotinine

Mean urinary cotinine levels were 22.6, 38.7 and 19.6 nanograms/ml in the CLD, preterm
control and term control groups respectively. Urinary cotinine is considered to be ‘not
detected’ if the level is <10 nanograms/ml. Levels of 10-14 nanograms/ml is considered to
signify low exposure, 15-40 nanograms/ml as moderate exposure and >40 nanograms/ml as
heavy exposure to tobacco smoking. Taking this into account, the level of exposure to tobacco

smoking in different groups are summarised in table 2.3

Table 2.3. Levels of exposure to tobacco smoking

Cotinine not | Low Moderate High
detected exposure to | exposure to | exposure to
tobacco tobacco tobacco
smoke smoke smoke
CLD 8 (28%) 14 (48%) 2(7%) 5017%)
Preterm control | 7 (22%) 4 (13%) 14 (44%) 7 (22%)
Term control 8 (30%) 11 (41%) 4 (15%) 4 (15%)

The mean difference of urinary cotinine levels were not statistically different between the
groups although when split into different categories, more children in the preterm control
group seem to have been exposed to moderate level of exposure to tobacco smoking than the

other two groups.
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2.3.3 Pulmonary function tests

2.3.3.1 Spirometry

All reported results from the forced spirometry manoeuvre are the best out of 3 reproducible
measurements. The measurements were considered to be reproducible if they were within 5%
of each other. The best measurements for FEV,, FVC, FEFys.;s and PEF are reported,

although they may be from different tests.

All 92 participants were able to perform the manoeuvre for baseline spirometry with at least 3
reproducible and acceptable measurements. As some of the children were unable to perform
the exercise test successfully as mentioned in section 2.3.3.4, there are some missing data for

the post-exercise spirometry series.

The results of the baseline spirometry are summarised in Table 2.4. Baseline FEV,, FEFs.75
and PEF were significantly lower in the CLD group when compared to the preterm and term
control groups. Although the preterm control group had lower values, they were not
statistically different from the term group. 13 (45%), 6 (18%) and 1 (3%) respectively from

the CLD, preterm control and term groups had a predicted FEV; of <80%.

‘Following maximal exercise, FEV, decreased from baseline by 10.6% (95% CI 6.6 to 14.7%,
p<0.012) in the CLD group compared to 7.4% (4.1 — 10.6%, p=ns) and 6.9% (3.5 — 10.4%,
p=ns) decrease in the preterm control and term control groups (Figure 2.6) respectively. After
bronchodilator was given 45-60 minutes after exercise, post-exercise FEV, improved by
15.1% (95% CI 10.9 — 19.3%, p<0.001) in the CLD group and by 8.5% (4.4 — 12.6%, p=ns)
and 5.6% (2.4 — 8.7%, p=ns) in the preterm control and term groups (Figure 2.6). After

bronchodilator therapy, FEV, remained lower in CLD children when compared to preterm
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(-6.2%, 95% CI -16.2 to 3.8%, p=ns) and term (-9.9%, -19.6 to -0.2%, p=0.043) groups.

FVC did not alter with bronchodilator therapy in the CLD group whereas it decreased in the

control groups but remained >90% predicted in both the preterm and the term control groups.
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Table 2.4 Results for the baseline spirometry

CLD Preterm control Term p value
(n=29) (n=33) (n=30) (ANOVA)
FEV,
Measured (L) 1.5(0.37) 1.8 (0.44) 2.1(0.47)
% Predicted 81.9 (12.6) 92.0 (14.2) 97.5(11.6) | <0.001%%
FVC
Measured (L) 2.2 (0.51) 2.3 (0.47) 2.5 (0.60)
% Predicted 98.9 (1.1) 100.8 (11.3) 102.0 (2.8) 0.600
FEF 2575
Measured (L) 1.2 (0.44) 1.8 (0.85) 2.1(0.64)
% Predicted 49.2 (16.1) 69.2 (24.6) 80.0(17.1) | <0.001%%
PEF
Measured (Lmin” ) 2.9 (0.98) 3.6(1.1) 4.2 (1.1
% Predicted 71.6 (19.5) 82.2(17.5) 90.8 (16.7) <0.001%

Results are expressed in Mean (SD).

¥ p <0.01 (CLD vs. preterm control), ¥ p<0.001 (CLD vs. term control),
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Table 2.5 Spirometry after exercise and bronchodilator therapy

Post-exercise

Post-bronchodilator

Variables | Groups Baseline 5 minutes 10 minutes | 15 minutes | 30 minutes | 40 minutes | 0 minutes 15 minutes
FEV1 (%) | CLD 81.9(12.6) |79.3(14.1) |77.4(14.1) |78.8(14.1) |[76.6(14.6) |78.0(13.0) |84.4(11.7) |858(1L5)
PT 92.0(14.1) |[88.7(16.4) |87.5(17.3) [90.4(14.3) |88.2(157) |89.3(16.1) |89.7(17.3) |[92.1(17.1)
Term 97.5(11.7) |[95.5(12.9) |954(13.6) |95.6(12.1) [94.7(12.9) |94.8(12.8) |96.7(12.4) |97.1(13.8)
FVC (%) |CLD 98.9 (11.1) |[94.4(12.4) |92.6(11.9) [94.8(10.9) [922(14.1) |92.7(11.5) |93.6(12.4) |94.0(15.6)
PT 100.8 (11.3) | 98.6 (12.8) |[98.3(12.8) |99.0(11.9) |[97.0(12.6) |97.4(147) |97.5(11.8) |97.3(11.4)
Term 102.0 (12.8) | 100.9 (13.4) | 100.0 (13.1) | 99.5(14.3) |99.8(12.5) |99.3(13.5) [99.6(12.6) |99.2(11.6)
PEF (%) CLD 71.6(19.5) |68.7(17.5) [68.0(17.6) |71.4(18.8) |73.3(20.6) |76.1(20.2) |80.1(21.1) |84.2(20.1)
PT 82.2(17.5) [81.5(19.6) |80.6(19.8) |[80.4(19.70 |85.6(22.3) |85.1(23.7) |851(23.9) |89.7(244)
Term 90.8 (16.7) |89.1(19.2) [91.5(18.0) |91.9(17.0) |91.5(18.9) |88.9(23.6) |92.7(20.5) |92.0(234)
FEF 3515 CLD 49.2(16.2) |[50.4(22.2) |48.5(19.7) |[48.1(19.0) |[49.2(21.3) |49.3(20.1) |61.1(23.4) |[64.5(22.8)
(%) PT 69.2(24.6) |67.0(26.9) |65.8(25.1) |68.7(26.0) |67.7(28.3) |70.2(28.2) |72.0(28.0) |77.9(28.1)
Term 80.0(17.1) |75.6(21.7) |[78.8(19.3) |76.7(16.3) |76.5(18.1) |77.8(20.7) | 83.6(20.5) |[85.9(24.2)

Results are expressed in Mean (SD) for % predicted values
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Figure 2.6 Percent predicted FEV, at baseline, after exercise and 15 minutes after

bronchodilator therapy

100 1

Ba;eline LM Post 15 Mi'nutos
Exercise

After exercise, FEV, decreased by 10.6% in the CLD group compared with 7.4% in the preterm
and 6.9% in the term control groups. FEV; increased by 15.1% in the CLD group from the post-
exercise FEV, but the increases of 8.5% and 5.6% were not significant in the preterm and term
groups after bronchodilator therapy. * p<0.12 and p<0.001 in the CLD group between the
baseline and post-exercise FEV, and between the post-bronchodilator FEV; and post-exercise
FEV| respectively.

Symbols: chronic lung disease, CLD (©0), preterm controls (®), term controls ( )
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2.3.3.2 Carbon monoxide diffusion capacity

Out of the 92 children who were recruited for the study, ‘Single breath test’ was performed on
87 children. The test could not be performed on 5 subjects due to equipment failure. Out of
the 87 children who performed the ‘Single breath test’, 3 did not meet the acceptability

criteria. Therefore, 84 children successfully completed the test.

The test was repeated a minimum of 3 times and a maximum of 5 times to document at least 2
acceptable measurements. Following the ATS guidelines, the average of the two most
acceptable tests that meet the reproducibility requirement of + 10% of the average DLCO are

reported.

64 out of 92 subjects (70%) had their haemoglobin concentration measured using a finger
prick method and analysed by a blood gas analyser (ABL 735, Radiometer, Copenhagen). The
average haemoglobin was 13.8 (12.4 - 15.3) for CLD group, 13.6 (11.4 - 15.2) for the preterm
control group and 13.1 (11.9 - 14.3) for the term control group. The average haemoglobin for
each group of subjects was used to complete the missing data on 30% of the subjects who did
not consent for the blood test. DLco was adjusted for haemoglobin using the equation

recommended by the American Thoracic Society (ATS 1995); haemoglobin adjusted DLCO=

observed DLCO (9.38 + haemoglobin)/ 1.7 x haemoglobin.

Haemoglobin adjusted DLco was significantly different between the groups [p<0.05 between
CLD, 4.8 (95% CI, 4.5 to 5.2) mmol/min/kPa and preterm control group, 5.5 (95% ClI, 5.1 to
5.6) mmol/min/kPa, and p<0.05 between CLD and term group: 5.5 (95% CI, 5.1 to 6.0)
mmol/min/kPa). However, predicted haemoglobin adjusted DLco was significantly decreased
in the CLD children compared to the preterm group but not the term group. Thus, I used

linear regression modelling to assess which factors including perinatal ones may have affected
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haemoglobin adjusted DLco. Unsurprisingly, height (p<0.001), age (p=0.002) and gender
(p=0.001) were significantly associated with a lower DLco as was duration of oxygen

dependency (p<0.05) after adjustment for age, gender and height but not gestational age.
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Table 2.6 Results of the ‘Single breath test’ for alveolar diffusion capacity

CLD Preterm control Term p-value
(n=26) (n=32) (n=26) (ANOVA)

DLco (mmol-"min" kPa)

Measured 4.9+0.81 5.5+0.97 55+1.2

% predicted 89.1£108 |96.3+10.6 928+12.7 |0.059
DLco adjusted for Hb
(mmol-'min 'kPa)

Measured 4.8 +0.81 55+ 1.0 55+1.2

% predicted 88.0+10.7 959113 93.5+12.1 | 0.033
KCO

Measured 1.8+0.26 2.1£0.25 2.0+0.36

% predicted 754+114 | 90.1£13.6 89.3+15.8 <0.001% %
KCO adjusted for Hb

Measured 1.8+0.27 2.1+0.26 2.0+0.35

% predicted 746119 |89.7+13.9 90.0 £ 15.5 <0.001% %
VAQL)

Measured 2.8+0.51 2.7+0.45 2.8+0.75

% predicted 1154173 |[106.5+16.1 105.3+17.5 |0.064

Results are presented as Mean (SD)

"p<0.05 (CLD vs. preterm control)

¥p<0.001 (CLD vs. preterm control), ** p<0.001 (CLD vs. term)
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Figure 2.7 Bar diagram showing differences in the percent predicted DLco corrected for

haemoglobin, between groups.

Data are presented as mean % predicted values and the error bars represent SD

Figure 2.8 Bar diagram showing differences in the percent predicted KCO corrected for

haemoglobin, between groups.

* 120

5 100 p<.001

Data are presented as mean % predicted values and the error bars represent SD
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2.3.3.3 Static lung volumes

The resistance measurements are presented as a mean of 3-5 acceptable measurements. The
measurements were included only if they were within £ 10% of the mean. Similarly, the
reported lung volumes are also the mean of 2-3 acceptable measurements that are within +
10% of the mean. The vital capacity (VC) manoeuvre was performed only once at the end of

the test.

All 92 children who participated in this study underwent the whole body plethysmography
test. Out of them, 1 child from the CLD group aﬁd 1 child from the term control group were
unable to perform the manoeuvre correctly. Therefore, the following results are from the
remaining 90 participants. FRCye, which was measured using ‘Single breath He test” while
measuring the DLco, could be performed on only 87 children. Out of these, only 84 children

were able to perform the manoeuvre satisfactorily.

Children with CLD had a significantly higher specific airway resistance (SReff) than the
children in the preterm control group (mean difference 61%, 95% CI 10% to 111%, p=0.014)
and the children in the term control group (mean difference 104%, 95% CI 52% to 156%,

p<0.001).

Functional residual capacity measured by plethysmography (FRCpien) and by single breath
test (FRCye) was higher in the children with CLD compared to both the control groups. The
difference in FRCpiem, between the CLD and preterm control group was 21% (95% CI 5% to
37%, p=0.005), and that between the CLD and the term group was 27% (95% CI 11% to
43%, p<0.001). Similarly, the difference in the FRCy, between the CLD and the preterm
control group was 21% (95% CI 11% to 43%, p=0.015), and that between the CLD and the

term control group was 24% (95% CI, 6% to 42%, p=0.006).
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Residual volume (RV) was higher in the children with CLD compared to both the control
groups. RV was 28% higher in the children with CLD compared to the preterm control group
(95% CI 4% to 53%, p = 0.020) and 35% higher than the term control group (95% CI 9% to
60%, p=0.005). Total lung capacity (TLC) and vital capacity (VC) were similar in all three
groups of children, but RV: TLC ratio was significantly higher in the CLD group compared to

the term control group (mean difference 0.08, 95% CI 0.02 to 0.13, p=0.002).
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Table 2.7 Results of the static lung volumes measured by body plethysmography

CLD Preterm control Term p value
(n=28 ) (=33) (n=29) (ANOVA)
SReff (kPa.sec) Measured 1.4 (0.56) 1.0 (0.45) 0.78 (0.28)
% predicted | 253.4 (103.1) 192.6 (85.7) 149.4 (52.6) | 0.001%%
Reff (kPa.sec.L”) Measured | 0.69 (0.27) 0.58 (0.31) 0.45 (0.17)
% predicted | 243.3 (93.2) 210.5(121.7) | 171.0(63.3) | 0.021"
FRC piean (L) Measured 1.8 (0.54) 1.6 (0.31) 1.5(0.37)
% predicted | 120.6 (38.7) 99.4 (16.0) 93.8 (18.3) | <0.001%%
FRC g (L) Measured 1.6 (0.40) 1.4 (0.41) 1.4 (0.49)
% predicted | 114.6 (32.9) 93.9 (25.9) 90.5(21.9) | 0.004"#
FRC piean: FRC ge
Measured | 1.2 (0.49) 1.3 (0.72) 1.2 (0.49) 0.787
% predicted | 1.1 (0.47) 1.2 (0.67) 1.1 (0.48) 0.743
RV (L) Measured | 1.1(0.43) 0.86 (0.31) 0.83 (0.26)
% predicted | 131.6 (55.6) 103.2 (32.4) 96.9(29.7) | 0.004"#
TLC (L) Measured | 3.1(0.72) 2.9 (0.56) 3.1 (0.68)
% predicted | 104.9 (20.9) 96.7 (14.9) 99.0 (12.0) 0.144
RV:TLC
Measured | 0.34(0.09) 0.29 (0.09) 0.27 (0.07) 0.003%
VC (L) Measured | 2.0 (0.45) 2.1(0.41) 2.3 (0.55)
% predicted | 89.9 (12.3) 92.1(12.7) 94.7 (13.4) 0.362

Results are presented as mean (SD),
' p<0.05 (CLD vs. preterm control), ¥ p<0.05 (CLD vs. term)
$p<0.01 (CLD vs. preterm control), ¥ p<0.01 (CLD vs. term), ¥ p<0.001 (CLD vs. term)




2.3.3.4 Cardiopulmonary exercise tests

Out of the 92 children who attended for the pulmonary function tests, 4 children (2 CLD, 1
preterm controls, 1 term) were too short for cycle ergometry test. 8 children (3 CLD, 3
preterm controls and 2 term controls) did not meet the study criteria and were therefore
excluded. Further 2 children (1 preterm control, 1 term) were unable to do the
cardiopulmonary exercise test, CPET due to equipment failure and 2 children from the
preterm control group missed the cardiopulmonary exercise test for other reasons (1 was
temporarily on crutches and 1 missed the test due to time constraint). Thus, there are missing

data for 16 children (5 CLD, 7 preterm controls and 4 term).

The results for the cardiopulmonary exercise tests are shown in Table 2.8. Baseline heart rate,

respiratory rate and oxygen saturations were similar between the groups. Peak V02 , \'/CO2

and VE were similar in the three groups. Duration of exercise was decreased in the CLD group

but failed to reach statistical significance (p=0.085). Since a range of obstructive lung disease
was observed in the CLD and preterm groups, I used linear regression modelling to assess if
length of exercise was affected by perinatal factors. After adjusting for age, height and
gender, only length of oxygen dependency was significantly associated with exercise
duration. Maximum voluntary ventilation (MVV) and ventilatory reserve (VR) were both
markedly decreased in the CLD group when compared to the preterm and term control groups
(Figure 2.9A) with the latter being 25.8% (95% CI: 19.7 to 31.9) compared to 37.5% (32.2 to
42.8) in the preterm control and 43.7% (38.6 to 48.7) in the term control groups. Linear
regression modelling was used to assess if the VR was associated with any perinatal factors
including gestational age at birth, length of oxygen dependency and length of mechanical
ventilation after correction for age, gender and height. VR was significantly associated with
haemoglobin adjusted DLco and gestational age after correction for age, gender and height.

The relationships between VR and gestational age and DLco are shown in Figure 2.9B and
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2.9C. VR was also closely correlated to maximum respiratory rate after maximal exercise,

peak V02 and with load per Kg at maximum exercise.
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Table 2.8 Results of the ‘cardiopulmonary exercise test’

Variable CLD Preterm control Term p value
(n=24) (n=26) (n=26) ANOVA
Baseline oxygen saturation (%) | 99.1(0.98) 99.5 (0.71) 99.2 (0.91) 0.178
Baseline respiratory rate 253(7.2) 27.4 (6.5) 25.6(5.9) 0.412
(per minute)
Maximum respiratory rate 53.8(11.3) 52.5(11.9) 48.1 (11.6) 0.189
(per minute)
Baseline heart rate 80.5 (10.9) 77.5 (13.1) 77.9 (10.5) 0.553
(per minute)
Maximum heart rate 1753 (9.1) 178.7 (8.9) 171.4 (15.9) 0.090
(per minute\)
Exercise duration (seconds) 554 (100) 614(133) 625 (120) 0.085
Load (Watts) 78.8 (17.3) 84.4 (23.1) 83.2 (20.9) 0.421
VO, max (ml.kg.min™) 35.4(5.7) 34.9 (7.2) 31.1(8.3) 0.073
VCO, max (ml.kg.min™") 37.2(7.3) 36.9 (9.2) 32.6 (9.9) 0.125
RER 1.04 (0.06) 1.05 (0.09) 1.07 (0.06) 0.232
Peak VE (L min™) 40.7 (7.8) 41.0 (8.6) 40.9 (8.2) 0.991
MVV (L min™) 54.1(12.9) 64.7 (15.5) 72.0 (16.3) | <0.001™%
VR (L min ) 25.8 (14.4) 37.5(13.2) 43.7(12.6) | <0.001%%
Borg’s scale 16.2 (3.6) 14.6 (4.0) 15.6 (2.6) 0311

Results are expressed in mean (SD)
Tp<0.05 (CLD vs. preterm control), % p<0.001 (CLD vs. term control),
1p< 0.01 (CLD vs. preterm control)
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Figure 2.9 Scatter plot showing ventilatory reserve in different groups and its relationship

with gestational age and alveolar diffusion capacity
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(A) Mean £ 95% confidence intervals for ventilatory reserve (VR) are shown for subjects
with chronic lung disease, preterm group and term controls. p<0.01 (CLD vs. preterm control)
and p<0.001 (CLD vs. term). Relationships are shown between ventilatory reserve and (B)
gestational age (r2=0.45, p<0.001) and (C) haemoglobin adjusted D 1Co (r2=0.49, p<0.001).

Symbols: chronic lung disease, CLD (o), preterm (¢), term controls ( )
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Figure 2.10 Scatter plot showing relationship between ventilatory reserve and maximum

respiratory rate during exercise, maximum load and peak VO2
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Relationships are shown between ventilatory reserve and (A) maximum respiratory rate
during peak exercise (r2=0.62, p<0.001), (B) load at peak exercise (r2=0.42, p<0.001), and (C)
peak vo2(r2=0.54, pO.0OI). Symbols: chronic lung disease, CLD (0), preterm (¢), term

controls ()
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Figure 2.11 A proposed model showing relationships between ventilatory reserve, alveolar
diffusion capacity and exercise duration with other lung function parameters and possible

influences of perinatal factors
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Abbreviations: CLD = chronic lung disease, FEVi= forced expiratory volume in 1 second,

VE= minute ventilation, O2 duration = duration of oxygen dependency in infancy.
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2.4 Discussion

In this study I have comprehensively studied each child with and without CLD of infancy for
their symptoms, lung function, exercise capacity as well as effect of exercise and
bronchodilator on airway obstruction. 1 also assessed the possible effects of perinatal factors
on DLco, ability to exercise and on ventilatory reserve. I report increased diagnosis of asthma
and marked airway obstruction in children with CLD; decreased self-reported physical
activity and decreased markers of large and small airway function. Air-trapping was still
evident at 8-12 years of age. Furthermore, DLco was decreased and although peak vo, was
similar between the groups; this was at the expense of the children who had CLD in infancy
using much greater ventilatory reserve (VR). VR was related closely to DiLco, maximum

respiratory rate during exercise and with peak vo,. Most interestingly, perinatal factors seem

to affect several parameters either directly or indirectly: oxygen duration in infancy seem to
have an effect on DLco and on duration of exercise whilst gestational age appeared to affect

ventilatory reserve (Figure 2.11).

Children born preterm are known to have higher incidence of respiratory illness during
infancy and early childhood. In my study group, 45% of the CLD group and 33% in the
preterm group had been diagnosed with asthma in the past compared to only 4% in the term
gro‘up. By 8-12 years of age, only 10% of children with CLD and 12% children born preterm
but none in the term group were on medication for asthma. However, the prevalence of
respiratory symptoms associated with asthma such as exercise-induced wheeze and night
cough were still higher in the CLD population compared to the term controls (31% vs. 4%);
this is likely to reflect small airway obstruction as shown by spirometry in this group of

children.
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41% of parents in the CLD group and 47% parents in the preterm group admitted to smoking
regularly, in comparison to only 11% of parents in the term group. However, there was no
statistically significant difference in the urine cotinine levels in the subjects between groups
and no correlation was noted between the urine cotinine level and the percent predicted FEV;.
Thus, it is unlikely that passive smoking may have influenced differences in the lung function
between children in the different groups in this study. Our lung spirometry data for the CLD
group, in which children had received surfactant as an infant, was similar to that reported in
the pre-surfactant era (Bader 1987; Northway Jr 1990; Gross 1998; Smith 2008) showing
FEV; and FEF,s.5s at the lower end of normal at 81.9% of predicted values. I am unable to
explain why FVC decreased with bronchodilator in the control group but FVC remained
within normal range in this group at rest, after exercise and after bronchodilation. Therefore,
this is unlikely to be of clinical conseqﬁence. RV and RV as a proportion of TLC both were
increased in the CLD group suggesting on-going airway trapping even for 8§—12 years of age.
It is unclear why the term group had low predicted values for FEF,s.75 at 80% but the relative
differences with the CLD group were significantly different. The primary aim of this study
was not to measure the airway resistance. However, I have reported these results as they were
available as a part of the whole body plethysmography. The methodology I used for the whole
body plethysmography is not the optimal way of measuring airway resistance and this is
reflected in the wide variation in the results including high airway resistance in the control

population as well. Therefore, this data should be interpreted with caution.

In this study, haemoglobin corrected DLco was lower in the CLD group compared to both the
preterm and term groups but predicted values were lower in the CLD compared to the preterm
group but not the term infants. I, therefore, used linear regression modelling to assess which
perinatal factors, after adjustment for age, gender and height may be important in its value

and noted that duration of oxygen adversely affected its value. This is perhaps not surprising
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as oxygen therapy is likely to affect the gas exchange apparatus. My data is in keeping with
the results from infants studied by Balinotti’s group (Balinotti 2010), the 8-year-old ex-
preterm subjects in the EPICure cohort (Welsh 2010) and 19-year-old cohort from the Dutch
study (Vrijlandt 2006). Thus, there is evidence of limitation in alveolar-capillary gas
exchange in the ex-preterm children with CLD. Narang and colleagues have measured DLco

combined with effective pulmonary blood flow (Q, ) at rest and during exercise in preterm

born young adults from the pre-surfactant era (Narang 2009). The investigators demonstrated
that DLco was reduced in the preterm group compared to the control population; this

normalised during exercise. The investigators suggested that the rise of DLco during exercise

maybe a mechanical consequence of increased O, and not a true increase.

For the exercise tests, the peak V0, was lower in the CLD but the differences to the preterm
and term groups was not significant (p=0.073). Similarly, peak vCO0,and peak v_did not
differ between the groups. However, there were significant differences in the self-reported
hours of physical activity per week between the CLD and control groups. I thus, modelled the
data to assess which perinatal factors may affect duration of cycle ergometry and noted that
duration of neonatal oxygen therapy and DLco were important factors after correction for age,
gender and height. In view of the explicit airway obstruction of both the large and small
-airways in the CLD group, and a drop of 11% in FEV, after exercise, the variously reported
studies’ (Mitchell and Teague 1998; Vrijlandt 2006; Smith 2008; Narang 2009) failure to
show limitation of exercise capacity in this group is perhaps surprising. Most interestingly,
however, I noted that both MVV and ventilatory capacity were markedly decreased in the
CLD group with intermediate values noted in the preterm group compared to the term
controls. Thus the CLD and preterm groups were able to exercise similarly to the term infants

but at the expense of using greater proportion of their ventilatory reserve capacity. Clearly VR
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at maximum exercise is dependent on peak V, and FEV, by definition but after correction for

age, height and gender, DLco and gestational age were both significantly associated with VR

at maximum exercise.

Taken together these data appear to demonstrate that several perinatal factors affect DLco,
duration of exercise and VR. In particular, duration of oxygen or CLD affected DLco and
duration of exercise; and gestational age and CLD appear to affect VR. Using these data, I
have proposed the model shown in Figure 2.11 showing the effects of perinatal factors on

important elements that may affect exercise capacity in children who had CLD in infancy.

During this study, we also assessed both the effect of maximum exercise on FEV; and the
response to bronchodilator after 45 minutes of rest after exercise. I noted a drop in FEV; of
11% after exercise in the CLD group but <10% in the two control groups. After exercise, the
response to bronchodilator was greater in the CLD group suggesting under-diagnosed
exercise induced bronchoconstriction which clearly is an area that needs further study and
intervention if confirmed by other studies. If >30% prematurely born children smoke when
they are young aduts as reported by previous studies (Doyle 2006, Halvorsen 2004), the
increased rate of decline of FEV,; due to smoking may make CLD a major risk factor for

chronic obstructive pulmonary disease in these patients (Baraldi 2007, Figure 2.12).

In conclusion, 8-12 year old children with CLD in infancy have on-going pulmonary
abnormalities including a greater incidence of doctor diagnosed asthma, exercise induced
bronchoconstriction and a greater response to bronchodilation than do preterm or term
controls. Furthermore, these children have on-going airflow limitations and also abnormalities
of gas exchange. Although they reached similar exercise load to control children, this was at
the expense of using greater ventilatory reserve. Finally, several perinatal factors including
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gestational age and oxygen duration seem to have a direct effect on several parameters of lung

function.

Figure 2.12 Theoretical model of changes in FEVI in survivors of CLD and healthy subjects

according to age
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Figure 4. Theoretical Model of Changes in FEVXin Survivors of Bronchopulmonary Dysplasia and Healthy Subjects
According to Age.

Theoretical curves are shown for the forced expiratory volume in 1 second (FEVJ in healthy subjects and survivors
of bronchopulmonary dysplasia. Survivors of bronchopulmonary dysplasia may have variable airflow limitation from
the first years of life, with little evidence of “catch-up" growth in lung function. In some ofthese patients, FEVi does
not reach the normal maximal value in early adulthood, and the phase ofdeclining FEVi values starts from a substan-
tially reduced maximal value. W hether the rate ofdecline with advancing age will parallel that among healthy persons
or will be accelerated is not known. The dashed lines represent the potential effect of smoking on the rate of decline
of FEV”n susceptible subjects. Values for FEVj in the first 3 years of life are extrapolated from measurements of
maximal flow at functional residual capacity. Adapted from Fletcher and Peto.6l

(Baraldi 2007)
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Limitations

Recruitment

The prematurely born subjects in this study were traced from the contact details of the
children at the time of their birth and their current hospital records. As it would have been
insensitive to contact the parents of these children without ensuring that their child is alive
and well, I did not contact any child/ parent for whom the current General Practitioner could
not be traced. Thus, I was unable to trace 117/328 (36%) of the preterm children who were
originally identified. 49% of those contacted (87/179) i.e. 27% (87/328) of the initially
identified population did not respond to the ‘letter of invitation’ (Figure 2.1). Only one letter
was sent to the parents/ guardians inviting the children to take part in the study, as advised by
the ethics committee. The reasons for non-response for these children are unknown. Both the

above caveats may have caused unintentional and unavoidable selection bias.

Sample size

Power calculations for this study were done to assess evidence of increment in pulmonary
arterial pressure in response to acute hypoxia. The power calculation for the pulmonary

function study was post-hoc. This is one of the limitations of the study.

Pulmonary function study

‘ As the pulmonary function studies and the cardiovascular studies were conducted in separate
sites, the subjects were invited to attend for the pulmonary function study and the
cardiovascular study on separate days. This meant that all aspects of the pulmonary function
tests had to be accommodated on a single sitting and therefore, the study protocol had to be
compromised in the following aspects:

o Ideally, a multiple breath test to study FRC . in order to assess FRC piem: FRC g would

have been extremely useful to assess evidence of air trapping in children with CLD.
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However, the study was designed to perform a ‘single breath test’ to assess alveolar
diffusion capacity. Due to the time constraint it was not practical to perform both the single
breath and the multiple breath tests on the same day.

Similarly, it would have been ideal to assess exercise induced bronchoconstriction and the
reversibility test on separate occasions. As both these tests had to be performed on the
same day, I have presented the findings as ‘change in FEV, from baseline to after exercise’
as a measure of exercise induced bronchoconstriction and ‘increase in FEV; from its
lowest point after exercise to 15 minutes after Salbutamol inhalation’ as a measure of

response to bronchodilator.
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Chapter Three: Reproducibility of Myocardial Velocity and

Deformation Imaging
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3.1 Introduction

Historically, it has not been easy to quantify right ventricular function using non-invasive
methods such as 2-D and Doppler echocardiography. In recent years, myocardial velocity
imaging (MVI) or tissue Doppler imaging (TDI) has been validated and widely used in the
adult population for diagnosis of left ventricular (L' V) and right ventricular (RV) dysfunction.
MVI is an echocardiographic technique which directly measures the velocities of myocardial
motion during systole and diastole. This has been suggested as a potentially useful diagnostic
tool for quantitative assessment of myocardial function in infants (Mori 2004) and children as
well (Kapusta 2000; Mori 2000). Certain tissue Doppler parameters such as RV relaxation
time ‘IVRT’ (Dambrauskaite 2005; Lindgvist 2006; Brechot 2008) and RV systolic strain
(Dambrauskaite 2007; Lopez-Candales 2008; Rajagopalan 2008) have been validated as
useful markers for estimation of pulmonary arterial pressure in adults. Regional myocardial

strain has also been shown to be feasible in healthy term infants (Nestaas 2007; Pena 2009) .

The feasibility and reproducibility for off-line tissue Doppler measurements in adults has been
extensively studied by the MYDISE study group (Fraser 2003). This has not yet been tested
or validated in prematurely born infants or children. Limited data on children have suggested
that reproducibility for measurement of myocardial velocities in children are acceptable (intra
"and interobserver variability <10%) (Pauliks 2005) but there is lack of data on reproducibility
of parameters such as isovolumic acceleration (IVA), deformation index, strain and
isovolumic relaxation time ‘IVRT’ in children. In adult studies, coefficient of variation for
parameters such as relaxation time was >10% (Lindqvist 2006) and for IVA >20%
(Margulescu 2010). Thus, understanding the feasibility and reproducibility for these
echocardiographic parameters was vital prior to using these methods for assessment of

myocardial function in children with CLD for this thesis. I had the opportunity to study the
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reproducibility of myocardial velocity and deformation imaging in great detail with a separate

ongoing research on the neonatal population, which I shall describe in this chapter.

In this study, I assessed the intra and interobserver variability for off-line analysis of
longitudinal systolic and diastolic myocardial velocities, myocardial strain, annular
displacements, and isovolumic acceleration compared with conventional blood pool Doppler

parameters such as mitral inflow velocities and pulmonary arterial acceleration time.

3.2 Methods

Feasibility and reproducibility of myocardial velocity and deformation indices was
established using infants who were recruited for a separate study on ‘myocardial velocity
imaging in term and preterm infants’. Thirty healthy term infants (>38 weeks of gestational
age) and 25 preterm infants (<34 weeks of gestational age) were recruited from the post-natal
wards and the Special Care Baby Unit of University Hospital of Wales. Written informed
consent was obtained from parents prior to recruitment. The South East Wales Regional

Ethics Committee gave ethical approval for this study.

" All infants had their first scan within the first 72 h after birth. The infants were screened for
congenital cardiac defects and those with structural cardiac defects were excluded from the
study, with the exception of patent ductus arteriosus. A second scan was performed a month
later. Images were acquired using a commercially available system (Vivid 7, GE Vingmed

Ultrasound AS, Horten, Norway) with a 7.0 or 5.0 MHz transducer.
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We selected a random sample of 16 studies for the reproducibility study, by drawing lots: 8
out of 30 studies from term infants and 8 out of 25 studies from preterm infants. The results

presented for the reproducibility of echocardiaographic indices are from these 16 scans.

In order to establish the reproducibility of myocardial velocity and strain indices, myocardial
velocity loops acquired from 16 infants were analysed by four observers including myself (S
Joshi, research fellow, JM Edwards, research sonographer, DG Wilson, consultant paediatric
cardiologist and JK Wong, paediatric cardiology staff grade) for interobserver variability, and
re-analysed after 6 months by myself for intraobserver variability. Images were analysed
using commercially available EchoPAC software. Observers were blinded to the clinical

status of the infants.

Intra and interobserver variability were assessed for thirteen parameters including 4 blood
Doppler parameters: LV VTI (Figure 4.4 B), mitral E and A velocities (Figure 4.5), and
pulmonary arterial AT (Figure 4.9) and 9 tissue Doppler parameters from LV and RV images:
annular displacement (Figure 4.13), myocardial systolic, early and late diastolic velocities
(Figure 4.12), RV relaxation time (Figure 4.11), QRS to peak systolic time interval (Figure
4.12), isovolumic acceleration (Figure 4.12), myocardial systolic strain at the apical and the
basal segments (Figure 4.14). All parameters were measured in 3 beats and averaged, except
if the signal from an individual beat was t0o noisy to be analysed in which case 1 - 2 beats
were measured. The details of the methods and results of this study have been published in
the paper, ‘Reproducibility of myocardial velocity and deformation imaging in term and
preterm infants’ (Appendix H2). The methodologies for off-line analysis of the individual

parameters are described in section 4.2.3.5.
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The echocardiographic equipment used for acquiring the images, the equipment used for post-
processing of the tissue Doppler images and the methodology used for acquisition and
measurement of echocardiographic indices were similar to that for the study carried out on 8-

12 year old children studied for this thesis (Chapter 4).

Statistical methods

The sample size of 16 scans observed by four observers for the interobserver reproducibility
gave 48 degrees of freedom [number of studies X (number of observers-1)], and the power to
demonstrate differences with 95% confidence intervals estimated at 0.4 x standard deviation

(SD).

Intra and interobserver reproducibility were reported as coefficients of variation (CVs, in %),
calculated using the formula: CV = (SD/arithmetic mean of measurements) x 100, where SD
is the standard deviation of residuals (measurement 1 - measurement 2). As there were four
observers, there were six pairs of data for comparison (each derived from repeated analysis of
the 16 patients); the interobserver reproducibility of each variable is therefore expressed as a
pooled CV, which is the mean value of the six comparisons. Intraobserver variability is also

presented as CV for each variable.

3.3 Results

Feasibility
Most pulsed and tissue Doppler parameters could be measured in 90% of neonates. A single

diastolic velocity at the mitral valve was noted in 5% (1 infant), and using tissue Doppler in
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31% (5 infants) at the LV, 20% (3 infants) at the RV, and 12% (2 infants) at the septum. In
these cases, a single diastolic velocity was measured and noted as early diastolic velocity (E
or Ve’). The fusion of early and late diastolic velocities may be due to rapid heart rates in
infants. Missing values for the myocardial velocity occurred because a segment could not be
imaged or because the traces were of the poor quality. The feasibility for measuring L'V apical

strain was only 75%.

Reproducibility
The mean values for all parameters, and the results of coefficients of variation (CV) for both

intra- and interobserver variability, are summarized in Table 3.1.

Indices for assessment of L'V function

Mitral annular early diastolic velocity by pulsed tissue Doppler (Ve’) had reproducibility of 7
-13% (intraobserver) and 9% (interobserver). Intra- and interobserver variability for LV
myocardial systolic and diastolic velocities as well as annular displacements, obtained by
processing stored digital loops, were between 10 and 15% except for the diastolic velocity
(Va) (20% interobserver). More advanced parameters such as QRS to Vs time interval (Tq.vs)
and LV strain had intracbserver CVs of 15%, but interobserver reproducibility for these
parameters was sub-optimal at CVs 35%. LV IVA was not reproducible (CVs 30-60%).

In comparison, blood Doppler parameters such as LV velocity time integral and mitral inflow

Doppler had CVs of 3-6% for both intra- and interobserver variability.
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Indices for assessment of RV function

Intraobserver CVs for the RV indices were generally higher compared with the corresponding
LV indices. Intra and interobserver CVs for the RV myocardial systolic and diastolic
velocities, annular displacement, and QRS to Vs time interval (Tq.vs), were between 15 -19%

and 18 -24%, respectively. IVA was poorly reproducible in the RV, with CV of 40%.

Indices for assessment of pulmonary arterial pressure

Pulmonary arterial acceleration time, which has been traditionally used to estimate pulmonary
arterial pressure, had CV of 12- 15%. Tissue Doppler parameters that are relatively new
methods of indirect estimation of pulmonary arterial pressure were less reproducible. CV for
tricuspid annular IVRT was 16% (intraobserver) and 25% (interobserver), and that for RV

basal strain was 19% (intraobserver) and 25-37% (interobserver).
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Table 3.1 Reproducibility of echocardiographic indices

Intraobserver variability Interobserver variability
CV % CV%, pooled mean (SD)
VTI (cm) 3.6 6.0 (1.9)
Mitral E (m s™) 2.5 2.8(0.4)
Mitral A (ms™) 5.5 4.5(0.8)
PA AT (ms) 11.9 15.2 (2.9)
Displacement (mm)
LV Ds’ 6.2 122 (34)
RV Ds’ 12.8 18.2 (4.6)
Mitral annular velocity (cm s™)
Lateral Ve’ 12.6 9.4 (4.2)
Medial Ve’ 6.9 9.2(3.9)
Myocardial velocity (cm s™)
LV
Vs (bl) 9.8 14.3 (1.8)
Ve (bl) 11.1 13.5(1.9)
Va (bl) 9.9 20.3 (4.7)
RV
Vs (bl) 17.7 18.3 (4.5)
Ve (bl) 15.0 23.3(84)
Va (bl) 18.5 24.1(7.8)
Timing (ms)
RV relaxation time ‘IVRT’ 16.1 ' 27.0 (8.8)
To-vs
LV 13.3 34.6 (18.3)
RV 9.4 22.2(12.3)
Isovolumic acceleration (ms™)
LV 62.5 46.7 (7.6)
RV 29.3 60.3 (13.3)
Strain (%)
LV
Ssbl 14.0 43.0 (13.9)
Ssal 17.1 36.9 (15.7)
RV
" Ssbl 19.0 37.1(11.5)
Ssal 23.9 25.3(1.9)

SD, standard deviation; CV, coefficient of variation; VTI, left ventricular outflow tract
velocity time integral; PA AT, pulmonary arterial acceleration time; LV, left ventricle; RV,
right ventricle; Ve’, annular early diastolic velocity; Vs, myocardial systolic velocity; Ve,
myocardial early diastolic velocity; Va, myocardial diastolic velocity during atrial
contraction; IVRT, right ventricular isovolumic relaxation time; Tq.vs, QRS to Vs time
interval; Ss, systolic strain; bl, basal segment of lateral wall; al, apical segment of lateral wall;
bs, basal segment of septal wall; ms, mid-septal segment.
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3.4 Discussion

Feasibility of tissue Doppler in infants

Due to RV dominance in newborn infants, the acquisition of images from the LV, without
missing the apex and while retaining a narrow sector of the image and thus a high frame rate,
was a challenge. This accounts for the fact that LV apical strain had the most missing values
(37%). The other tissue Doppler parameters measured in this study were not similarly affected

as they were all measured either at the annulus or in the basal segments.

Reproducibility of off-line analysis of tissue Doppler measurements

As anticipated, pulsed Doppler recordings of blood flow were more reproducible than
myocardial velocities. The reproducibility for measuring the acceleration time of pulmonary
arterial flow in this study was better than previously published data in infants by Subhedar

and Shaw (Subhedar and Shaw 1996) (intraobserver CV 12 vs. 25%).

The lateral mitral annular early diastolic velocity in this study had interobserver variability of
9% which is comparable to that reported in an adult study (CV 9- 17%) (Vinereanu 1999).
Although there is evidence that the relaxation time 'IVRT' of the tricuspid annulus is a useful
_parameter for excluding pulmonary hypertension in adults (Brechot 2008), the interobserver
reproducibility for this index in infants was sub-optimal (CV 27%), compared with 12-13% in
adults (Dambrauskaite 2005; Lindqvist 2006). Intraobserver variability was better at CV 16%.
When Pauliks et al. addressed myocardial velocities in children undergoing closure of an
atrial septal defect (Pauliks 2005), the CVs for systolic (Vs) and diastolic (Ve) velocities
were, 10% for both intra- and interobserver variability, while CVs for diastolic velocity (Va)
were higher (21.5% intra- and 15% interobserver) (Pauliks 2005). In infants, I found that the
reproducibility of measuring myocardial velocity was more variable in the RV (15-18% intra-
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and 18-24% interobserver variability) than in the septum and the lateral wall of the LV (CV,
15%). In adults with LV dyssynchrony, variability for measuring myocardial systolic
velocities (Vs) has been as much as 18-56% (Mandysova 2008). There are limited data on the
reproducibility of deformation indices or IVA in infants and children. Weidemann et
al.(Weidemann 2002) measured radial and longitudinal strain and stain rate in 33 healthy
children aged 4-16 years. They reported intraobserver variability of 11% and interobserver
variability of 15%; these data are pooled CVs for LV, RV, and septal strain. In my study,
when measuring longitudinal peak systolic strain, variation between lowest and highest CVs
varied in the LV (14-17%) and RV (19-23%). Pena et al.(Pena 2009) have reported a
reproducibility of longitudinal peak systolic strain in infants of only 1.2%, but this is
misleading as the figure given is a Bland-Altman difference presented as percentage, and not
the CV between observers. One of the major difficulties faced when measuring myocardial
strain in infants is the small size of the heart. I used a computation length of 10 mm, as
previously recommended (Nestaas 2007). Using smaller distances increased noise and
reduced reproducibility. The strain length of 10 mm was therefore necessary, but in small
hearts means that it becomes difficult to position the sample volume accurately to avoid
influences from surrounding structures such as the atrium. IVA has been validated as a useful,
load-independent index for assessing myocardial contractility in animal models (Vogel 2002).
It has also been used to assess myocardial contractility in children after surgical closure of
atrial septal defect where the variability reported by Pauliks et al. (Pauliks 2005)
(intraobserver 10.8% and interobserver 11.5%) is considerably better than was found in

infants in my study (CV, 35%).

In conclusion, I have demonstrated that myocardial velocity imaging and its off-line analysis
using the available equipment in our laboratory was feasible in newborn infants, and

therefore, would be feasible in older children as well. 1 have also demonstrated that
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intraobserver reproducibility for myocardial velocities, displacement and strain are adequate
and these parameters can be used in clinical research. However, interobserver reproducibility
for more advanced indices such as LV and RV longitudinal strain is sub-optimal suggesting
that these measurements should be used cautiously for clinical diagnosis. Reproducibility for

myocardial acceleration (IVA), a marker of contractile function, is currently unsatisfactory.

In this study, the images were acquired by two operators and three different GE vivid

machines were used. The intra and interobserver variability of the analysis presented in this

study does not take into account the inter-machine and inter-operator variation.
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Chapter Four: Cardiovascular Study
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4.1 Introduction

Right ventricular dysfunction and pulmonary arterial hypertension (PAH) are recognised
causes of significant morbidity and mortality in infants with CLD (Evans and Archer 1991;
Subhedar and Shaw 2000). Presence of moderate PAH beyond the first few months of life has
been associated with 47% mortality within 2 years of diagnosis (Khemani 2007). In addition,
cardiac catheterisation studies have shown that even mild hypoxia can cause marked elevation
in pulmonary arterial pressure (PAP) (Mourani 2004) . In Chapter 2, I have demonstrated that
prematurely born children with CLD continue to have evidence of lung function abnormalities
at school age. Given the evidence of abnormal myocardial function in adult patients with
chronic obstructive pulmonary disease (COPD) (Sabit 2010), the children with prematurity
related CLD may also be at high risk for developing subclincial myocardial dysfunction and
pulmonary arterial hypertension, especially when exposed to hypoxic conditions. At present
there is lack of data regarding natural progression of PAH in survivors of CLD beyond
infancy. As the subjects in this study did not have any ongoing clinical problems regarding
their cardiac health, I assumed that hypoxia indused pulmonary vascular stress would be a
useful method of unmasking the underlying pulmonary vascular abnormalities and that any

abnormality detected would be subclinical.

‘Left ventricular (LV) and right ventricular (RV) function both predict long-term outcome in
adult patients with COPD (Barbera 2003, Wright 2005). As children with neonatal CLD
continue to have abnormal pulmonary function as they grow older as described in Chapter 2,
early diagnosis of left and right ventricular dysfunction in these children may allow early
intervention and appropriate follow-up. Because of the right ventricular anatomy, it is not
easy to accurately quantify right ventricular function using conventional 2-D and Doppler

echocardiography. Myocardial velocity imaging (MVI) or tissue Doppler imaging (TDI)
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allows assessment of regional and global left and right ventricular function and thus helps
detection of sub-clinical ventricular dysfunction.

In this study I hypothesized that 8-12 year old children with CLD will have

1. Subclinical right ventricular dysfunction

2. Evidence of raised pulmonary arterial pressure when exposed to acute hypoxia

3. Subclinical left ventricular dysfunction

4.2 Methods

The methods used for recruitment of the subjects have already been described in section 2.2.1.
Cardiovascular tests were carried out in the Wales Heart Research Institute at Cardiff
University, Cardiff. All cardiovascular tests were done in the morning and the children were
asked to attend after an overnight fast. The following tests comprised the cardiovascular
function;

e 12-lead ECG

o Measurement of biochemical markers of cardiovascular function

e Baseline echocardiography

* Hypoxic challenge test

o Measurement of the flow-mediated dilatation of brachial artery*

e Conduit arterial function and wave travel*

* Measurements of the flow- mediated dilatation of brachial artery and the conduit arterial
function of carotid arteries were carried out by other colleagues of the research team (T
Powell, E Ellins and N Pickerd) and the methods and results of these measurements are not

included as a part of this thesis.
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4.2.1 General assessment

The parents of the participants were requested to fill in their child’s medical history proforma
that included history of past and current cardiac conditions. The history proforma is shown in
Appendix B. The participants also had physical examination including cardiovascular

examination, baseline pulse oximetry, heart rate and blood pressure measurements.

4.2.2 Biochemical tests

The children who consented to having a capillary blood sample were asked to attend the
Wales Heart Research Institute after an overnight fast. The children had a finger prick blood
sampling using a lancet (Accu-check Softclix, UK) and blood samples were collected in a
15pL, a 40pL and a 100uL capillary blood collectors. A handheld blood analyser (Cardio
Check PA analyser, USA) was used to measure blood glucose, cholesterol, high density
lipoprotein and triglycerides. Blood sample from the 15uL collector was introduced in the
glucose panel in the analyser to measure fasting blood glucose, followed by the sample from
the 40pL collector to the lipid panel to measure total cholesterol, high density lipoprotein and

triglycerides. The blood sample collected in the 100uL collector was transported immediately

4 to the Special Care Baby Unit at University Hospital of Wales to measure capillary blood gas

using a blood gas analyser (ABL 735, Radiometer, Copenhagen).
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4.2.3 Hypoxic challenge test

4.2.3.1 Hypoxic challenge test protocol

The detailed study protocol for the hypoxic challenge test is given in Appendix A2. After
acquisition of the baseline echocardiographic images, the children were asked to breathe
through a non re-breathing mask connected to a cylinder containing 15% oxygen. After 20
minutes of inhalation of 15% oxygen, echocardiography was repeated while the children
continued to inhale 15% oxygen. Following this, they inhaled 12% oxygen for 20 minutes
followed by repeat echocardiography while continuing to inhale 12% oxygen. The hypoxic

challenge test was then terminated.

4.2.3.2 Delivery of hypoxic oxygen
British Oxygen Company Limited (BOC, UK) provided the premixed cylinders of 15% and
12% oxygen with nitrogen blend. This hypoxic oxygen blend was delivered to the child via a
paediatric non re-breathing mask with a bag (Figure 4.2). Oxygen delivery rate was set at
10L/min using a regulator attached to the gas cylinder. High oxygen delivery rate was
selected so as to keep the bag inflated throughout the experiment. Although I did not use
sealed mask for the delivery of oxygen, by using high gas flow rate and ensuring that the bag
~was inflated and that the mask was fitted as tightly as practically possible, I maintained the

inspiratory oxygen concentration as close as possible to the desired 15% or 12%.

4.2.3.3 Monitoring the child during hypoxic challenge

As induction of hypoxia in a child is a matter of anxiety for the parents as well as for the
ethical committee, this part of the study had been scrutinized in detail both by the research
ethics committee and the external reviewer. This study was initially set-up at Leicester

128



University by Professor Kotecha where the study protocol had been given a favourable review
by an independent external reviewer as well as the local ethics committee. Due to Professor
Kotecha’s move to Cardiff, the study could not be undertaken in Leicester. Prior to
conducting this study at Cardiff University, the study protocol had again been reviewed by the
South East Wales regional ethics committee and was granted a favourable opinion in October

2007 (Reference: 07/WSEQ03/77).

As advised by the ethics committee, per-cutaneous oxygen saturation was monitored and
recorded continuously using Nellcor pulse oximetry (Nellcor, Tyco Healthcare, UK) and the
low alarm limit in the pulse oximetry was set at 80% in keeping with the study protocol
(Appendix A2); which stated that ‘the hypoxic oxygen should be stopped if the oxygen
saturation drops below 80% for >30 seconds or below 80% for <30 seconds on more than 3
occasions, and should be discontinued immediately if oxygen saturation drops to <75%’. The
pulse oximetry recording stored during the hypoxic challenge test was downloaded in the
computer system and the average as well as the lowest oxygen saturation during inhalation of

15% oxygen and 12% oxygen was noted.

At the end of the hypoxic challenge test, pulse oximetry was continued until the oxygen
saturation returned to baseline. Heart rate and blood pressure were measured at baseline, at
the end of 15% oxygen inhalation and at the end of 12% oxygen inhalation using the
‘Dynamap Procare’ monitor. The adult size, small adult size or the paediatric size cuffs were

selected as appropriate depending upon the size of the child. Respiratory rate was counted for

1 minute.
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4.2.3.4 Echocardiography with blood flow and tissue Doppler methods

Before subjecting the child to hypoxia, baseline echocardiography was performed firstly to
rule out structural cardiac defects and secondly to assess baseline left and right ventricular
function. Blood flow and tissue Doppler images were also acquired to measure the surrogate
markers of pulmonary hypertension. The M-mode image of the inferior vena cava was
acquired in order to estimate right atrial pressure at baseline (Figure 4.6). While acquiring the
M-mode image of the inferior vena cava (IVC), the child was asked to sniff and the
inspiratory collapse of the inferior vena cava during the ‘sniff test’ was assessed. The right
atrial pressure can be estimated by the degree of collapse of the IVC on inspiration (Kircher
1990). If the collapse of IVC is less than 50%, the right atrial pressure is estimated to be 210
mm Hg. If the inferior vena caval collapse is more than 50%, the right atrial pressure is

estimated to be <10 mm Hg.

After each phase of hypoxic challenge, echocardiography was repeated whilst the child
continued to breathe the prescribed oxygen. Images were acquired to assess RV function and
surrogate markers of pulmonary hypertension. The echocardiography acquisition protocol is

given in Appendix A3.

All images were acquired as 3-beat loops. Images were acquired using a commercially
available system (Vivid 7.0, GE Vingmed Ultrasound AS, Horten, Norway, Figure 4.1) with a

3S MHz transducer.

Pulsed wave Doppler of the left ventricular outflow tract (LVOT) in the apical 4-chamber
view was acquired to measure LVOT velocity time integral (Figure 4.4). 2-D image of the
long axis view of the LVOT was obtained to measure the LVOT diameter (Figure 4.3).

Conventional pulsed wave Doppler of mitral (Figure 4.5) and pulmonary ﬂQw (Figure 4.9)
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were acquired from the apical 4-chamber and the parasternal short axis views respectively.
Continuous wave Doppler image of the tricuspid flow (Figure 4.7) and pulsed wave Doppler
of the pulmonary flow (Figure 4.8) were acquired to measure tricuspid regurgitation systolic
velocity and pulmonary regurgitation end-diastolic velocity respectively. For lateral and
medial mitral annular velocities (Figure 4.10) and right ventricular relaxation time, ‘IVRT’
(Figure 4.11) real-time pulsed velocity profiles were acquired from the mitral and tricuspid
annulus respectively. Colour tissue Doppler images were acquired separately of the left and
right ventricles. The Nyquist limit was optimised to avoid aliasing, and the depth of imaging
and the sector angle were adjusted to obtain high frame rates. The Nyquist limit, which is
50% of the sampling frequency, is the highest frequency that can be coded at a given

sampling rate in order to be able to fully reconstruct the signal.

All images were stored as 3-beat loops in magneto-optical disks for post- processing.
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Figure 4.1 Photograph ofa GE Vivid 7 equipment

GE Vivid 7 equipment used for echocardiography
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Figure 4.2 Photograph ofa child having echocardiography while breathing 12% oxygen via a

non-rebreathing face mask.

(A written parental consent and the assent from the child was obtained for the publication of

this image)
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4.2.3.5 Analysis of the echocardiography images
Images were analysed using commercially available EchoPAC software (GE Vingmed
Ultrasound EchoPAC 7-00, Horten, Norway). Images were stored only with coded identity so

that I was blinded to the clinical status of the subjects while analysing the images.

25 parameters (Tables 4.1 and 4.2) were measured from each study, including 8 blood flow
Doppler parameters, 3 tissue Doppler parameters from real-time tissue Doppler images and 7
post-processed parameters from LV and RV tissue Doppler loops. Each tissue Doppler
parameter was measured at the basal segments of the LV and RV. The cursor was positioned

within each segment so that it did not encroach upon the annulus during systole.

Left ventricular pre-ejection period (PEP) was measured as the time interval between the

onset of the QRS complex and the onset of the left ventricular outflow (Figure 4.4).

The velocity time integral of LV outflow (VTI) (Figure 4.4), the mitral E and A velocities
(Figure 4.5), tricuspid regurgitation (Figure 4.7) and pulmonary regurgitation (Figure 4.8)
velocities, and the pulmonary artery acceleration time (Figure 4.9) were measured

conventionally from blood pool Doppler.

The area of the LV outflow tract was calculated as m® where r is the radius of the LV outflow
tract (r=diameter of LV outflow tract/2). Stroke volume was calculated by multiplying the
velocity time integral (VTI) by LV outflow tract area. Multiplying stroke volume by heart rate
yields cardiac output (Thomas and Popovic 2006). In order to correct cardiac output for body

size, cardiac index (CI) was calculated as cardiac output (L/min)/ (height in m)?.
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Pulmonary artery acceleration time (AT) was calculated as the time interval between the onset
of flow to the peak velocity and the ejection time (ET) was calculated as the time interval
between the onset of pulmonary flow to the end of flow (Figure 4.9). The ratio of the

acceleration time to the ejection time (AT:ET) was also calculated.

The mitral annular early diastolic velocity (Ve’) was measured at both the medial and lateral

mitral annulus and averaged.

Right ventricular relaxation time ‘IVRT’ was measured as the time interval between the end

of systole and the beginning of diastole during the tricuspid annular motion (Figure 4.11).

Myocardial systolic velocity (Vs), early diastolic velocity (Ve) and diastolic velocity during
atrial contraction (Va) were measured at the basal segments (Figure 4.12) of the LV and the
RV lateral walls. When myocardial Ve and Va were fused due to rapid heart rate, a single
diastolic velocity was recorded and noted as Ve. Time to peak systolic velocity (Tq.vs) was
measured as the time interval between the start of the QRS complex and the peak myocardial
velocity during ejection (Figure 4.12). The measurement for the myocardial isovolumic
acceleration (IVA) was made by dividing the peak positive velocity during the IVC by time to

 this peak velocity from the onset of the signal at the zero crossing (Figure 4.12.).

Annular displacement (Ds’) was measured at the mitral and tricuspid annulus using tissue

tracking (Figure 4.13).

Peak systolic strain at end-systole (S) was measured within the basal and the apical portions
of the lateral wall (Figure 4.14). For computation, strain length of 12 mm was used. To ensure

measurement of end-systolic strain during systole, event timing was superimposed from left
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ventricular outflow tract and right ventricular outflow tract blood flow Doppler recordings for

the LV and RV respectively.

All of the above parameters were measured in 3 beats and averaged.

4.2.3.6 Statistical methods

I studied 90 subjects with 30 in each of the three groups (Preterm CLD, preterm control and
term control). Based on the data from Sartori et al (Sartori 1999), I calculated that I would
need to study 30 children in each arm to be 90% certain of a difference of 30% in pulmonary

arterial pressure in response to hypoxia at a p< 0.05 between the groups.

Results are presented as mean and standard deviation (SD). Differences between groups were

tested by ANOVA with Tukey’s posthoc analyses. SPSS 16.0 (SPSS Inc., Chicago, IL) was

used to perform analyses
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Figure 4.3 2-D image ofthe left ventricular outflow tract diameter

2-D parasternal long axis view ofthe left ventricular outflow tract. The vertical white line
shows the measurement ofthe left ventricular outflow tract diameter when the aortic valve is

open.
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Figure 4.4 Pulsed wave Doppler ofthe left ventricular outflow tract, LVOT

LvVOT

A. Pre-ejection period, PEP is the interval between the beginning of QRS complex and the

start o f left ventricular outflow.

B. Enhanced view ofthe left ventricular outflow velocity with thick tracing ofthe LVOT flow

to measure the velocity time integral, VTL
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Figure 4.5 Pulsed wave Doppler of the mitral valve showing early (E) and late (A) diastolic

velocities

E - Mitral early diastolic velocity, A= mitral late diastolic velocity during atrial contraction
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Figure 4.6 2-D image showing collapse ofthe inferior vena cava during a ‘snifftest’

The arrow is pointed to the ‘collapse’ ofthe inferior vena cava (IVC) when the child sniffed.

140



Figure 4.7 Continuous wave Doppler ofthe tricuspid valve showing tricuspid regurgitation
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The arrow is pointed at the peak tricuspid regurgitation velocity
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Figure 4.8 Pulsed wave Doppler ofthe pulmonary valve showing pulmonary regurgitation

The arrow is pointed at the pulmonary regurgitation end-diastolic velocity
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Figure 4.9 Pulsed wave Doppler of the pulmonary valve illustrating measurements of

acceleration time and ejection time

Pulmonary arterial acceleration time, AT is measured as the interval between the onset of

flow and the peak flow.

Pulmonary arterial ejection time, ET is measured as the interval between the onset of flow and

the end of flow.
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Figure 4.10 Real time pulsed tissue Doppler at the lateral mitral annulus

The arrow is pointed to the lateral mitral annular early diastolic velocity (Ve’). Ve’ was

measured at lateral and medial mitral annulus and the mean Ve’ is reported.
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Figure 4.11 Real time pulsed wave Doppler at the lateral tricuspid annulus illustrating right

ventricular relaxation time ‘IVRT’

16/03/2008 13:14:53 26
Freg :1.7Miz/3.4 MHz ?
FPS: 12.5/12.5
Depth: 10.0cm
Gain: 3.0dS
Saale: 1.60 kiz
Freq :2.4 MHz
-.26
10
[cm/s]
-10
RV 9VRT’ - =20

2.0 15 1.0 0.5 »fw o

Right ventricular ‘IVRT’ is the time interval between the end of systole and the beginning of

diastolic motion ofthe tricuspid annulus
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Figure 4.12 Example of a myocardial velocity trace at the basal segment ofthe right

ventricular free wall

Figure showing the post-processed regional myocardial velocities ofthe right ventricle. A

circular sample volume is placed at the base ofthe lateral wall.

PVO= Pulmonary valve opening and PVC= Pulmonary valve closure. PVO and PVC were

measured from blood-flow Doppler traces of pulmonary flow.

1= Peak systolic velocity (Vs), 2= Early diastolic velocity (Ve), 3= Late diastolic velocity due

to atrial contraction (Va), 4= Time interval between onset ofthe QRS complex and peak

systolic velocity (T @ Vg and 5= Right ventricular isovolumic acceleration, IVA.
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Figure 4.13 Illustration of annular displacement at the lateral tricuspid annulus

Figure showing the measurement ofright ventricular annular displacement using tissue

tracking. The arrows point to the annular displacement measured in millimetres.
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Figure 4.14 Illustration of strain imaging at the basal segment ofthe right ventricular free wall

10./08

373:3/3 HR
Figure showing right ventricular systolic strain at the basal (yellow) and at the apical (blue)
segments ofthe right ventricle. PVO= Pulmonary valve opening and PVC= Pulmonary valve
closure. Pulmonary valve closure marks the end ofsystole. The arrows point to the end-

systolic strain.
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4.2.3.7 Echocardiographic indices of left and right ventricular function

The echocardiographic indices that were used to assess left and right ventricular function are
summarised in Table 4.1. Both systolic and diastolic function were assessed using 2-D,
conventional blood flow Doppler and tissue Doppler methods also known as myocardial

velocity imaging.

Cardiac index and LV pre-ejection period (LV PEP) were used as markers of LV systolic
function. The ratio of the mitral inflow velocities E:A was measured to assess the LV filling
pattern. The mitral annular Ve’ velocity measured by myocardial velocity imaging was used

to calculate E:Ve’ ratio which gives an estimate of mean LV filling pressure.

Myocardial velocity imaging was used to quantify both LV and RV global and regional long-
axis function. Mitral annular displacement (Ds’) is annular excursion, which in turn correlates
with the global myocardial systolic function. Isovolumic acceleration, IVA, is a marker of
myocardial contractile function. The myocardial function at the basal segments of the LV and
RV lateral walls was quantified by myocardial systolic velocity, Vs, early diastolic velocity,
Ve, and the late diastolic velocity, Va. Tq.vs, the time interval from the onset of QRS complex
to the peak systolic velocity (Vs), is a measure of electromechanical delay for myocardial

_systolic function. RV and LV systolic strain are indices of regional myocardial deformation.

Echocardiographic evidence of increased pulmonary arterial pressure (PAP) was also
assessed using standard blood-flow Doppler methods and myocardial velocity imaging as
summarised in table 4.2. Standard Doppler methods were used to measure tricuspid
regurgitant velocity, and RV systolic pressure was calculated by applying the modified
Bernoulli equation (AP=4V?). As none of the children had evidence of increased right atrial

pressure, right atrial pressure was estimated at 5 mm Hg for all the subjects. Therefore,
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pulmonary arterial systolic pressure was estimated as, calculated RV systolic pressure + 5 mm

Hg.

Pulmonary arterial acceleration time, AT, and ejection time, ET, and the ratio of ET:AT, were

also used to assess pulmonary arterial systolic pressure.

The relaxation time of the myocardium in the basal lateral segment of the free wall of the RV
‘IVRT’, measured by using tissue Doppler imaging was also used as a surrogate for
pulmonary arterial systolic pressure. In patients with raised PA pressure, due to increased RV
pressure, there is delay in the onset of diastole. This time lag is the isovolumic relaxation time

‘IVRT’, which is used as a surrogate of PA pressure.

RYV basal strain was also measured before and after hypoxic stimulus as a surrogate of PA

hypertension (Dambrauskaite 2007).
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Table 4.1 Echocardiographic markers of left and right ventricular function

Markers of LV function Markers of RV function

Pulsed-Doppler parameter

LV velocity time integral (VTI)

LV pre ejection period (LV PEP)

Mitral early diastolic velocity (E)

Mitral late diastolic velocity (A)

Real-time annular myocardial velocity imaging
Medial mitral annular velocity (MMA Ve’)
Lateral mitral annular velocity (LMA Ve’)

Colour processed myocardial velocity imaging

LV annular displacement (LV Ds’) RV annular displacement (RV Ds’)
LV basal systolic velocity (LV Vsbl) RV basal systolic velocity (RV Vsbl)
LV basal e velocity (LV Vebl) RV basal e velocity (RV Vebl)

LV basal a velocity (LV Vabl) RYV basal a velocity (RV Vabl)

LV isovolumic acceleration (LV IVA) RV isovolumic acceleration (RV IVA)

LV end systolic apical and basal strain RV end-systolic apical and basal strain

. Table 4.2 Surrogate markers of pulmonary arterial pressure

Blood pool Doppler markers Tissue Doppler markers
Tricuspid regurgitation velocity (TR) RV relaxation time (IVRT)
Pulmonary regurgitation end-diastolic velocity (PR) RV basal systolic strain (RV Ssbl)

Pulmonary artery acceleration time (AT)

Pulmonary artery ejection time (ET)
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4.3 Results

Out of 92 children who were recruited for the study, a total of 90 children (28 with CLD, 32
PT controls and 30 Term controls) participated in the cardiovascular studies. One child from
the CLD group and one child from the preterm control group attended the pulmonary function

tests but did not keep the appointment for the cardiovascular studies.

4.3.1 Demographics and general characteristics

General characteristics of the participants including baseline heart rate, blood pressure and
oxygen saturation at rest are summarised in Table 4.3. The gender and the age of the children
were similar between the three groups. Children who had CLD were lighter than the term-
born controls (p<0.05) but there was no significant difference in the mean height. Baseline
heart rate, respiratory rate, oxygen saturation and blood pressure were also similar between

the 3 groups.

4.3.2 Biochemical markers of cardiovascular function

75/90 (84%) subjects consented to the finger prick blood test. The fasting blood glucose, total
cholesterol, triglycerides and high density lipoprotein were within normal range in all the
subjects and were similar between the 3 groups. 68 children (76%) also had the capillary
blood gas analysis. Mean PaO, was 17% lower in the children with CLD compared with the
term-born controls (p<0.05). There were no significant differences in the other blood gas

parameters between the term and the preterm groups (Table 4.4)
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Table 4.3 General characteristics of the subjects (Cardiovascular study)

Parameters CLD Preterm Term control p-value
control

(n=28) (n=32) (n=30)
Demographics
Male: Female 17: 11 15:17 15: 15 0.539
Gestation (wks) 273(22.2) 30.0(2.0) 39.7(1.5) <0.001% 8% 888
Age (years) 10.3 (1.5) 10.4 (1.2) 10.6 (1.5) 0.668
Height (cm) 138.0(9.8) 141.5(9.3) 144.3(10.6) 0.061
Weight (kg) 30.7(8.9)  35.6(10.9) 38.0(13.7) 0.053"
Physiological measurements
Heart rate (per minute) 77.5(12.0) 77.0(11.9) 733 (9.5) 0.289
Respiratory rate (per minute) 21.3 (4.6) 20.6 3.7) 20.5(3.4) 0.757
SBP (mm Hg) 105.7(6.9) 103.6(9.1) 101.7(7.5) 0.158
DBP (mm Hg) 63.9 (6.7) 61.8 (8.2) 63.5(5.9) 0.187
PP (mm Hg) 41.8 (7.6) 41.8 (9.1) 38.2(6.4) 0.123
Oxygen saturation (%) 99.3 (0.84) 98.6 (1.0) 98.8 (0.91) 0.036'

¥ p<0.001 (CLD vs. preterm control), ** p<0.001 (CLD vs. term), *** p<0.001 (preterm vs.

term control), 1t p<0.05 (CLD vs. term), t p<0.05 (CLD vs. preterm control)

Table 4.4 Biochemical markers of cardiovascular function

Parameters CLD Preterm Term control p-value
control
(n=22) (n=29) (n=24)

Biochemical markers
Glucose 4.3 (0.94) 4.0 (0.58) 4.3 (0.78) 0.411
Cholesterol 3.8 (0.66) 3.6 (0.68) 3.6 (0.53) 0.362
Triglycerides 0.72 (0.31) 0.72 (0.20) 0.74 (0.39) 0.985

. HDL 1.2 (0.37) 1.1(0.4) 1.1 (0.27) 0.176
Capillary blood gas analysis
pH 7.4 (0.02) 7.4 (0.02) 7.4 (0.01) 0.951
PCO, 5.2(0.33) 5.2(0.29) 5.1(0.32) 0.584
PO, 9.6 (1.5) 10.4 (1.0) 11.5 (2.0) 0.001%
HCO; 24.5 (0.97) 24.6 (1.0) 24.4 (0.98) 0.811
Base excess 0.11(1.3) 0.17 (1.2) 0.02 (1.1) 0.905

Results are presented as mean (SD)

# p <0.001 (CLD vs. term control)
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4.3.3 Electrocardiography

12-lead electrocardiography (ECG) was performed on all participants. All the children were in
sinus rhythm. None of the children had ECG evidence of right ventricular hypertrophy. R
wave amplitude in lead V1, QRS axis, and duration of the QRS complex, were all within
normal limits in the control groups as well as those with CLD (Table 4.5). QRS duration was
7% lower in the preterm children without CLD compared to the term-born children but the
values were within normal limits in all children. 4 (15%) children in the CLD group, 4 (13%)
children in the preterm control group and 6 (20%) children in the term control group had

evidence of incomplete right bundle branch block.

Table 4.5 Electrocardiographic indices of right ventricular hypertrophy

ECG index CLD Preterm Term control p-value
Control
(n=28) (n=32) (n=30)
R wave amplitude in V1 (mm) 5.4 (2.2) 5329 45019 0.324
QRS axis (degrees) 61.1(57.6) 57.6(22.1) 53.5(28.2) 0.520

QRS duration (milliseconds) 80.6 (9.1)  78.5(9.1) 84.5(7.3) 0.024'

Results are presented as mean (SD).

b <0.05 (preterm control V Term control)
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4.3.4 Echocardiographic markers of left and right ventricular function

Left and right ventricular function

The results of the echocardiography of left and right ventricular function at baseline are

summarised in Table 4.7.

While breathing in room air, the preterm and term-born children had normal LV and RV
function. There were no significant differences in systolic or diastolic function either in the
LV or the RV between those with CLD compared with the preterm and the term control
groups. The left ventricular outflow diameter was smaller in the preterm children compared to

the term groups but cardiac index was similar between the three groups.

Tricuspid regurgitation was present in 20/28 (71.4%) children with CLD, 20/32 (62.5%)
preterm controls and 18/30 (60%) term-born controls. PR end-diastolic velocity was
measurable in 25 (89.3%) in the CLD, 25 (78.1%) in the preterm control and 25 (83.3%) in

the term control groups.

During the sniff test, all the children had >50% collapse of the inferior vena cava. Thus, there
was no evidence of increased right atrial pressure in any of the children and RA pressure was

 estimated to be <10mm Hg (Kircher 1990).

The estimated pulmonary arterial systolic pressure at baseline was similar in all three groups:
22 mmHg in the children with CLD, 24 mmHg in the preterm control group and 22 mmHg in

the term-born controls.

155



Subclinical changes in cardiac function after hypoxia

Oxygen saturation

After exposure to hypoxia, oxygen saturation measured by pulse oximetry decreased in all
three groups. When average oxygen saturation during each period of hypoxic challenge was
analysed, after inhalation of 15% oxygen for 20 minutes, mean oxygen saturation decreased
by 4.4% (95% CI, 3.7% to 5.1%, p<0.001) in the CLD group, 3.0% (95% CI, 2.5% to 3.5%,
p<0.001) in the preterm control group and by 3.3% (95% ClI, 2.9% to 3.7%, p<0.001) in the
term control group. Similarly, after exposure to 12% oxygen for 20 minutes the differences in
oxygen saturation from baseline were 7.8% (95% CI, 6.4% to 9.1%, p<0.001), 6.1% (95% ClI,
5.4% to 6.8%, p<0.001) and 6.3% (95% CI, 5.6% to 7%, p<0.001) in the CLD, preterm and
the term control groups respectively. Although the levels of average oxygen saturation
dropped significantly in all three groups after hypoxic exposure, the levels were not

significantly different between the three groups at any stage.

It was noted that the average oxygen saturation did not accurately represent the lowest oxygen
saturation that the children reached at the end of the hypoxic challenge. The average and the
lowest oxygen saturation reached at the end of each phase of the hypoxic challenge are
summarised in Table 4.6. After exposure to 15% oxygen for 20 minutes, the mean drop in
" oxygen saturation was -13% (95% CI, -10.1% to 15.8%, p<0.001) in the CLD group, -9%
(95% ClI, -7.6% to -10.4%, p<0.001) in the preterm control group and -10% (95% CI, -8.3%
to -11.6%, p<0.001) in the term control group. Taking the lowest oxygen saturations reached,
the mean drop in oxygen saturation at the end of hypoxic challenge with 12% oxygen was -
17.4% (95% CI, -15.3% to -19.4%, p<0.001) in the CLD group, -13.6% (95% CI, -12.4% to -
14.7%, p<0.001) in the preterm control group and -14.1% (95% CI, -12.8% to -15.4%,

p<0.001) in the term control group. At the end of the hypoxic challenge with 15% oxygen,
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oxygen saturation level was significantly lower in the CLD group compared to the preterm
control group (86.2% £ 6.7% vs 89.7% * 3.5%, p<0.05). Similarly, children with CLD had
significantly lower level of oxygen saturation at the end of the hypoxic challenge with 12%
oxygen compared with those in the preterm control group (81.9% + 5.4% vs 85.1% + 3.3%,

p<0.01) and the term control group (81.9% + 5.4% vs 84.7 + 3.6%, p< 0.05).

Table 4.6 Oxygen saturation at baseline and after hypoxic challenge

Study groups Oxygen saturations
Room air 15% Oxygen 12% Oxygen
Mean Lowest Mean Lowest
CLD 99.3% (0.84) | 94.9% (1.5) | 86.2% (6.7) | 91.5% (3.0) | 81.9% (5.4)
Preterm control | 98.6% (1.0) 95.6% (1.3) | 89.7% (3.5) |92.5%(2.0) | 85.1% (3.3)
Term control 98.8% (0.91) |[95.5(1.1) 88.8% (4.1) | 92.6% (1.9) | 84.7% (3.6)
ANOVA 0.036" 0.052 0.032' 0.152 0.008* 1"

Results are expressed as mean (%) and SD
t p<0.05 (CLD vs. preterm control), 3 p<0.01 (CLD vs. preterm control), T p<0.05 (CLD vs.

term control)

Respiratory rate
Change in respiratory rate was <1% after acute hypoxia (after inhalation of 15% oxygen and

12% oxygen compared with baseline) in all three groups of children.

After inhalation of 15% oxygen for 20 minutes, heart rate increased by 3.1% (95% CI, 1.0%

to 7.2%) in the CLD group, 1.4% (95% CI, 0.7% to 5.5%) in the preterm controls and by
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4.5% (95% CI, 1.6% to 7.3%) in the term control group. After inhalation of 12% oxygen for a
further 20 minutes, heart rate increased by 4.7% (95% Cl, 0.04% to 9.3%), 3.9% (95% CI,
0.3% to 7.6%) and 6.6% (95% CI, 3.8% to 9.5%) in the children with CLD, preterm and term-

born controls respectively.

Blood pressure

Systolic blood pressure was reduced by 4.2% (95% CI, -1.4% to -9.8%) in the prematurely
born children with CLD after exposure to 12% oxygen compared with baseline. In the control
population, the change in systolic blood pressure was <1% after exposure to acute hypoxia.
Compared with the baseline reading, diastolic blood pressure increased by 2.0% (95% CI,
1.0% to 4.9%) in the CLD group after inhalation of 12% oxygen for 20 minutes. Similarly,
diastolic blood pressure increased by 3.9% (95% CI, 1.2% to 6.6%) in the preterm control
group after exposure to 12% oxygen. Change in diastolic blood pressure was <1% in the term
control group after hypoxia. Compared to the baseline, pulse pressure was reduced by —6.2%
(95% CI, -12.3% to —0.2%) in the CLD group and by -3.6% (95% ClI, -6.7% to —0.4%) in the
preterm control group after exposure to 12% oxygen for 20 minutes. The mean change in
pulse pressure was <1% in the term control group. None of these changes were statistically

significant.

Echocardiographic parameters
The change in the echocardiographic markers of right ventricular function and surrogate
markers of pulmonary hypertension after inhalation of 15% and 12% oxygen are summarised

in Tables 4.8, 4.9 and 4.10 for the CLD, preterm control and term control groups respectively.
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Following the hypoxic challenge, the surrogate markers for PAH changed as expected in all
three groups of children. After inhalation of 12% oxygen, the maximum velocity of the
tricuspid regurgitation increased by 0.38 m s'(95% CI, 0.24 t0 0.53 m 5™, p<0.001) in the
children with CLD of prematurity compared to 0.18 m s” (95% CI, 0.09 to 0.26 m s,
p>0.05) in the preterm controls and 0.25 m s™' (95% CI, 0.13 to 0.36 m s, p<0.001) in the

term-born controls.

Pulmonary arterial acceleration time shortened with acute hypoxia in all three groups but the
difference was greater in the children with CLD compared to the control groups. Compared to
the baseline, the mean difference in acceleration time was -23.8 ms (95% ClI, -32.9 to 14.7
ms, p<0.001), -15.6 ms (95% CI, -24.2 to —7.0 ms, p<0.001) and —19.2 (95% CI, -25.8 to -
12.6 ms, p<0.001) in the CLD, preterm and term control groups respectively after inhalation
of 12% oxygen for 20 minutes. Similarly, the ratio of acceleration time to ejection time,
AT:ET was reduced in all 3 groups after acute hypoxia. The mean difference in AT:ET after
exposure to 12% oxygen compared to the baseline was, -0.07 (95%CI, -0.4 to 0.09, p<0.001),
-0.05 (95% Cl, -0.02 to —0.07, p<0.05) and —0.05 (95% CI, 0.02 to 0.08, p<0.05) in the CLD,

preterm and term control groups.

RV relaxation time ‘IVRT’ was another surrogate marker of pulmonary arterial pressure that
altered with hypoxia. IVRT increased by 14.3ms (95% CI, 8.2 to 14.3 ms, p<0.05) in the CLD
group, 8.6 ms (95% CI, 4.0 to 12.6 ms, p<0.05) in the preterm control group and by 12.8 ms

(95% Cl, 8.4 to 17.2 ms, p=0.001) in the term control group after exposure to 12% oxygen.

There were no statistically significant changes in the end-systolic strain after the hypoxic
challenge in either of the groups. The end-systolic strain remained within normal limits

throughout the hypoxic challenge test in all three groups.
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Cardiac index, which is a marker of the left ventricular output, increased by 0.2 Lmin"'m™
(95% CI, 0.04 to 0.35 Lmin™'m™, p<0.01) after inhalation of 12% oxygen in those with CLD
but did not alter significantly in the control groups. The rest of the echocardiographic markers

of left ventricular function did not alter with hypoxia.
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Table 4.7 Baseline echocardiographic parameters of left and right ventricular function

Echocardiographic indices Mean (SD) Significance
CLD Preterm control Term ANOVA
LV indices
LVOT diameter (cm) 1.5 (0.16) 1.6 (0.15) 1.7 (0.20) 0.001% 1
LV VTI (cm) 21.6 (3.9) 22.1(3.4) 23337 0.200
HR (beats/min) 73.5(11.6) 72.0 (11.8) 72.1(8.7) 0.851
Cardiac index (L//min/m?) 1.6 (0.41) 1.6(0.41) 1.7 (0.36) 0.364
LV PEP (ms) 65.2(16.2) 68.6 (13.0) 62.4(16.4) 0.288
Mitral E velocity (m/s) 1.0 (0.13) 1.0 (0.17) 0.95 (0.11) 0.310
Mitral A velocity (m/s) 0.53 (0.11) 0.51(0.13) 0.49 (0.87) 0.523
Mitral E:A 2.0 (0.47) 2.05 (0.45) 2.0 (0.35) 0.637
MMA Ve’ (m/s) 0.16 (0.03) 0.14(0.02) 0.15 (0.02) 0.140
LMA Ve’ (m/s) 0.18 (0.04) 0.17 (0.03) 0.18 (0.03) 0.758
Mitral Ve’ (m/s) 0.17 (0.03) 0.16 (0.02) 0.16 (0.02) 0.058
E:’ 6.1 (1.0) 6.4(1.2) 6.0 (0.96) 0.332
LV Ds’ (mm) 11.0 (1.95) 11.0(2.2) 11.6 2.0) 0.463
LV Vsbl (cm/s) 6.3(1.4) 6.5 (2.0) 6.7 (1.8) 0.673
LV Vebl (cm/s) 14.0 (2.0) 13.9(2.2) 14.0 2.7) 0.991
LV Vabl (cm/s) 25(1.2) 2.7 (0.93) 14.0 2.7) 0.800
LV T s (ms) 89.6 (14.6) 112.7 (42.4) 94.3 (17.7) 0.006
LV IVA (cm/s?) 1.09 (0.47) 1.06 (0.52) 0.87 (0.32) 0.199
LV Ssbl (%) 21.4(5.8) -22.6 (1.5) 237(5.7) 0.432
LV Ssal (%) -13.0 (3.8) -13.1(4.9) -15.1(4.2) 0.148
RV Indices
RV Ds’ (mm) 18.0 3.3) 184 (2.1) 17.6 (2.4) 0.487
RV Vsbl (cm/s) 8.4(1.9) 8.9(1.4) 8.8 (2.0) 0.586
RV Vebl (cm/s) 11.4 (2.8) 10.7 2.5) 103 (2.5) 0.257
RV Vabl (cm/s) 43(2.0) 5.4(2.2) 4.7 (2.0) 0.107
RV T oy, (ms) 178.5 (27.9) 175.4 (26.4) 177.9 (26.3) 0.895
RV IVA (cm/s?) 1.3(0.64) 1.4 (0.66) 1.0 (0.37) 0.021'"
RV Ssbl (%) -34.4(9.5) -33.6 (8.4) -30.9 (9.1) 0.290
RV Ssal (%) -24.0(8.2) -22.3(9.5) -21.0 (6.7 0.390
Surrogate markers for PAH
TR vel (m/s) 2.1(0.25) 2.1(0.36) 2.0 (0.20) 0.394
PR vel (m/s) 0.77 (0.13) 0.78 (0.16) 0.76 (0.15) 0.776
PA AT (ms) 127.4 (19.9) 127.5 (18.2) 122.6 (19.8) 0.535
PA ET (ms) 316.8 (27.4) 310.2 (28.5) 320.9 (23.0) 0.285
ATET 0.40 (0.05) 0.41 (0.05) 0.38 (0.05) 0.073
IVRT (ms) 53.2(9.5) 52.6(11.9) 52.3(11.9) 0.961

% p<0.001 (CLD vs. term control), ™ p<0.05 (preterm control vs. term control), ¥ p<0.05 (CLD vs. preterm
control)
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Table 4.8 Changes in echocardiographic parameters with hypoxia in children with chronic

lung disease (CLD group)

Echocardiographic 21% oxygen 15% oxygen 12% oxygen p value
Indices Mean (SD) Mean (SD) Mean (SD)

LYV indices

Cardiac index (L min ' m %) 1.7 (0.45) 1.8 (0.57) 0.355
LV PEP (ms) 62.2 (14.5) 60.4 (13.9) 0.901
Mitral E:A 1.9 (0.58) 1.8 (0.48) 0.612
Mitral Ve’ (ms™) 0.16 (0.03) 0.17 (0.04) 0.623
Mitral E: Ve’ 6.1 (1.0) 6.0(1.2) 0.913
RV indices

RV Ds’ (mm) 17.9 (3.3) 18.1 (3.5) 0.981
RV Vsbl (cm s™) 8.8(1.8) 8.9 (2.0 0.585
RV Vebl (cms™) 11.7 (2.0) 123 2.7) 0.468
RV Vabl (cm s™) 4.7(1.9) 5.8(2.2) 0.222
RV T,.vs (ms) 178.5(279) 1742(25.8) 166.5(24.8) 0.227
RV IVA (cm s?) 1.3 (0.62) 1.4 (0.75) 0.373
RV Ssbl (%) -32.7(9.0) -33.5(10.3)  0.800
RV Ssal (%) -24.0 (6.1) -24.7 (6.3) 0.915
Surrogate markers for PAH

TR velocity (m s™) 2.2(0.26) 2.4 (0.33) <0.001%
PR end-diastolic velocity (m s™") 0.90 (0.16) 0.98 (0.26) <0.001%
PA AT (ms) 127.4 (19.9) 1159(17.4) 103.6(21.0)  <0.001%
AT:ET 0.37(0.04)  0.33(0.06)  <0.001%
RV relaxation time ‘IVRT’ (ms) 64.4(17.2)  65.7(18.9) 0.011%"

¥ p<0.001 (21% vs. 12%), 'p<0.05 (12% vs. 15%), T p<0.05 (21% vs. 12%)



Table 4.9 Changes in echocardiographic parameters with hypoxia in preterm children without

chronic lung disease (Preterm control group)

Echocardiographic 21% oxygen 15% oxygen 12% oxygen p value
Indices Mean (SD) Mean (SD) Mean (SD)

LV indices

Cardiac index (L min ' m?) 1.6 (0.41) 1.6 (0.51) 1.6 (0.44) 0.890
LV PEP (ms) 68.6 (13.0) 68.5(9.4) 67.4 (10.4) 0.881
Mitral E:A 2.1 (0.45) 1.9 (0.43) 1.8 (0.36) 0.037"
Mitral Ve’ 0.16 (0.02) 0.15 (0.02) 0.15 (0.02) 0.495
Mitral E: Ve’ 6.4 (1.2) 6.3 (1.3) 6.4 (1.4) 0.958
RYV indices

RV Ds’ (mm) 18.4 (2.1) 18.4 (2.5) 18.4 (1.9) 1.00
RV Vsbl (cm s™) 8.9(1.4) 8.9 (1.8) 8.8 (1.50) 0.974
RV Vebl (cm s™) 10.7 2.5) 10.8 (2.6) 11.0 2.7) 0.883
RV Vabl (cm s™) 54(2.2) 52(.7) 5.6 (2.3) 0.363
RV T,.vs (ms) 1754 (26.4) 173.9(254) 170.1(26.0) 0.705
RV IVA (cm s?) 1.4 (0.66) 1.2 (0.49) 1.1 (0.47) 0.298
RV Ssbl (%) -33.6 (8.4) -35.3(10.6) -34.7(7.8) 0.739
RV Ssal (%) -22.3(9.5) -23.1(9.5) -23.6 (9.6) 0.864
Surrogate markers for PAH

TR velocity (m s™) 2.1(0.36) 2.2(0.35) 2.3 (0.30) 0.183
PR end-diastolic velocity (ms™)  0.78 (0.16)  0.80(0.15)  0.91(0.20)  0.014™
PA AT (ms) 127.5(182) 120.8(153) 111.4(18.3)  0.002%
AT:ET 0.41 (0.05) 0.39 (0.05) 0.37 (0.07) 0.037"
RV relaxation time ‘IVRT’ (ms)  52.6 (11.9) 55.2(13.7) 60.5 (11.3) 0.040"

T p<0.05 (21% vs. 12%), 77 p<0.001 (21% vs. 12%)
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Table 4.10 Changes in echocardiographic parameters with hypoxia in term-born children

(Term control group)

Echocardiographic 21% oxygen 15% oxygen 12% oxygen p value
Indices Mean (SD) Mean (SD) Mean (SD)

LV indices

Cardiac index (L min "' m?) 1.7 (0.36) 1.7 (0.39) 1.7 (0.48) 0.802
LV PEP (ms) 62.4(16.4)  658(14.8)  65.0(163)  0.694
Mitral E:A 2.0 (0.35) 1.8 (0.36) 1.7 (0.29) 0.006%
Mitral Ve’ 0.16 (0.02)  0.15(0.02)  0.15(0.02)  0.124
Mitral E: Ve’ 6.0 (1.0) 6.2 (1.1) 6.3 (1.1) 0.546
RV indices

RV Ds’ (mm) 17.6 (2.4) 17.8 2.7) 18.5 (3.0) 0.418
RV Vsbl (cm s™) 8.8 (2.0) 9.1(2.2) 9.3 (1.9) 0.615
RV Vebl (cms™) 10.3 (2.5) 10.4 (2.6) 11.1 (2.6) 0.412
RV Vabl (cms™) 4.7 (2.0) 4.6 (1.8) 5.6 (2.4) 0.101
RV Tq.vs (ms) 177.9(26.3) 180.6(26.6) 170.7(28.0)  0.341
RV IVA (cm s?) 1.0 (0.37) 1.1 (0.35) 1.0 (0.36) 0.306
RV Ssbl (%) -30.9(9.1)  -32.9(109)  -35.1(10.9)  0.287
RV Ssal (%) 21.0(6.7)  -22.7(6.0) -22.5(8.4) 0.576
Surrogate markers for PAH

TR velocity (m s™) 2.0 (0.20) 2.1(0.22) 2.3 (0.16) <0.001%
PR end-diastolic velocity (ms™)  0.76 (0.15)  0.84(0.22)  0.88(0.20)  0.051
PA AT (ms) 122.6 (19.8) 111.9(17.6)  103.4(23.3)  0.002%
ATET 0.38 (0.05)  0.36 (0.05) 0.33(0.08)  0.017™

RV relaxation time ‘IVRT’ (ms) 52.3 (11.9) 56.2 (14.0) 65.6 (14.4) 0.001°

Hp<0.01 (21% vs. 12%), ** p<0.001 (21% vs. 12%), 7' p<0.05 (21% vs 12%),

$p<0.001 (21% vs. 15%)
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Figure 4.15 Bar diagram showing change in heart rate with hypoxia

*p <.05

Figure 4.16 Bar diagram showing change in respiratory rate with hypoxia

There was no significant difference between groups at baseline or after hypoxia. Respiratory

rate did not alter significantly in either of the groups with hypoxia.
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Figure 4.17 Bar diagram showing change in systolic blood pressure with hypoxia
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There was no significant difference between groups at baseline or after hypoxia. Systolic

blood pressure did not alter significantly in either ofthe groups with hypoxia.

Figure 4.18 Bar diagram showing change in diastolic blood pressure with hypoxia

There was no significant difference between groups at baseline or after hypoxia. Diastolic

blood pressure did not alter significantly in either ofthe groups with hypoxia.
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Figure 4.19 Bar diagram showing change in tricuspid regurgitation systolic velocity with

hypoxia

Term

* p<0.001

Figure 4.20 Bar diagram showing change in pulmonary regurgitation end-diastolic velocity

with hypoxia

*p=0.001, ** p<0.05
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Figure 421 Bar diagram showing change in pulmonary arterial acceleration time, AT with
hypoxia
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* p<0.001, ** p=0.002

Figure 4.22 Bar diagram showing change in AT:ET with hypoxia
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Figure 4.23 Bar chart showing change in RV relaxation time iV R T’ with hypoxia
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* p<0.05, ** p=0.001
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Figure 4.24 Figure demonstrating an example of the change in surrogate markers of

pulmonary arterial pressure during the ‘hypoxic challenge’

21% 02 15% 0 2 12% 0 2

A. Velocity of'the tricuspid regurgitation increased with increasing hypoxia
B. Pulmonary arterial acceleration time decreased with increasing hypoxia

C. Right ventricular relaxation time ‘IVRT’ increased with increasing hypoxia
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4.4 Discussion

To my knowledge, this is the first study that explores cardiovascular response to acute
hypoxia in school aged children who had CLD in infancy. This study gives an insight into the

myocardial function in ex-preterm school-aged children who are clinically asymptomatic.

Despite its limitations, at present, echocardiography remains the best available non-invasive
diagnostic tool for monitoring ventricular function and for the early diagnosis of PAH in
children with CLD. Other non-invasive methods such as CT and MRI can be used to measure
RV volume but are more expensive and are not readily available. Claustrophobia can also be

an issue with young children undergoing MRI study.

Specific data on echocardiographic parameters of RV function and pulmonary hypertension in

children is currently limited.

Baseline right ventricular function

Due to the nature of the right ventricular anatomy, it is not convenient to quantify RV
function precisely by using conventional 2-D and blood flow Doppler echocardiography.
Therefore, 1 used myocardial velocity imaging to quantify RV long axis systolic and diastolic
function. I used the measurements from the term-born control population in our study as a
comparison to asses RV myocardial function in those born prematurely with and without the

history of CLD in infancy.

171



RV annular displacement, a marker of global RV systolic function was similar to that of the
preterm and term-born controls. Similarly, the peak systolic and diastolic velocities were also

similar to the control groups.

The statistical difference in the RV isovolumic acceleration between the preterm and the term
control groups is unlikely to have any clinical significance as the indices are within normal
limits and there is no ‘trend’ in the differences between the term and the preterm groups.

Besides, the reproducibility of this index is not reliable (Joshi 2010).

RV systolic strain in our study population was normal at baseline. The values of RV systolic
strain were comparable to the published data on healthy children (4-16 year old) (Weidemann
2002). In an adult study, non-invasively measured RV peak systolic strain has been shown to
correlate well with invasively measured RV haemodynamics in patients with normal LV
function (Rajagopalan 2008). In my study, none of the children had LV dysfunction clinically
or echocardiographically. Therefore, the normal RV strain in these children should indicate

normal RV haemodynamics at rest.

The RV myocardial velocity, displacement indices and strain indices were similar in those
with CLD of prematurity and the preterm and term-born control population. This indicates
that there was no evidence of RV systolic or diastolic dysfunction in the children with CLD at

rest.
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Baseline left ventricular function

The LV outflow tract diameter was smaller in the children with CLD compared to the
children in the control groups but cardiac index was within normal limits in all three groups

and the difference between the groups was not statistically significant.

Left ventricular filling pressure is an important marker of LV diastolic function. Trans-mitral
E and A velocities were measured to assess LV filling pattern. The mean ratio of E:A was >1

in all three groups of children implying normal LV filling pressure.

I also used the myocardial velocity imaging to measure LV annular displacement. The
displacement of the mitral annulus during systole provides a surrogate measure of the LV
myocardial long axis systolic function. There was no statistically significant difference
between the LV annular displacements between the children with CLD and those in the

control groups.

The normal cardiac index and normal ratio of the mitral inflow velocities (E:A >1) along with
normal LV displacement indicate normal LV global systolic function in the children with

CLD.

Left ventricular filling pattern (E:A) reflects early diastolic changes and the ratio of early
diastolic mitral inflow velocity to early diastolic velocity of the mitral annular motion, E:Ve’
has been shown to correlate well with mean ventricular filling pressure. This has been
validated in adults as a useful tool to assess LV diastolic function in adults (Sohn 1997;
Ommen 2000). In one adult study, E:Ve’ >10 was shown to correlate with raised filling
pressure when lateral Ve’ was used (Nagueh 1997) whereas another study has shown that

E:Ve’ ratio of >15 correlated with elevated filling pressure when medial Ve’ was used
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.(Ommen 2000). As it is not yet clear whether the medial or the lateral mitral annular velocity
is more useful for diagnosing diastolic dysfunction, I opted to measure both medial and lateral
mitral annular velocities and used the average of the medial and lateral mitral annular e’
velocity as mean Ve’ to calculate the ratio E:Ve’. In this study, all three study groups had
mean E:Ve’ ratio of <7. Thus there was no evidence of LV global diastolic dysfunction in

children with CLD.

In order to assess the regional LV myocardial function, I measured the systolic and diastolic
velocities of the basal segment of the LV wall using myocardial velocity imaging. I also
measured the LV systolic strain which is a deformation index at the basal and the apical wall
of the LV. We used the data from our term-born control population as reference values for
healthy subjects. On comparing the LV myocardial systolic and diastolic velocities between
different groups, 1 did not find any difference between the values in the children with CLD to
the preterm and term-born controls. Similarly, LV myocardial strain at the apical and the

basal segments were also similar between the groups indicating normal deformation indices.

I noted that the mean value for the time interval between QRS complex and peak systolic
velocity (T q.vs) was lower in the preterm group compared to those with CLD and term-born
controls. T q.vs is a marker of electromechanical delay in the LV systolic function. However,
as there was no trend of this time interval being longer in the children with CLD compared to
the control groups, and given the evidence that this echocardiographic index has a wide
observer variation (Joshi 2010), I think that this difference may be a result of a type I error

due to multiple comparisons and is unlikely to be of clinical significance.

Thus, 1 noted that at school age, ex-preterm children with CLD had normal global and

regional systolic and diastolic LV function at rest.
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Cardiovascular response to hypoxia

Following hypoxic stimulus, I noticed a clear physiological response in all three groups of
children. In healthy adult population, Ingram et al had reported that arterial oxygen saturation
fell from 98 + 0.2% to 83 + 1.7% following exposure to 12 % oxygen in a hypoxic chamber
(Ingram 2010). The drop in oxygen saturation from baseline to the end of hypoxic challenge
with 12% oxygen in our study groups (99.3 + 0.8% to 81.9 + 5.4% in CLD, 98.6 + 1.0% to
85.1 £ 3.3% in preterm CLD and 98.8 £+ 0.9% to 84.7 = 3.6% in term control) were similar to
that reported by Ingram et al. The fact that the children had all responded by dropping their
oxygen saturation after exposure to 15% oxygen and 12% oxygen, we can be certain that the

desired physiological effect had been achieved.

Although those with CLD had a higher mean pulmonary arterial systolic pressure at baseline
and after hypoxic stimulus, this difference did not reach statistical significance compared to
other groups even after hypoxic stimulus. Similarly, PA AT and AT:ET ratio shortened in all
three groups of children following hypoxic stimulus. This reflects the increasing PA pressure
with acute hypoxia. However, the difference in PA AT or the AT:ET ratio was not

significantly different between those with CLD and the control population.

In addition to the above methods, which have been traditionally used to estimate pulmonary
arterial pressure, [ also used the more advanced tissue Doppler methods to overcome the
drawbacks of the conventional methods as described in section 1.6. In adult patients, RV
relaxation time has been shown to have a significant correlation with pulmonary artery
systolic pressure (r=0.71, p<0.01) in adults undergoing cardiac catheterization for different

cardiac conditions (Lindqvist 2006) This has not yet been validated in the paediatric
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population. In the subjects in this study, I noted that RV relaxation time ‘IVRT’ increased
with hypoxia as expected in all three groups of children. Again the difference in the RV
relaxation time remained insignificant between groups even after the hypoxic stimulus. This
indicates that although RV early diastolic pressure increased with exposure to acute hypoxia

in all groups, the differences between groups were not statistically significant.

Some adult studies have also suggested that RV myocardial systolic strain correlates well
with pulmonary vascular resistance (Dambrauskaite 2007; Rajagopalan 2008) Therefore |
measured RV myocardial strain at the apical and the basal segments before and after hypoxic
challenge test. I noted that the RV systolic strain at the basal segment increased following the
hypoxic stimulus but remained stable in the preterm groups with and without CLD. The RV
basal strain remained within normal limits in the CLD group as well as the control groups
throughout the study, and the differences in the RV basal strain before and after the hypoxic

stimulus was not statistically significant.

Thus, I conclude that the 8-12 year old children with CLD had normal cardiovascular function
at rest and there was no echocardiographic evidence of subclinical pulmonary arterial

hypertension even after exposure to acute hypoxia.

Limitations

Sample size
As there are no previous studies on pulmonary vascular response to hypoxia in ex-preterm
children, I based my sample size on a study by Sartori et al (Sartori 1999). Sartori and

colleagues had studied term-born young adults who had persistent pulmonary hypertension
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rather than those with CLD of prematurity. Thus, the sample size was based on a study that

had a different study population with regards to their disease pathology.

Hypoxic challenge test: Challenges and limitations

Induction of hypoxia in children was technically and ethically challenging. I used delivery of
high-flow oxygen via a non-rebreathing mask to deliver 15% and 12% oxygen to the subjects.
Although this method has been validated for hypoxic challenge tests, I had no means to
measure the accuracy of the concentration of inhaled oxygen. Use of an environmental
chamber to create hypobaric hypoxic environment would have been an ideal choice to
replicate altitude induced hypoxia and would also have ensured continuous gas exchange
without alteration in CO; level. The problem with using a hypoxic chamber was two-fold.
Firstly, the chamber was not available on-site at Cardiff University and secondly, it takes
about an hour to change the concentration of oxygen within the environmental chamber
(Ingram 2010). To ensure, that the hypoxic challenge was conducted in a safe and controlled
manner, the study was designed for step-wise hypoxic induction with initial exposure to 15%
oxygen and then to 12% oxygen. This meant that use of environmental chamber would have

been impractical.

It can be argued that if the children were allowed to achieve lower levels of oxygen saturation
(eg <80%), the hypoxic stimulus may have unmasked subclincial pulmonary hypertension and
RV dysfunction more accurately. However, in order to abide by the advice given by the ethics

committee, I had to ensure that the children did not desaturate below 80% for >30 seconds.

Limitations of tissue Doppler echocardiography

Although myocardial velocity and strain imaging provide accurate measures of regional

myocardial function, they are associated with a number of technical problems. Strain images
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may be characterised by signal noise compromising image quality. It is also angle dependent
and tissue direction should be within 30° of the beam for meaningful measurements to be
made. As evident from our reproducibility study (Joshi 2010), the intraobserver variability for
most of the myocardial velocity indices are acceptable (CV<15%), but interobserver
variability for some of the more complex indices such as strain (CV >30%) and isovolumic

acceleration (CV>40%) are sub-optimal.
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Chapter Five: Body Composition and its Subclinical
Relationship to Lung Function and Cardiovascular

Function
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5.1 Introduction

Preterm children with CLD can often suffer from malnutrition in infancy (Huysman 2003). In
infants with CLD, higher resting metabolic demand has been speculated to be one of the
important causes of relative malnutrition (Kurzner 1988). As I discussed in Chapter 2,
prematurely born children with CLD continue to have lower body weight compared with age
and gender matched control population at school age. My data has also suggested that
children who had CLD in infancy use higher ventilatory reserve to reach the same exercise
limit as the preterm and term-born control children (Section 2.3.3.4). There is some evidence
that malnutrition at a younger age is related to impaired lung function in school aged children
with CLD (Bott 2006). Low birth weight has also been shown to be associated with impaired
endothelial function in adulthood (Goodfellow 1998). It is not clear if school aged children
with CLD continue to have altered body composition and whether this has any effect on their

cardiopulmonary health.

Although body mass index (BMI) is widely used as a surrogate measure of adiposity, it is a
measure of excess weight relative to height rather than excess body fat relative to height. BMI
has in fact been shown to be strongly associated with fat mass index in those with BMI >g5%®
centile but associated more with fat free mass index in those with BMI <50" centile
(Freedman 2005). Bioelectrical impedance analysis (BIA) is a simple and quick method of
assessing body composition. This method of measurement of impedance has been validated
against DXA in healthy children (Sung 2001). In this study, the 95% limits of agreement
between BIA and DXA methods were considered acceptable (-3.34 kg to -0.52 kg for fat
mass and -0.39 g to 2.36 kg for fat free mass). BIA has also been validated in children with
CLD (Bott 2006). In children with CLD, BIE was shown to overestimate fat mass (mean

difference: 0.34 kg + 2.06) and underestimate fat free mass (mean difference: -1.24 kg + 3.32)
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compared to DXA. The adjustments of fat mass and fat free mass for height as fat
mass/height2 = Fat mass index (FMI) and fat free mass/height2 = Fat free mass index (FFMI)
respectively have also been validated in children (Wells 2002). Using FMI and FFMI as
indices for measurement of body composition, Fewtrell et al have demonstrated that
prematurely born children had significantly lower FMI compared to term-born children at 8-

12 years but there was no difference in FFMI between the two groups (Fewtrell 2004).

I aimed to study the differences in body composition parameters between preterm children
with CLD compared with preterm and term-born controls, and also the relationship of body

composition with respiratory and cardiovascular functions.

5.2 Methods

5.2.1 Measurement of body composition

All children had their body composition measured by bioimpedance analysis using a leg to leg
body composition analyser (Tanita BC-418MA, UK). Prior to the measurement of the body
composition, the children were asked to empty their bladder, remove their shoes, socks and
heavy clothing, empty their pockets and it was ensured that they did not have any internal
medical devices. One child with internal medical device/ implants was excluded from this part
of the study. Height was measured using a stadiometer. The child’s height and age were
entered manually. The children were then asked to stand on the weighing platform of the body
composition analyser and to grasp the hand grips with both hands until the analyser calculated
the body weight, body mass index, percentage of total body fat, fat free mass and total body

water.
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Fat mass index (FMI) was calculated as fat mass/ht and fat free mass index (FFMI) was

calculated as fat free mass / ht’.

Statistical analysis

Body composition parameters are presented as mean and standard deviation. The difference
between the groups was tested using analysis of variance (ANOVA) and p<0.05 was

considered to be significant.

Correlations between the body composition parameters and the pulmonary function or the
cardiovascular parameters were tested using a Pearson’s test. p value of <0.05 was considered
to be statistically significant. This was tested across the study population and not for
individual groups. Results are presented as Pearson’s correlation coefficient (r) and the p

value.

5.3 Results

5.3.1 Body composition

One child from the CLD group did not have the body impedance measured because of an

internal medical device (cochlear implant).

The results of the body composition are summarised in Table 5.1.

Children with the history of neonatal CLD were 16% lighter than the preterm controls and

24% lighter than the term-born controls (p<0.05) but they had achieved similar height to the
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children in the control groups. Body mass index was 10% lower in those with CLD compared
with PT controls and 13% less compared with the term-born controls. Those with CLD also
had lower fat% (23% less vs preterm controls and 22% less vs term controls), lower fat mass
index (38% less vs preterm controls and 45% less vs term controls), lower fat free mass index
(4% less vs preterm controls and 5% less vs term controls), lower total body water (11% less
vs preterm controls and 16% less vs term controls) and lower basal metabolic rate (4% less vs
preterm controls and 7% less vs term controls). Although the mean values for the above
parameters were less in the CLD group, apart from the body weight, none of the other
differences in the body composition (FMI, FFMI, total body water) were statistically

significant.
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Table 5.1 Results of the measurement of body composition

Parameters CLD Preterm control Term control ANOVA
(n=27) (n=32) (n=30)
Weight 30.7 (8.9) 35.6 (10.9) 38.0(13.7) 0.053™
Body mass index (kg m?) 15.8 (2.9) 17.4 (3.7) 17.9 (4.6) 0.122
Fat % 17.6 (4.4) 21.7(6.2) 21.5 (8.6) 0.044*
Fat mass index (kg m’) 29(1.2) 4.0(2.2) 4229) 0.068
Fat free mass index (kg m?2)13.0 (1.9) 13.5(1.7) 13.7(1.9) 0.341
Total body water (kg) 18.3 (4.8) 20.1 4.7) 21.2(5.3) 0.106

Basal metabolic rate (kcal) 1180.9 (180.7) 12253 (184.5) 1262.7 (205.6) 0.276

Results are presented as mean (SD)
" p<0.05 (CLD vs. Term).

* Tukey’s post hoc test did not show significant difference between the individual groups.

5.3.2 Subclinicial relationship between body composition and lung

function

Across the study population, BMI was positively related to total duration of exercise,
maximum load at peak exercise, maximum voluntary ventilation (MVV) and ventilatory
reserve (VR). Maximum load at peak exercise was correlated with FFMI, but not with FML.
MVYV and VR were correlated to both FMI and FFMI. Oxygen consumption at peak exercise
(VO,) had negative correlation with BMI. FEV, and alveolar diffusion capacity (DLco) did

not correlate with BMI (Table 5.2).
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Table 5.2 Correlation between body composition and pulmonary function

FEV; | DLco \'/02 Exercise Load MVV | VR
(%) (%) (ml/kg/min) Duration | (Watts)
(seconds)

BMI 0.093 |0.156 [-0.673° 0.407° 0.335* [ 0.463° |0.305%
(kg m)
FMI 0.046 |0.107 |-0.698° 0.234 0.195 |0.349% |0.287
(kg m?)
FFMI [ 0.137 [0.198 |-0.549° 0.549° 0.447° |0.538" |[0.2827
(kg m)

Results are expressed in Pearson’s r

'p<0.05, ¥ p<0.01, ¢ p<0.001
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Figure 5.1 Scatter plot showing relationships between peak VO, and body composition
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5.3.3 Subclinical relationship between body composition and markers of

cardiovascular function

Relationship with physiological markers of cardiovascular function

Body mass index, including both fat mass index and fat free mass index moderately correlated
with the systolic blood pressure and the pulse pressure, but not the diastolic blood pressure.
Pearson’s correlation coefficients for these relationships are shown in Table 5.3. There was no

significant correlation between the body composition and the resting heart rate.

Table 5.3 Correlation between body composition and systemic blood pressure

BMI FMI FFMI
SBP (mm Hg) 0.323% 0.338* 0.225"
DBP (mm Hg) -0.007 0.063 -0.066
PP (mm Hg) 0.326* 0.278* 0.282%

BMI = Body mass index, FMI = Fat mass index, FFMI = Fat free mass index
SBP = Systolic blood pressure, DBP = Diastolic blood pressure, PP = Pulse pressure
Results are expressed in Pearson’s r

'p<0.05, * p<0.01, ¥ p<0.001

Relationship with biochemical tests and body composition

Fasting serum triglyceride had a positive correlation with BMI (r=0.368, p<0.01), FMI
(r=0.443, p<0.001) and FFMI (r=0.313, p<0.01). As expected, high density lipoprotein had a
negative correlation with BMI (r=-0.406, p<0.001), FMI (r=-0.300, p<0.01) and FFMI

(r=-0.387, p<0.001). Fasting blood glucose and cholesterol were not associated with the BMI.
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Table 5.4 Correlation between body composition and biochemical markers of cardiovascular

function

BMI FMI FFMI
Fasting glucose 0.210 0.148 0.227
Cholesterol -0.028 0.023 -0.122
Triglycerides 0.368* 0.443° 0.313%
High density lipoprotein | -0.406° -0.386° -0.371%

Results are expressed in Pearson’s r

1p<0.05, } p<0.01, ¥ p<0.001

Relationship with echocardiographic parameters of left ventricular function

BMI was noted to have a negative correlation with the cardiac output (r= -0.475, p<0.001).
This relationship was noted both with FMI (r= -0.383, p<0.001) and with FFMI (r= -0.591,
p<0.001). Mitral annular e velocity (Ve’) at the septal wall also demonstrated a negative
correlation with FMI (1= -0.225, p<0.05) but not with the FFMI. The other echocardiographic

parameters for LV function did not demonstrate any relationship with the body composition.

Relationship with echocardiographic parameters of right ventricular function

RV annular displacement at rest was noted to be negatively correlated to FMI (= -0.295,
p<0.01). Similar negative relationship with FMI were also demonstrated by RV e velocity (r=
-0.236, p<0.05) and RV end-systolic strain at rest (r=0.257, p<0.05) at the basal wall. There
were no significant correlations with the FFMI. RV systolic velocity did not demonstrate any

relationship with body composition.
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Relationship with surrogate markers of pulmonary arterial pressure

Positive correlation was demonstrated between the TR maximum velocity and FMI (r=0.416,
p<0.001) and FFMI (r=0.415, p<0.001). There was a clear negative correlation between FMI
and pulmonary arterial acceleration time, AT (r= -0.385, p<0.001) as well as with the ratio of
acceleration time to ejection time, AT: ET (r= -0.336, p<0.001). RV relaxation time ‘IVRT’

did not demonstrate any correlation with body composition.

5.4 Discussion

Previous studies have demonstrated that preterm infants without CLD tend to catch up term-
born controls with their height and weight by 2 years of age (Carver 2001; Lucas 2001). The
effect of CLD on catch-up growth has not yet been studied. My study has demonstrated that
children with CLD continue to have lower body weight compared with the preterm and term-
born control subjects at school age. It is also clear from the body composition data that the
lower body weight in those with CLD is primarily contributed by their lower FMI rather than
the FFMI. BMI in the children with CLD consisted of 18% FMI and 82% FFMI, whereas
BMI in both the control groups consisted of 23% FMI and 77% FFML. This is in keeping with
the results from the study by Fewtrell et al. in which the authors reported significantly lower
FMI (3.34 kg/m’ + 1.62 vs 3.89 kg/m* + 1.74, p <0.005) in 497 preterm children compared to
that of 95 term controls at 8 to 12 years. The authors used DXA to study body composition in
this study. FFMI was not significantly different the two groups in this study. The difference in

body composition in preterm children with and without CLD was not explored by the authors.

Although there is no current evidence of a clear relationship between nutritional status and

airway obstruction in adults with COPD, weight loss and low body weight have been shown
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to be associated with decreased diffusing capacity (Engelen 1994; Engelen 1999).
Furthermore, lower body weight, which is presumably related to lower fat free mass has been

associated with higher mortality in adults with COPD (Landbo 1999).

A previous study on 4-8 year old children with CLD did not show any correlation between
body composition at the time of the study with their pulmonary function (Bott 2006).
However, Bott et al had not performed cardiopulmonary exercise test in the subjects in their
study. The lack of relationship between BMI and FEV,/ or DL¢o in my study may be because
of normal FFMI in the subjects, including those with CLD. However, it is clear that those
children with high BMI are likely to have lower VO, at peak exercise despite being able to
exercise for a longer period. It is also interesting to note that although the duration of exercise
is positively related to BMI (FMI and FFMI), exercise load is positively related only to FFMI

and not with FMIL.

The adverse effect of childhood obesity on increased cardiovascular morbidity and mortality
in adulthood is clear from epidemiological studies (Berenson 1998; Reilly 2003; Bjorge
2008). The relationships between body composition and subclinical myocardial dysfunction
in children have not yet been explored. In an adult study, 109 overweight (BMI 25-30 kg/m?)
or obese (BMI>30 kg/m?) subjects without overt heart disease and 33 healthy controls with
BMI<25 kg/m® underwent transthoracic echocardiography of the left ventricle (Wong 2004).
The authors noted that although LV ejection fraction was similar between the subjects and the
controls, there were significant differences in regional and global LV strain as well as systolic
and early diastolic LV myocardial velocities (p<0.001). Mitral e’ velocity and LV early
diastolic velocity was lower (p<0.01) and the E/e’ ratio was increased in the obese population
compared to the healthy controls, signifying LV diastolic dysfunction. In this study,
significant correlations were demonstrated between BMI and LV septal strain (r= -0.44,
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p<0.001), LV myocardial systolic velocity (r= -0.59, p<0.001) and LV myocardial early
diastolic velocity (r=-0.46, p <0.001). In my study, I have demonstrated that higher BMI was
related to increased systolic blood pressure (r=0.32, p<0.01) in children. In the children in my
study, cardiac output (r=-0.48, p<0.001) and mitral early diastolic velocity (r=-0.23, p <0.05)
also correlated with FMI. In this study, none of the children had BMI>25. If these
relationships are tested in children with wider range of BMI, including obese children, the

subclinical correlation of obesity and L'V dysfunction in childhood may become clearer.

In summary, as evident from the body composition data from my study, higher FMI seem to
be a risk factor for impaired exercise capacity, impaired myocardial function and increased
systemic as well as pulmonary hypertension. In view of these results, future studies designed
to study the relationships between body composition and myocardial function in preterm
children may clarify the role of malnutrition in cardiopulmonary health and thus help in long
term management of nutritional and cardiopulmonary health in preterm children with and

without CLD.

Limitations

Measurement of body composition

I used bioelectrical impedance analysis (BIA) to measure body composition in the subjects of
this study. Although BIA is not a reference criterion for measurement of body composition,
BIA is a non-invasive, quick and easy method which has been validated for good estimation
of body fat in general. One potential drawback of BIA is that it may underestimate fat mass
and overestimate fat free mass in obese subjects (Coppini 2005). The average BMI of each
group of children was below the level of obesity. Therefore, this should not cause inaccuracy

in the results of this study. BIA is also hydration dependent. Taking this into account, I
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ensured that BIA was measured in the morning after voiding and also ensured that the

subjects did not have caffeine prior to the measurement.

Subclinical relationships

The present study was powered to detect differences in outcomes other than body
composition. Therefore, results presented in this section on body composition in children with
CLD and its relationship with cardiorespiratory outcomes should be regarded as descriptive

rather than conclusive.
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Chapter Six: Summary and Conclusions
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6.1 Overview

With improvements in neonatal care over the last two decades, there has been an
epidemiological shift and a change in pathology of chronic lung disease of prematurity
(CLD). Arrested lung growth and alveolar hypoplasia have replaced severe airway injury and
fibrosis seen in children who had ‘old CLD’(Coalson 2003). In recent years, the ‘vascular
hypothesis’ of CLD has also been proposed (Abman 2001). In this thesis, I have presented the
findings of a detailed study on respiratory, cardiovascular and nutritional status of 8-12 year
old children who were born prematurely and had chronic lung disease in infancy, and
compared the findings with age and gender matched preterm and term-born control
population. I have also studied the effects of acute hypoxia on myocardial function and
pulmonary vascular reactivity, and 1 have explored the subclinical relationships between
nutritional, respiratory and cardiovascular functions. All the prematurely born children in this
study who required mechanical ventilation after birth had received surfactant. Therefore, this

population represents true CLD in the ‘surfactant era’.

Summary of key findings

Pulmonary function studies (Chapter two):

¢ Children with a history of CLD had lower percent predicted values for FEV,, FEF 3575 and
PEF than the preterm and term-born control population, thus demonstrating evidence of
airway obstruction.

e The drop in FEV1 after exercise was more profound in those who had CLD in infancy than

in the control groups. Children with CLD also demonstrated a greater response to
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bronchodilator therapy compared to the two control groups, thus suggesting under-
diagnosed exercise induced bronchoconstriction.

e DLgo and KCO adjusted for haemoglobin were significantly lower in the CLD group
compared to preterm control and term control groups. These findings suggest impaired
alveolar diffusion capacity in the CLD group.

e Children in the CLD group had significantly higher specific resistance, residual volume,
and RV: TLC ratio than the control groups suggesting lung hyperinflation.

¢ During the cardiopulmonary exercise test, all three groups of children managed to achieve
similar exercise load, exercise duration, maximum voQ,and maximum \'/'CO2 at peak
exercise. However, those in the CLD group demonstrated lower maximal voluntary
ventilation and ventilatory reserve.

e Multiple linear regression demonstrated linear relationship between ventilatory reserve and
gestational age at birth, duration of oxygen dependency, DL¢o corrected for haemoglobin,
maximum respiratory rate during exercise, maximum load and peak vo, .

¢ Finally, prematurely born children who did not develop CLD in infancy i.e. preterm

control population did not have any evidence of lung function limitation compared to the

term-born population.

Cardiovascular studies (Chapter four):

e At baseline, indices for right ventricular function, surrogate markers for pulmonary arterial
hypertension and left ventricular function were similar in the children who had CLD in
infancy and the control groups.

o Arterial oxygen saturation decreased in all three groups of children in response to hypoxic

stimulus but the response was greater in those with CLD (17% drop in the CLD V 13%
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drop in the preterm and term controls after inhalation of 12% oxygen compared to
baseline) (statistically not significant).

o At the end of the hypoxic challenge i.e. after inhalation of 12% oxygen for 20 minutes,
lowest oxygen saturation reached was significantly lower in the CLD group compared to
both the preterm and the term control groups.

o In response to the hypoxic stimulus, all three groups of children demonstrated indirect
evidence of increased pulmonary arterial pressure: Increase in TR systolic velocity, PR
end-diastolic velocity, shortening of pulmonary AT, reduction in AT:ET ratio and the
increase in RV relaxation time ‘IVRT’. The changes in these surrogate markers of
pulmonary arterial pressure were statistically significant between the baseline and after

inhalation of 12% oxygen. None of the indices were significantly different between the

groups.

Body composition: (Chapter five)

¢ Prematurely born children who had CLD in infancy were significantly lighter than the age
and gender matched preterm and term-born controls.

o Although body mass index, including both fat mass index and fat free mass index were
lower in the preterm CLD group compared to the control populations, these differences

were not statistically significant.
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6.2 General discussion

6.2.1 Pulmonary function in children with chronic lung disease of

prematurity

It is already known from previous studies that CLD is associated with increased respiratory
morbidity (Greenough 1996; Greenough 2005) and increased hospitalization (Cunningham
1991; Chye and Gray 1995) during infancy and early childhood. CLD is also associated with
persistent small airway obstruction (Doyle 2006; Hennessy 2008; Fawke 2010) at school age,
and impaired alveolar diffusion capacity in infancy (Balinotti 2010), childhood (Welsh 2010)
and young adulthood (Vrijlandt 2006). There is limited evidence on reversibility of airway
obstruction, exercise induced bronchospasm and exercise capacity in these children. Data on
exercise capacity in children with CLD are inconsistent. Current scientific knowledge on
association between perinatal factors and different aspects of pulmonary function is also

limited.

In keeping with the previous studies (Balinotti 2010; Fawke 2010; Welsh 2010), children with
CLD in this study had persistent airway obstruction and impaired diffusion capacity at 8-12
years of age, compared to the age and gender matched preterm and term-born controls. This
study also demonstrated exercise induced bronchoconstriction in children with CLD, who had
a greater response to inhaled bronchodilator than the preterm and term control groups. Despite
significantly higher response to bronchodilator, those with CLD had lower post-
bronchodilator FEV, than the children in the control groups. Oxygen uptake and carbon
dioxide production at peak exercise in children with CLD were similar to the preterm and
term-born controls. Although children with CLD were capable of reaching similar exercise
load as the control populations, this was at the expense of using greater ventilatory reserve.

This study has also demonstrated some evidence that neonatal factors such as gestational age
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at birth and duration of oxygen dependency may affect respiratory outcome later in life. This

needs to be explored further in future studies.

With increasing number of preterm survivors, there has been concern that these children may
have impaired lung function and may develop COPD like disease as they grow older,
especially if they smoke (Baraldi 2007). A recently published study on asymptomatic adult
smokers has revealed that spirometric, plethysmographic and CO diffusion tests are useful in
detecting signs of COPD in these clinically asymptomatic adult smokers. Decreased
FEV/FVC and increased RV/TLC were noted in heavy smokers although they did not have
any clinical signs of COPD. Lung emphysema was seen in 17/50 chronic smokers and 10 of
them had decreased DLco (Nagelmann 2011). Given that the children with CLD in my study
had significantly lower FEV,, CO diffusion capacity and increased RV/TLC, this study has
added to the current eveidence that prematurely born children with CLD may be at higher risk

of developing COPD as adults.

6.2.2 Cardiovascular function in children with chronic lung disease of
prematurity

Premature birth is known to be associated with abnormal pulmonary vascular development
(Hislop and Haworth 1990). Preterm infants with CLD have evidence of increased pulmonary
arterial pressure (Evans and Archer 2001). Persistence of abnormal lung function in these
children may be a potential risk factor for development of pulmonary hypertension and
subclinical right ventricular dysfunction but there are limited data on cardiovascular follow-
up of children with CLD. In view of the ‘vascular hypothesis’ suggesting that ‘angiogenesis is
necessary for alveolization during normal lung development, and that injury to the developing

pulmonary circulation during a critical period of growth can also contribute to lung
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hypoplasia’ (Abman 2001), it is reasonable to assume that impaired lung function in
prematurely born children would correlate with subclinical pulmonary hypertension and right

ventricular dysfunction.

Historically, it has been assumed that precise assessment of right ventricular function using
non-invasive methods is technically difficult. With recent technological advances, it is now
possible to assess right ventricular function and pulmonary arterial pressure using ‘myocardial
velocity imaging’. Although myocardial velocity imaging has previously been used to study
subclinical right ventricular dysfunction in adult patient with cystic fibrosis (Ionescu 2001)
and chronic obstructive pulmonary disease (Caso 2001; Sabit 2010), this method has not been
used to study subclinical myocardial dysfunction in children with CLD of prematurity. I used
conventional blood-flow Doppler methods as well as new methods of tissue Doppler imaging
or myocardial velocity imaging to assess right ventricular function and surrogate markers of

pulmonary arterial hypertension at rest and after exposure to acute hypoxia.

Although 8-12 year old children with CLD had persistently limited lung function, their right
and left ventricular function at rest was normal. The echocardiographic parameters for their
myocardial function were similar to those of the preterm and term-born control population.
The haemodynamic response to acute hypoxia in children with CLD was in general similar to
that of children in the control groups but the children with CLD achieved lower oxygen
saturation compared to the control population after hypoxic stimulation. Whether or not this
has any clinical significance is not yet clear. There was no evidence of myocardial
dysfunction or raised RV systolic pressure after exposure to acute hypoxia in either the CLD

group or the control groups.
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The physiological and biochemical markers of cardiovascular disease were normal in the
children with CLD in this study. The results of the body composition suggest that lower fat
mass index may have helped the children with CLD to maintain normal systemic blood

pressure, blood lipids and normal myocardial function.

6.3 Clinical implications of this study

¢ Prematurely born children with CLD continue to have impaired lung function at school
age, and may benefit with clinical follow-up, including ‘pulmonary function tests’ even if

they are clinically asymptomatic.

o If future studies confirm that children with CLD have subclinical reversible airway disease,

the benefit of bronchodilator treatment in these children should be considered.

* In view of the evidence that children with CLD have impaired lung function and that they
maintain their exercise level at the expense of their ventilatory reserve, these children

should be actively discouraged to smoke tobacco as they grow into young adults.

e As children with CLD are at risk of developing right ventricular dysfunction secondary to
pulmonary disease, these children may benefit with dietary advice to maintain relatively

low fat mass without compromising their general weight.

¢ In view of the normal cardiovascular function in children with CLD in this study, there is
no evidence for routine cardiovascular follow-up in these children if they remain
asymptomatic. However, deteriorating pulmonary function may warrant cardiovascular

assessment even in asymptomatic children.
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6.4 Future and ongoing research

* Prospective longitudinal studies of pulmonary function and pulmonary vascular reactivity
in prematurely born infants will be useful in determining the natural history of airway
disease and pulmonary vascular resistance in patients with CLD of prematurity.
Longitudinal studies would be the only way to determine whether or not pulmonary
dysfunction in these children may lead to early aging of the lungs in young adulthood and

whether or not this leads subclinical pulmonary hypertension.

o Although echocardiography is an extremely useful diagnostic tool for assessment of RV
function and pulmonary arterial pressure, reproducibility of some of the more complex
parameters such as deformation indices and isovolumic acceleration are sub-optimal at
present. Magnetic resonance imaging (MRI) is now being explored to study RV function
and pulmonary blood flow (Kondo 1992; Champion 2009). Further research on RV
function and pulmonary haemodynamics in ex-preterm children using MRI is currently
being undertaken within our department as well. Reproducibility of acquisition and

analysis of images with these methods are not yet clear and need to be studied.

e Any future research on the pulmonary outcome of prematurity related lung disease should
be focused on the need for clinical follow-up of apparently ‘normal’ preterm children with
CLD and the role of bronchodilator therapy in subclinical airway obstruction and exercise

induced bronchospasm in these children.

e The results of this thesis suggests that in children there may be subclinical relationships

between body composition and cardiopulmonary exercise capacity, which is a measure of
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pulmonary function, as well as left and right ventricular function. The current literature on
body composition and its role on cardiopulmonary function in children with CLD are
limited. Given the clear evidence of the relationship between fat mass index and
triglycerides and the negative relationship with HDL, future studies on simultaneous
measurement of body composition, preferably with a DXA scan, and vascular function
may be useful to further clarify the relationship between nutritional status and

cardiovascular function.

Dietary habits of individuals play a major role on nutritional status and body composition.
Assuming that children with CLD may have higher metabolic rates, their dietary intake
may be crucial in maintaining their weight without increasing body fat to ensure optimal
cardiorespiratory function. Ongoing research in our department includes a detailed study
on dietary intake of children with CLD and its relationship with their body composition

compared to the preterm and term-born controls.

6.5 Conclusion

This thesis includes a detailed study on respiratory, cardiovascular and nutritional status of

prematurely born children who had chronic lung disease in infancy (CLD), at 8-12 years of

age. The study population represents children born in the surfactant era and therefore presents

outcome of ‘new CLD’. Every parameter measured in this study was compared between the

prematurely born children with CLD and age and gender-matched preterm and term-born
control population. None of the children in this study had clinically evident cardiovascular

symptoms. Thus, any relationships between cardiopulmonary and nutritional statuses are sub-

clinical.

202



In this thesis, I have demonstrated that prematurely born children who had CLD in infancy
continue to have impaired lung function including airway obstruction, impaired alveolar
diffusion capacity, lung hyperinflation, exercise-induced bronchoconstriction and increased
response to bronchodilator compared to term and preterm controls. Although their exercise
capacity was similar to children in the control groups, this was at the expense of their
ventilatory reserve. I have also suggested that there may be relationships between neonatal
factors such as gestational age at birth and duration of oxygen dependency, and exercise

capacity and alveolar diffusion capacity later in life. Further research is needed in this field.

Using both conventional and new methods of echocardiography, I have clearly demonstrated
that school-aged children with CLD, who are asymptomatic, do not have evidence of
cardiovascular impairment at rest. Their right ventricular function and pulmonary arterial
pressure estimated using surrogate methods were similar to those of the control groups after
exposure to acute hypoxia although children with CLD desaturated more after the hypoxic

challenge.

In view of persistent lung function abnormalities in children with CLD, right ventricular
function and pulmonary artery systolic pressure remain important determinants for long term
outcome of these children. Appropriate follow-up and active management of pulmonary

disease may help ameliorate early aging of lungs and pulmonary hypertension related to CLD.
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A1. Study Protocol for Pulmonary Function Tests

ID:

Calibrate all equipment and check resuscitation equipment O

Gender: DOB: Date of study:

Consent o Assent O General + Respiratory examination m]

Baseline HR............... PHR (220-age inyears)............... 90% PHR.....cooueenn.
Blood pressure.. ... eeencieeniceesceeeeene Oxygen saturation............
Height............ ..m Weight......coeeee. kg

ECG o
Checldist O 1. Spirometry- Demonstration and Practice o
-Nose clip -» Exhale to RV
- Mouthpiece —»Inhale to TLC

between teeth

2. Carbon monoxide transfer factor o

Start in training mode

-»Tidal breathing (at least 3 breaths,
RR>10<25)

—pExhale to RV (‘Enter’ during expiration)
—»Inhale to TLC

—»Hold breath until display reads 0.01
-~"HExhale to RV

—pTidal breathing

3. Plethysmography (body box) o

Checklist o —>pTidal breathing (RR >10<25continue until satis-

- Enter ID, height and weight

- ‘Sniffing’ position

- Nose clip and mouth piece

- Select ‘Body plethysmogra-
phy’ from menu

-Wait for 1 minute for tempera-
ture stabilization

factory)
—>Close the loop (F4 ‘ASC settings’)
—pWarn the child that the shutter will be closed
and instruct to breathe against shutter
—pActivate ITGV (F3 TTGV’)*Repeat at least 3
times*
Exhale—* Inhale to TLC —pExhale to RV

Spirometry O

QiscklkL.ClI —pnhale to TLC
-Nose clip . —PExhale quickly to RV and maintain flow for >6 secs
- Mouthpiece between ** Repeat at least 3 times **
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-Nose clip
- Mouthpiece
between teeth

History O

Checklist o
-Nose clip
- Mouthpiece

Checklist o
-Nose clip

- Mouthpiece

4. Exercise test O

Checklist

-ECG leads and face mask

- Check settings

—+Unloaded pedalling for 3 minutes
—4aIncrease load by 30 watts every 3 mins

5 minutes rest

5. Post exercise spirometry in body

box O

—aInhale to TLC
— Exhale quickly to RV and maintain flow

6. Work of breathing test o

7. Reversibility test O
—>Salbutamol 400micrograms

8. Spirometry in body box o

—aInhale to TLC
—4 E>diale quickly to RV and main-
tain flow for >6 secs

15 minutes
9. Repeat spirometry in body box

Inhale to TLC

End oftest
HR............ Sa02 BP
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A2. Study protocol for cardiovascular tests

ID: Gender: DOB: Dateofstudy:

Finger prick blood test

Glucose and cholesterol (Card iocheck analyser) o

Glu B Choi.ceeeneee Trige s HDL
Capillary gas + haemoglobin (SCBU blood gas analyser-ASAP) o

Urine sample for ‘Cotinine’D

Collect in a universal container
Transfer to 5th floor lab and store at -70°C ASAP

Measure height o

Body composition measurement O
Height (Cm ) .ceeieiieieeieiceeeee

Weight (Kg).oooeveeiieieieieeee,
BMI oo

BMR(kJ)and (kcal)..cooennenenennenen.
Fat (% ) ceeeeeeeeeereeereeeeeeeeseee s
Fat mass (Kg).oooeerveeiireenereeenn,

Breakfast

Baseline BP...
HR...

Sa02
RR...

Carotid Doppler o
FMD o
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Hypoxic challenge test

Checklist

- Image storage (set at 3- beat loops)
- Child in left lateral position

- Keep bag inflated at all times

- Pulse oxymetry recording

Stop-ifoxygen saturation drops < 80% for more than 30seconds

Stop immediately- If oxygen saturation drops <70%

Stop- if oxygen saturation drops to 70% for less than 30 seconds on 3
occasions.

Images Baseline Echocardiography o

15% oxygen inhalation for 20 minutes o Start of 15% 02

15% inhalati
© Oxygen inha alon (IOL/min. Increase if bag deflates)

Oxygen saturation at

5 minutes.. 10 minutes
15 minutes 20 minutes
25 minutes 30 minutes. Flow rate:
35 minutes. 40 minutes
Images Repeat echocardiography

(Continue 15% oxygen inhalation) o

BP End of 15% 02
HR
RR.

12% oxygen inhalation for 20 minutes O Start of 12% 02

(I0L/min. Increase if bag deflates)

12% oxygen inhalation
Oxygen saturation at

Flow Rate:
5 minutes.. 10 minutes
15 minutes 20 minutes
25 minutes 30 minutes.
35 minutes. 40 minutes,
Images Repeat echocardiography

(Continue 12% oxygen inhalation) o

BP End of 12% 02
HR
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A3. Echocardiography acquisition protocol
Initial Phase Echo: (Baseline)

A. Parasternal long axis window

1. Conventional 2 D grey scale

B. Parasternal short axis window

1. Pulsed wave Doppler (PWD) - Pulmonary artery flow
2. PWD - Pulmonary regurgitation (if present)

3. Continuous wave Doppler (CWD) - T regurgitation (if present)
C. Apical window

1. 2D - Apical four chamber

2. PWD - Left ventricular outflow tract

3. PWD - mitral flow

4. PWD - tricuspid flow

5. CWD - tricuspid regurgitation (if present)

6. PWD (tissue Doppler, TD) - medial mitral annulus
7. PWD (TD) - lateral mitral annulus

8. PWD (TD) - lateral tricuspid annulus

9. TD- Apical four chamber

10. 2D- Right ventricle only

11. TD- Right ventricle only

D. Subcostal window

1. PWD- Hepatic venous flow

2. 2D- Inferior vena cava (sniff test)

** Check AS, VS and all valves to rule out congenital structural defects **
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(Echocardiography acquisition protocol continued)
Repeat Phase Echo after Hypoxic challenge:
A. Parasternal short axis window

1. PWD - Pulmonary artery flow

2. PWD - Pulmonary regurgitation (if present)
3. CWD - Tricuspid regurgitation (if present)
B. Apical window

1. PWD- Left ventricular outflow

2. PWD- Mitral flow

3. PWD- Tricuspid flow

4. PWD- Tricuspid regurgitation (if present)

5. PWD (TD) — Medial mitral annulus

6. PWD (TD) - Lateral mitral annulus

7. PWD (TD) — Lateral tricuspid annulus

8. 2D- Right ventricle only

9. TD- Right ventricle only
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Ad4. Echocardiography analysis protocol

ID: Gender: Date of birth: Date of scan:
Image Measurement Result1 | Ref | Result2 [ Ref | Result3 | Ref
21% O, 15% O, 12% O,
Hepatic vein- Estimated RA pressure - - - -
PWD
1VC- MM Estimated RA pressure - - - -
PLAX LVOT (d) cm - - - -
CSA (a)==nr cm’
Blood Pool
data
LVOT- PWD Stroke distance (VTI) cm
Without angle correction
With angle correction... .... °
Stroke volume (SV) =
ax VTI ml
Heart rate (HR) /min
Cardiac output (CO) =
(SV x HR)/wt_ml/kg/min
LVOT -PWD | QRS to onset of flow
(LV PEP) ms
MYV inflow- E m/s
PWD
A m/s
E:A
TV inflow- TR vel max m/s
CWD
TR pg mm Hg
PA- PWD PA AT ms
PA ET ms
HR bpm
PR-PWD PR end diastolic vel m/s

PR pg mm Hg
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(Echocardiography analysis protocol continued)

Image

Measurement

Result 1
21% O,

Ref

Result 2
15% O,

Ref

Result 3
12% O,

Ref

Pulsed TD Data

Medial mitral
annulus

Early diastolic velocity (Ve’)
m/s

Lateral mitral
annulus

Early diastolic velocity (Ve’)
m/s

Average Ve’ m/s

Lateral tricuspid
annulus

Isovolumic relaxation time
(IVRT) ms

Heart rate bpm

Processed TD
Data

**Event timing from LVOT
PWD**

FR/HR

LV

Lateral mitral annular systolic
excursion/
Displacement (Ds’) mm

Peak systolic velocity
(Vsbl) cm/s

Early diastolic velocity (Vebl)
cm/s

Late diastolic velocity
(Vabl) cm/s

QRS to Peak Vs time interval
(Q-Vs)s

Isovolumic acceleration (Asbl)
m/s’

(SL=10mm)

Strain- LV lateral wall- Base
(Ssbl)%

Strain- LV lateral wall- Apical
(Ssal) %

Delete LV Event Timing
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(Echocardiography analysis protocol)

Image

Measurement

Result 1
21% O,

Ref

Result 2
15% O,

Ref

Result 3
12% O,

Ref

**Event timing from RVOT
PWD**

FR/HR

FR/HR

FR/HR

RV

Lateral tricuspid annular
systolic excursion/
Displacement (Ds’) mm

Peak systolic (S) velocity
(Vsbl) cm/s

Early diastolic (E) velocity
(Vebl) cm/s

Late diastolic (A) velocity
(Vabl) cm/s

QRS to Peak Vs time interval
(Q-Vs) s

Isovolumic acceleration
(Asbl) m/s?

(SL= 10 mm)

Strain- RV lateral wall- Base
(Ssbl) %

Strain- RV lateral wall-
Apical (Ssal) %

Delete RV Event Timing
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Appendix B: History proforma

Serial Number: Participant ID: Gender: M/F Age:

Birth and Neonatal History: (Case notes)

Date of birth: Gestational age at birth (in weeks): APGAR:
Multiple birth: Yes/ No Twin 1 2 Triplet 1 2 3
Antenatal steroids: Y/ N Surfactant: Y/N Postnatal steroids:Y/ N

Assisted ventilation: Y/ N

Total duration of assisted ventilation .......... days
SIMV/SIPPV.......... days
HFOV.....ccocevinen days
CPAP....ccovviiiinns days

Duration of oxygen dependency:
Corrected gestational age .......... weeks
Days oflife ..........coeeveinininin. days
Maximum FiO2 at any stage after birth........
Neonatal sepsis: Y/N
Positiveculture 1..............ccoooineniiee Source................
Positive culture 2...................ooeei. Source................
Positive culture 2..................oeell. Source................
Persistent pulmonary hypertension of newborn (PPHN):  Y/N

Echo diagnosis 0O

Treatment I.............. 2o K T
Intraventricular haemorrhage: Y/N
Worst grade................
Weight at birth (kg): Length at birth (cm): OFC at birth (cm):
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Feeding at birth Breast / formula/ mixed fed " Duration of breast feeding........ weeks

Date of discharge: Age at discharge: ............ (days).............. (CGA)
Weight at discharge .................. Kg
Length at discharge.................... cm
OFC at discharge ..................... cm

Family History in first- degree relatives: (To be filled in by parents)

Cigarette smoking Y/N Not sure

Asthma Y/N Not sure
Eczema Y/N Not sure
Hay fever Y/N Not sure
Diabetes Y/N Not sure

High cholesterol Y/N Not sure
High blood pressure Y/N Not sure
Sudden death at under the age of 40 years Y*/N ¥ oeeaes age in years

Medical history: (To be filled in by parents)

_Asthma: Has the child ever been diagnosed with Asthma? Y*/N  Not sure
*Age at diagnosis..............
*Last episode of asthmatic attack requiring treatment............... years of age

*Last episode of asthmatic attack requiring hospital admission.....years of age

Wheeze: H/O wheeze at any time since birth: Y/ N Not sure
*First episode of wheeze at ........... years of age
*Last episode of wheeze at............ years of age

*Number of attacks of wheezing in the past 1 year ..............
*Number of attacks requiring ‘rescue inhaler’ in the past 1 year..........

*Number of attacks requiring hospital admission in the past 1 year ..........
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Rhinitis:

Eczema:

Exercise:

Cardiac:

*Exercise induced wheeze in the past 1 year Y/ N Not sure
*Dry cough at night (not cold/flu) in the past 1 year: Y/ N Not sure
H/O hay fever at any time since birth: Y/N Not sure

H/O a problem with sneezing, or a runny, or a blocked nose without having

cold or the flu: At any time since birth Y/N Not sure

In the past 1 year Y/N Not sure
H/O eczema at any time since birth: Y/N Not sure
H/O itchy rash at any time in the past 1 year: Y'/N Not sure

* Itchy rash affecting the folds of the elbow, behind the knees, in front of the
ankles, under the buttocks, or around the neck, ears or eyes : Y/ N Not sure
Periods of activity at school (~30 min=1 period) i.e. walking to school, break
time, lunchtime, PE ............ (Periods per day)

After school, in the evenings or at weekends does the child play sport/or
participate in any activities (e.g. dancing, swimming, cycling)?  Y/N

If yes, estimate of how many hours a week does he/she do this sport/activity
for? ............. hours

How does the child consider his/ her daily activity compared to friends or

siblings?
More active o Less active O Same as friends/ siblings m
H/O structural congenital heart disease Y'/N Not sure

Diagnosis ...........ccccueune.

Surgical correction Y/N Not sure

Medical treatment Y/N Not sure

H/O cardiac disease any time since birth (not structural defect) Y N Not sure
*Diagnosis ..ocovvvviiiiiiiienenannn.

Medical treatment Y/N Not sure
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Surgical treatment Y/N Not sure
Cardiology follow-up in the last 1 year Y/N Not sure

Symptoms in the past 1 year

Chest pain requiring medical attention Y'/N * At rest/ exercise
Breathlessness requiring medical attention Y'/N * At rest/ exercise
Palpitation requiring medical attention Y'/N * At rest/ exercise
Snoring Y/N

Undue tiredness Y/N

Fainting episodes Y/N

H/O treatment with oxygen in the past 1 year for any reason Y'/N Not sure
*Diagnosis.........cceveuenennennn.

Regular medication Y/N  (detailsifyes)......cccoveviiiniiininnan.n.

Any ongoing medical problem Y/N (detailsifyes).......ccoeveeivivevinecnenenns

Number of hospital admissions since birth ...

Nutritional History: (To be filled in by parents)

Mother’s height ............. Father’s height ..........
Has the child ever been a fussy eater? Y/N

Has the child ever struggled with lumpy food? Y/N
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Appendix C: Invitation letter to the parents

Parent/ Guardian of [Name]
Address [Date]

Dear Parent/Guardian

Re: Long term Cardio- Respiratory Outcome in Children with Chronic Lung disease of
Prematurity

I am writing because [Name] was on the baby unit after he was born. I hope he is keeping well. We
are keen to learn more about how our ex-neonatal unit babies do as they grow up so that we can
improve our care in the future. I would therefore like to invite [Name] to join the above study at
Cardiff University. We have enclosed information leaflets which give more details of the
study.

The study will involve spending one morning at the ‘Wales Heart Research Institute’, Cardiff
and another morning or afternoon at the ‘University of Glamorgan’, Pontypridd. We would
be most grateful if you could fill in the enclosed slip and send it in the enclosed envelope to
let us know if you are or are not able to join our study. If there are any questions that we may
answer before you can make a decision, please contact Dr Suchita Joshi on 029 2074 3438 or

email us on Joshis3@cardiff.ac.uk.

We would very much like to thank you for taking time to consider our study.

Yours sincerely,

Dr Mark Drayton

Consultant Neonatologist
University Hospital of Wales
Heath Park

Cardiff, CF14 4XN

(On behalf of the research team)
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Appendix D: Information sheet for parents

Information Sheet for Parents (1)

(For parents of preterm children with lung disease of infancy)

‘Long Term Cardio- Respiratory Outcome in Children with Chronic lung

Disease of Prematurity’
Principal investigator: Professor Sailesh Kotecha

Department of Child Health

Cardiff University

Cardiff, CF14 4XN

Part1

Dear Parent/Guardian
We would like t0 inVite ........cccovviiiiiniiiiiiiiiniiiiiiniin to take part in our

research study at Cardiff University. This study will be done in collaboration with the
Wales Heart Research Institute and University of Glamorgan. Before you and your
child decide, whether or not to participate in the study, it is important for you to
understand why the research is being done and what it involves. Please take time to
read the following information carefully and please feel free to ask any questions that

you may have.

1. What is the purpose of the study?

Many babies who are born prematurely may develop breathing problems at birth.
Some of these babies may develop lung disease called chronic lung disease of
prematurity or CLD. The majority of children who had CLD as a baby go on to
participate in play, exercise and other activities without having any visible problems.
It is unknown if there is any difference in the way the lungs work in these children

later on in life.
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a) We are trying to find out how the blood vessel that connects the heart and the lungs
(pulmonary artery) in these children react, when they breathe air containing less
oxygen than natural air, as happens when travelling long distance in an aeroplane or
when climbing a mountain or a skiing in high altitude ski resorts

b) We are also trying to find out how well their lungs can cope with exercise.

We will compare the results from children A) who were born early and had CLD, with
results from B) those who were born early but did not have CLD and C) those who
were born at full term. A total of 90 children will take part in this study.

. Why has my child been invited?
We have invited your child to participate in this study because he/she was born early

and had lung disease of infancy as a baby (group A).

. Does my child have to take part?

No. It is up to you and your child to decide. Your child does not have to take part in
this research if either you or your child does not wish to do so. We will describe the
study and go through this information sheet, which we will then give to you. Your
child will also be given his/her own information sheet. You and your child will have
the opportunity to discuss any questions that you may have with the researcher after
you have read the information sheets.

We will then ask you to sign a consent form if you agree your child to take part in this
research. Your child will also be asked to sign an assent form to show that he/she is

happy to take part.

. What will happen to my child if he/she takes part?

We would like to invite your child to the “Physiological Assessment Suite” at the
University of Glamorgan, Pontypridd for half a day to test how fit his/her lungs are
after exercise. This will involve ‘breathing and blowing’ tests (spirometry) and
pedalling on an exercise bike. On this visit, we will also ask you some questions
regarding your child’s birth details, relevant medical history and family history. We
will demonstrate the tests to your child and let him/her practice it until he/she

understands how to do the tests. For one of the tests, your child will be asked to sit
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inside a cubicle with glass doors and the cubicle door will be closed for a few seconds.
Your child will be able to see and hear us. For the exercise test, your child will be
asked to pedal an exercise bike for as long as possible. We expect the exercise test to
last about 15 minutes. We will be closely monitoring your child during the bicycle
exercise test and will stop the test when your child is too tired to continue or if his/her
heart rate goes too fast. Your child will have 15 minutes rest after the exercise test
after which we will ask him/her to inhale a medicine called ‘Salbutamol’ (that children
with Asthma use) which relaxes the small airways. We do not expect this inhaler
medicine to cause any side effects to your child. We will repeat the spirometry test
after this. This will allow us to compare the test results before and after relaxing the
airways.

We will ensure that your child is comfortable before we allow him/her home. You
will be able to stay with your child throughout the test and we expect that you will be
spending 2-3 hours with us at the University of Glamorgan.

We would also like to invite you and your child to the ‘Wales Heart Research
Institute’ at Heath Hospital site in Cardiff for another half day session. This time,
we would like to see your child in the moming before he/she has his’her breakfast.
This will allow us to check his/her blood sugar, cholesterol and haemoglobin levels,
which are thought to be important in the development of heart disease in adulthood.
This will involve a finger prick test (similar to the one that diabetic children use for
blood sugar tests). We will provide breakfast for your child after the blood test. If you
or your child does not wish for a blood test, we will not do one. If you do not wish
your child to have blood test, he/she may come after breakfast but please ensure that

he/she does not drink tea, coffee, cola or any drink containing caffeine in the morning
for at least 3 hours before the study. We would also like to do a urine test to check

your child’s exposure to other people’s cigarette smoking.

On this visit, we will record your child’s details including height, weight, blood
pressure and oxygen levels with a probe on a finger. Then, we will do a heart scan
(similar to ultrasound scan done in pregnancy). This will take about 15-20 minutes.
We will then ask your child to breathe decreasing levels of oxygen (15% and 12%) for
20 minutes each. The air we breathe is about 21% oxygen, the cabin in a long distance
aeroplane is about 15% and skiing in high mountains in Europe is about 12%. We will
repeat the heart scans after each interval to see if any changes in heart function are

detected with decrease in oxygen. These scans will take about 10-15 minutes each.
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On the same visit, we will also do an ultrasound scan of the blood vessel of the
right arm before and after applying an inflated blood pressure cuff for 5 minutes
around the right forearm of your child. This is similar to the method doctors and
nurses use to measure blood pressure but the cuff will be inflated for longer. The
pressure of the cuff may cause some discomfort for the child but we will use adult-
sized cuff to minimise this discomfort. This test will assess the stiffness of the blood
vessel in the arm.

We will provide lunch for you and your child and make sure that your child is
comfortable before letting him/her home. We expect that you and your child may have
to spend about 3 hours at the WHRI to complete all the above tests.

. Can I stay with my child during the tests?
You are encouraged to stay with your child throughout all the tests.

. How long will the different tests take?
We expect the lung function tests at the University of Glamorgan, Pontypridd to last
approximately 2-3 hours including, 30 minutes for recording history and measuring
height, weight, heart rate and breathing rate, 15-30 minutes for demonstration of the
breathing and blowing tests and practice sessions, 30 minutes to complete these tests,
15-20 minutes for the exercise test and 20-30 minutes of rest periods between different
tests.

We expect that you may have to spend about 3 hours at the WHRI, Cardiff. This
includes, 5-10 minutes for blood tests, 5-10 minutes for urine test, 2 to 2.5 hours for
the oxygen tests and the heart scans. After 20 minutes of oxygen challenge, each heart

scan takes about 15 minutes.

. Have similar studies been done in the past?

Often a similar low oxygen (15%) test is performed for 20 minutes in babies who have
recently come off their oxygen if they are likely to travel in an aeroplane to determine
if the baby requires oxygen during the flight. One study showed that 8 out of 20 babies
who had pre-flight hypoxia test required additional oxygen for the flight although they

did not normally need additional oxygen. However, we are not aware of any similar
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10.

11.

oxygen challenging studies 8 — 12 year-old children (as opposed to babies) who have

had chronic lung disease of prematurity when they were babies.

What are the possible benefits of taking part?
This study may help identify whether children who are born early and had lung
disease of infancy are more likely to have lung and heart disease earlier in adulthood
and therefore benefit with early monitoring and treatment.

Although we do not anticipate any major difference in children who were born
early compared to control population, if we find large differences, then we will firstly
explain the findings to you and secondly, your child will be followed up in a regular

basis by the research team (Dr DG Wilson, Paediatric Cardiologist).

Is my child likely to experience any discomfort or distress during this study?

The concentration of oxygen that will be used in this study is similar to that found in
aeroplanes (15% oxygen) and in high altitude ski resorts (12% oxygen) and we do not
anticipate any serious side effects. Some children may temporarily breathe faster,
similar to rates after exercise in the playground. Oxygen levels using a finger probe
will be monitored at all times and the study will be discontinued if your child is unable
to tolerate the tests or feels any discomfort or distress by breathing reduced oxygen
levels. The study will also be stopped if your child's oxygen level drops below 80%
for more than 30 seconds but not below 70% at which point it would be stopped
immediately. The study will also be stopped if your child’s oxygen level drops to 70%
for periods of less than 30 seconds on 3 occasions.

We will have provisions for high oxygen (100%) should your child need it.

What if my child is harmed by the study?
Any complaint about the way your child has been dealt with during the study or any
possible harm that your child may suffer will be addressed. The detailed information

on this is given in Part 2.
Will information obtained in the study be confidential?

There will be no identifiable details of your child in any study information. All

information about your child will be handled in confidence.
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12. Will I or my child receive out of pocket expenses for taking part in the study?
We will provide any travelling expenses that you may incur and provide breakfast for
you and your child after the blood test and lunch for both you and your child. Your
child will also receive two cinema vouchers with a ‘thank you’ note for helping us

with the project.

If the information in Part 1 has interested you and you are considering participation,

please read the additional information in Part 2 before making any decision
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13.

14.

15.

16.

17.

Part 2

What happens if my child or I do not wish to participate in the study or wish to
withdraw from the study?

If your child or you do not wish to participate in this study or if you wish to withdraw
from the study you may do so without justifying your decision and your child’s future

treatment will not be affected.

What if there is a problem?

Complains:

If you have concerns about any aspect of this study, you should ask to speak to the
researchers who will do their best to answer your question. If you remain unhappy and
wish to complain formally, you can do this through NHS Complaints Procedure.
Harm:

In the event that something goes wrong and your child is harmed during the research
and this is due to someone’s negligence then you may have grounds for legal action
for complaints against Cardiff University but you may have to pay your legal costs.
Medical research is covered for mishaps in the same way as for patients undergoing

treatment in the NHS i.e. compensation is only available if negligence occurs.

Will my child’s taking part in this study be kept confidential?

Yes. We will follow ethical and legal practice and all information about your child
will be handled in confidence. With your permission, your GP will be informed of
your child’s participation in this study. None of your child’s identifiable details will be

stored or used in any publication or presentation in future.

What will happen to the resuits of the study?
The results of this study will be prepared for publication in medical journals, and for

presentation at medical meetings.
Who is funding the study?

This study is being funded by the Department of Child Health, Cardiff University and
Cardiff and Vale NHS Trust R&D Small Grants Scheme.
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18. Who has reviewed the study?
Before any research goes ahead it has to be reviewed by Research Ethics Committee.
They make sure the research is fair. This project has been reviewed by the South East

Wales Research Ethics Committee.

Thank you for reading this. Please feel free to ask us if there is anything that is not clear or

if you would like more information about this study.

Dr Suchita Joshi Prof Sailesh Kotecha

Academic Clinical Fellow Professor of Paediatrics and Child Heath
University Hospital of Wales Cardiff University
Joshis3@cardiff.ac.uk kotechas@cardiff.ac.uk

¢ Information Sheet for Parents (2): For parents of preterm children without lung
disease of infancy and

¢ Information Sheet for Parents (3): For parents of the term-born children
were also provide separately to the parents of the children in the preterm and term groups

respectively. (Similar information sheets as above)
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Appendix E: Information sheet for children

Information Sheet (1) for Children

(For children who were born early and needed oxygen for a long time as babies)

‘Long Term Cardio-Respiratory Outcome for Children with Chronic Lung Disease of

Prematurity’

Dear [child’s name],

We would like to invite you to take part in a research project on children who were born
early. Before you decide if you want to join in, it’s important that you understand why the
research is being done and what you will be asked to do if you take part.

So please read this leaflet carefully with your mum or dad (or ask them to read it to you)
and talk about it with them. If you do not understand anything that has been written here or if

you have any questions please let us know and we will try to explain it to you.

1. What is research?

Research is a way we try to find out the answers to questions.

2. Why is this project being done?
Some babies are born earlier than they normally should. Some of these babies need
oxygen for a long time to help them breathe until their lungs are strong. In this research,
we want to find out

a) How strong their lungs are now, and

b) How hard their heart has to work to pump blood to their lungs.
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To find out the answers to these questions, we will need to do different tests on children who
were born early and compare the test results with healthy children who were born on time.
A total of 90 children will take part in this project.

This research project will help us understand if children who are born early and needed
oxygen for a long time as babies, need any special tests before they go on an aeroplane or

skiing or if they need to have special tests when they grow older.

3. Why have I been asked to take part?

You have been asked to take part in this research because you were born earlier than most
babies should and you needed oxygen to help you breathe when you were a baby (Group A).
4. Did anyone else check the study is OK to do?

Before any research is allowed to happen, it has to be checked by a group of people called
Research Ethics Committee (REC). They make sure that the research is fair. This project has

been checked by South East Wales REC.

5. Do I have to take part?
No. It is up to you. You don’t have to take part if you don’t want to. If you do, we will ask
you to sign a form to say that you are happy to take part in this project.

You are allowed to stop taking part at any time during the research if you do not

wish to continue. You will not have to give us any reason.

6. What will happen to me if I take part?
If you take part in this research, you will be asked to spend one morning with us at the Wales
Heart Research Institute (WHRI) at the Heath for about 3 hours for heart scans and another

morning or afternoon at the University of Glamorgan in Pontypridd for about 2-3 hours for
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breathing tests. On these occasions, your mum or dad may stay with you throughout the
tests.

Visit to WHRI (Heath):

On this visit, we would like you to come in the morning without any breakfast to allow us to
do a blood test. If you do not want us to do the blood test, you may come after breakfast, but
please make sure that you do not drink tea, coffee or cola in the morning. We will give
you breakfast after the blood test. We will do following different tests to check how strong

your heart has to work to pump blood to your lungs.

Arrive in the morning with your mum or dad.
i
Blood test (This is a finger prick test similar to
what children who have diabetes do to
check the sugar level in their blood
every day. This may feel similar to a
pin-prick and will take only a few
seconds to collect a few drops of blood.

(We will not do the blood test if you

don’t want us to do it.)

*ADAM

You will then be asked to use our toilet to collect a urine sample in a small bottle for us to
test it.J,

Breakfast
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We will then listen to your heart with a
stethoscope and record the tracing of
your heart beat by using special sticky
pads on your chest while you lie down

comfortably on a bed.

We will then ask you to lie
comfortably on a bed while we do a
heart scan. For this, we will put special
gel on your chest and take pictures of
your heart. You will be able to see how
the inside of your heart looks like on a
TV screen. This will take about 15-20

minutes. This will not cause you any

pain or discomfort.

A fter this scan, we will help you put on
a mask over your nose and mouth and
let you breathe two different levels of
oxygen for 20 minutes each and then
repeat the heart scans. This may make
you breathe faster as if you have been
running in a playground. We will make

sure you are alright during this test but
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during this test or if you wish to stop

the test at any time, you should let us

know.



After the heart scans, we will apply a let us know if it is too uncomfortable
blood pressure cuff around your for you.

forearm and inflate it for 5 minutes.

The pressure of the cuff may make you

feel slightly uncomfortable. You may

We will then do a scan ofa blood vessel of your arm which is similar to the heart scan but this

is much quicker.

Lunch and home
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Visit to the University of Glamorgan (Pontypridd):

On this visit, we will do different tests to see how strong your lungs are and how well they

cope with exercise. You will be spending about 2-3 hours with us. This visit may be in the

morning or in the afternoon.

Arrive with mum or dad

Mum or dad will be asked some questions

ot o

We will measure your height and weight and listen to your chest

We will then show you how to do some

special breathing and blowing tests called

spirometry. You can then practice the tests

to make sure you understand what to do.

Once we are sure that you have understood

For one of the tests, you will be asked to

sit inside a special box with glass doors.

The door will be closed for about 10

seconds. You will be able to hear us

clearly and we will be able to see each

other.
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For the exercise test, we will ask you to
pedal an exercise bike. It will be easy to
pedal to start with but will get harder and
harder. We will stop the test when you let
us know that you are too tired to pedal
anymore. We expect this test to last for

about 15 minutes. We will keep a close eye

on you throughout this test and will stop
the test immediatelyif we need to or if you

want us to stop it.

Rest for 15 minutes

After the brief rest, we will ask you to
inhale a special medicine that will make
the small branches of your breathing tube
relax. This will not cause any harm to you

and will not be painful or uncomfortable.

1

Repeat a short breathing and blowing test

Home

You will receive two cinema vouchers as a ‘thank you’ for taking part in this project.
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7. Might anything about the research upset me?
Some children get upset about blood tests and don’t like having it. If you don’t want us to do
the blood test, we will not do it.

When you breathe different levels of oxygen, you may breathe faster as if you have been
running in the playground. During this test, we will keep a very close eye on you and make
sure you are fine. If you feel uncomfortable and want us to stop the test, you have to let us
know.

The exercise test will make you breathe faster and make your heart beat faster just as
when you run. We will keep a close eye on you throughout this test and ask you to let us

know when you are too tired to pedal.

8. Will joining in help me?
We cannot promise the study will help you but the information we get might help us look
after children who were born too early and who needed oxygen for a long time as babies.

We do not expect to find any problem with you but if we find any abnormal test results

then we shall explain them to you and your parents and arrange for a doctor to see you soon.

9. What happens when the research stops?

We will write to your parents/ guardians to let them know the results of this research.

10. What if something goes wrong?
We do not expect anything to go wrong during this project and we will not ask you to do
anything that maybe harmful to you. We will also keep a close eye on throughout the tests and

will stop the test immediately if we need to or if you want us to.
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11. Will anyone else know I’m doing this?
With your mum or dad’s permission, we will let your doctor (GP) know that you are
taking part in this project. Apart from your GP and the research team, nobody else will have

to know that you are taking part in this project.

12. What will happen to the blood and urine samples that I give?
Once we test the blood and urine samples that you give us, we will throw it away in a special

hospital bin.

13. Who is organising and paying for this research?

This research is being organised and paid by the Children’s Department at Cardiff University.

14. What if I don’t want to do the research anymore?
If at any time you don’t want to do the research anymore, just tell us or your mum or dad and
you can stop taking part. You do not have to continue if you do not want to do so.

Thank you for reading this leaflet and I hope I can meet you. If you do not understand
anything that this leaflet says or if you have any questions for us, please ask your mum or dad

to contact me and I will try to answer your questions.

Yours sincerely

Dr Suchita Joshi
Department of Child Health
Cardiff University

02920743438

Joshis3@cardiff.ac.uk

253


mailto:Joshis3@cardiff.ac.uk

¢ Information Sheet for Children (2): For preterm children without lung disease of
infancy and

o Information Sheet for Children (3): For term-born children
were also provided separately to the children in the preterm and term groups respectively.

(Similar information sheets as above).
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Appendix F: Consent form for parents

Patient Identification Number for this study:

CONSENT FORM (Version 3.0 17" January 2008)

Title of Project: ‘Long term cardio- respiratory outcome in children with chronic lung disease of prematurity’

Name of the Researchers: Professor S Kotecha, Dr S Joshi
Please initial box

1. 1 confirm that | have read and understand the information sheet dated 24™ Sept 2007 D
(version 4.0) for the above study. | have had the opportunity to consider the
information, ask questions and have had these answered satisfactorily.

2. | understand that my child’s participation is voluntary and that my child is free to withdraw at any time, without
giving any reason, without my child’s medical care or legal rights being affected. |_—_]

3. 1 understand that relevant sections of any of my child’s medical notes and data collected during
the study, may be looked at by responsible individuals from Cardiff University,
from regulatory authorities or from the NHS Trust, where it is relevant to my child’s taking
part in this research. | give permission for these individuals to have access to my child’s records.

4. | agree to my child’s GP being informed of my child's participation in the study.

O O

5. | agree to my child having the lung function tests as a part of the above study.

6. | agree to my child having ultrasound scans of the heart and the arm artery as a part of the above study.

7. | agree to my child having a finger prick blood test as a part of the above study.

0O OO

8. 1 agree to my child having urine test as a part of the above study.

Name of Parent Date Signature

Researcher Date Signature
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Appendix G: Assent form for children

ASSENT FORM FOR CHILDREN
(To be completed by the child in presence of their parent/ guardian)
Project title: Long Term Cardio- Respiratory Outcome in Children with Chronic Lung Disease of Prematurity

Child (or if unable, parents on their behalf) to circle all they agree with:

I. Have you read (or had read to you) about this project?
(Child Information Sheetl Version 2.0 15™ August 2007 or

Child Information Sheet 2 Version 2.0 15™ August 2007 or

Child Information Sheet 3 Version 3.0 24™ September) Yes/ No
2. Has somebody else explained this project to you? Yes/ No
3. Do you understand what this project is about? Yes/No
4. Have you asked all the questions you want? Yes/ No
5. Have you had your questions answered in a way you understand? Yes/ No
6. Do you understand it is OK to stop taking part at any time? Yes/ No
7. Are you happy to take part? Yes/ No
8. Are you happy to have heart scans as a part of this project? Yes/ No
9. Are you happy to have breathing and blowing tests and exercise test as a part of this project?
Yes/ No
10. Are you happy to have finger prick blood test as a part of this project? Yes/ No
11. Are you happy to have urine test as a part of this project? Yes/ No

If any of the answers 1-9 are ‘No’ or you don’t want to take part, don’t sign your name!
If you do want to take part, you can write your name below:

Your name Date

The doctor who explained this project to you needs to sign too:

Print name Date
Sign

Thank you for your help.
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Appendix H: Published papers
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H1. Lung growth and development

Early Human Development (2007) 83, 789-794

ELSEVIER

available at wtMw.aciencedirect.com

*o#t" ScienceDirect

www.elaevier.com/loci

Lung growth and development

Suchita Joshi, Sailesh Kotecha*

Department of Child Health, Cardiff University, Cardiff CF14 4XN, UK

KEYWORDS

Fetal lung liquid;

Growth factors;
Transcriptional factors;
Prematurity;
Glucocorticoids;
Congenital diaphragmatic
hernia;

Chronic lung disease of
prematurity

Abstract

Homan lung growth starts as a primitive lung bud in early embryonic life and undergoes several
morphological stages which continue into postnatal life. Each stage of lung yowth isa result of
complex and tightly regulated events governed by physical, environmental, hormonal and
genetic factors. Fetal lung liquid and fetal breathing movements are by far the most important
determinants of lung growth. Although timing of the stages of lung growth in animals do not
mimic that of human, numerous art mal studies, mainly on sheep and rat, have given us a better
understanding of the regulators of lung growth. Insight into the genetic basis of lung growth has
helped us understand and improve management of complex life threatening congenital
abnormalities such as congenital diaphragmatic hernia and pulmonary hypoplasia. Although
advances in perinatal medicine have improved survival of preterm infants, premature birth is
perhaps still the most important factor for adverse lung growth.

C 2007 Elsevier Ireland Ltd. All rights reserved.

1. Normal lung development: structural and 1,1. Embryonic stage (0-7 weeks in utero)
vascular growth and possible developmental

anomalies

At around 3 4 weeks of embryonic life, the lung develops as
an outgrowth of the ventral wall of the primitive foregut, the

In the human embryo, development of lung starts as early as
3 weeks of embryonic life and continues into postnatal life up
to early adulthood. The structural and vascular development
of the lung is closely related and progresses simultaneously in
the human fetus. The events of antenatal growth and
development of human lung have traditionally been divided
into 5 stages (Table 1). Burri has recently reviewed the role
of mtcrovascular maturation during alveolartzation [1J. In
each of these stages, there are possibilities of congenital
malformations associated with abnormal lung development

(Table 2).

« Corresponding author. Tel.: *44 29 20 74 4187; fax: *44 29 20 74
4283.
E mail address: kotechasycardlff.ac.uk (S. Kotecha).

laryngotracheal groove. The epithelial cells from the foregut
endoderm invade the surrounding mesenchyme to form the
trachea. During the embryonic stage, the trachea branches
into the right and left main bronchi and subsequently into
lobar and segmental bronchi. Lobar and segmental bronchi
appear at about the 5Sthweek [2] and by the end of this stage,
18 major lobules are recognisable [3J. Pulmonary arteries
and veins develop as a single avascular bud from the 6th
aortic arch and continue to grow by vasculogenesis around
the airway buds from 4 16 weeks [4J.

This earliest stage of lung development may have a
principle role in determining the postnatal mortality and
morbidity of the fetus. Structural abnormalities such as
tracheal or pulmonary agenesis or stenosis maybe incompa-
tible with life whereas other forms of anomalies such as
tracheomalacia or bronchomalacia, ectopic lobes and con-
genital lobar cysts may lead to significant respiratory

0378-3782/$ +see front matter © 2007 Elsevier Ireland Ltd. All rights reserved,

dot: 10.1016/J .earthumdev.2007.09.007
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Formation of trachea, nght and left main bronchi, segmental bronchi, and vasculogenesis
Differentiation of epithelial cells, formation of conduction airway and terminal bronchioles,

17-27 weeks Formation of respiratory bronchioles, alveolar ducts and primitive alveoli, differentiation of

type land type Il pneumocytes and formation of alveolar capillary barrier

2ft 36we«fcs Increment in gas exchange areas, further differentiation of type Iand type Il cells

Tibi* 1  States of lung growth
Stage Time Events
Embryonic 0 7 weeks
around airway buds
Canalicular 7 17 weeks
formation of pulmonary arteries and veins
Pseudoglandular
Saccular
Alveolar 36 weeks Septation and multiplication of alveoli
2 years
Until 1ft Enlargement of terminal bronchioles and alveoli
22 years
Mtcrovascular Birth to 2- Fusion of double alveolar capillary network into a single layer
maturation 3 years

morbidity. Arteno-venous malformations may also form
during vasculogenesis.

1.2. Pseudoglandular stage (7-17 weeks in utero)

Pseudoglandular stage is marked by further branching of
airway and vascular network and progressive differentiation
of epithelial cells to form adult structures of cartilage,

Table 2 Congenital malformations associated with abnor-
mal lung yowth

Embryonic
Pulmonary agenesis
Tracheal or laryngeal agenesis or stenosis

7Yacheo- or broncho-motocta
Bronchial malformation
Ectopic lobes

A-V malformations
Congenital lobar cysts

Pseudo&andular

Cystic adenomatoid malformation
Pulmonary sequestration

Lung hypoplasia

Lung cysts

Congenital pulmonary lymphangiectasia
Congenital diaphragmatic hernia

Canalicular

Lung hypoplasia

Respiratory distress syndrome
Acinar dysplasia

Saccular/atvtolar

Pulmonary hypoplasia

Respiratory distress syndrome/ chronic lung disease of
prematurity

Acinar dysplasia

Alveolar capillary dysplasia

Reproduced with permission from Kotecha [5],
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submucosal gland, bronchial smooth muscle and epithelial
cell types. This is the period of fastest division of tntra-
segmental airways. By 14 weeks, 70% of the total airway
generated at birth is formed (2] and by the end of
17 weeks, the formation of conducting airways and term-
inal bronchioles is complete [5]. Pattern of airway branching
and division is determined by epithelial mesenchymal
interactions. Bronchial mesenchyme induces branching in
the trachea, whereas tracheal mesenchyme inhibits bran-
ching of the bronchial tree [6]. As the pseudoglandular
stage progresses, the early pseudo-stratified epithelium is
prog-essively replaced by columnar cells proximally and
by cuboidal cells distally. The cuboidal cells, rich in gly-
cogen, represent the immature type I cells. Thus, during
pseudo”andular stage, all pre-acinar structures, includ-
ing, pre-acinar airway, pulmonary arteries and veins are
formed.

The failure of normal division of airway structures at this
stage may lead to pulmonary hypoplasia or sequestration,
cystic adenomatoid malformation and crucially, failure of
the pieuro-peritoneal membrane to dose at this stage may
result in congenital diaphragmatic hernia.

1.3. Canalicular stage (17-27 weeks in utero)

The acinar structures comprising the respiratory bronchioles,
alveolar ducts and primitive alveoli are formed during the
canalicular stage. Canalicular stage is marked by two
important steps in the development of the lung: differentia-
tion of type I'and type Il pneumocytes and formation of the
alveolar capillary barrier [3,7]. Surfactant protein is detect-
able by 24 weeks of intrauterine life. Thus, a possible
platform for gas exchange is established. With advances in
perinatal medicine and ever increasing survival of extremely
preterm infants, this is an important landmark in lung growth
and development.

Surfactant deficiency leading to respiratory distress
syndrome is inevitable with premature delivery at this
stage.

1.4. Saccular stage (28-36 weeks in utero)

By this stage, division of the airways is almost complete and
further growth and development of lung structures comprise



Lung growth and development

91

of enlargement of the peripheral airways with dilatation of
acinar tubules forming ‘saccules’ and thinning of the airway
walls. This ensures increased surface area for gas exchange.
There is also further differentiation of type i cells to type |
cells and increment in surfactant containing laminar bodies

tining type || pneumocytes.
1.5. Alveolar stage (36 weeks in utero—2 years)

Recognition of secondary septa in the terminal airway and
formation of definitive cup shaped alveolt marks the alveolar
stage. in a newbom rat ung, which is at the saccular stage of
lung development, the saccules are lined by a central sheet
of connective tissue supporting a layer of capillary network
on either side {1). Gradually, low ridge lile projections, also
with double capillary network appeer in the airspaces, which
eventually divide the airspaces into atveoli. This process of
formation of double capiliary welled secondary septa and
multiplication of alveoli continue rapidly up to the age of at
(east 2 years in humans.

1.6. Postnatal lung growth

&k has been estimeted that the number of alveoli at birth
ranges from 20-50 million [3]). Alveolar multiplication con-
tinues in the postnatal period at least up to the age of 2-
3 years and atveolar size and surface increases until after
adolescence {5,7). Ochs et al. [8] have reported that the
final number of alveoli in a fully developed adult lung reach
300-800 miltion with approximately 170 alveoli per cubic
millimetre. Post-mortem examination of lungs of children
who died as a result of trauma or after short illnesses re-
vesled that boys had larger lungs than girts of the same
statre which resulted in greater atveolar number and
greater alveolar asrface ares then girts for a given age and
stature [9). In recent years, we have gained further insight
into the postnatal growth of distal airways. When air space
calibre of small afrways and alveoli at their maximal natural
distension was measured in 53 children of age 6-22 years and
59 aduits of age 23-80 years, it was notsd that both the smatl
bronchioles and alveoli expanded significantly in size with
increasing age and height up to the age of 22 years but the
increase in size thereafter was not statistically significant
[10}.

1.7. Stage of microvascular maturation (several
months to 2-3 years)

Burri’s group has previously describad that, besides the
muitiptication and enlargement of airspaces, some impor-
tant microvascular changes ocaur in postnatal lung develop-
ment, which he termed as the stage of microvascular
maturation [1). Ementiatly, during this period, the double
capillary network gradually merges as a single capillary layer.
This is an extremely important event in the postnatal lung
growth as angiogenesis and alveolarization go hand in hand
and once the capiilary network fuses into a single layer; new
alveolar septa cannot be formed. This has now been
postulated as the major cause of premature arrest of lung
growth following postnatal dexamethasone treatment in
premature infants with chronic lung disease.

2. Factors that regulate and modify lung
growth: prenatal to postnatal stages

Multiple factors that govern lung growth is a topic of growing
interest and numerous studies have been performed on
animal models, mainty on sheep and rat, to explore the role
of physical, hormonal and genetic factors in prenatal lung
growth (Table 3).

2.1. Fetal lung volume, fetal lung fluid, amniotic
fluid and fetal breathing movements

Fetal lung volume maintained by the combined mechanisms
of fetal lung fluid secretion and fetal breathing movements is
perhaps the most important determinant of fetal lung
growth. Experiments on ovine fetus have proved that
distension of fetal lung by fetal lung fluid is related to
hyperplasia of the lung and drainage of the fluid results in
pulmonary hypoplasia {11). Fetal lung fluid is mainty formed
by the epithelial cells of the distal airways. In ovine fetus,
lung fluid is secreted at the rate of 2 mi/kg/h at mid
gestation and gradually incresses to 5 mi/kg/h at near term
[5). The rate and wolume of fluid production however
decrease as the fetus approaches term in readiness for
postnatal adaptation. Arginine vasopressin, catacholamines,
cortieol, prostagiandin E2 and atrial natriureteric hormone
are all associated with decrease in production of fetal lung
fluid at or around birth. Amniotic fluid volume also
contributes to the fetal lung distension and hence lung
growth. In thefetal rat, oligohydramnious has been shown to
retard lung growth and development of type | cells. However,
there was no evidence of its effect on type N cells and
surfactant production [12]. Another important factor con-
tributing to the maintenance of adequate lung volume s
fetal breathing movements. In the human fetus, breathing
movements are noted as earty as 11 weeks of gestation and
by 3040 weeks, it occurs 30% of the time. Various animal
experiments on abolition of fetal breathing movements
including tramsection of spinal cord at the level of phrenic
nerve [13] and ablation of phrenic nerve [14] have demon-
strated pulmonary hypoplasia and reduced lung DNA in
affected animal fetuses. increase in carbon dioxide and
glucose levels, acidosis and drugs such as caffeine and
theophyiline are associated with increased fetal breathing
movements. Maternal smoking, alcohol and drug use are
known to reduce fetal breathing movements. Simflarty,
hypoxia, hypogtycaemia, intrauterine infection and prosta-
glandin £2 may all have adverse effect on these breathing
movements [3].

In the last decade, there have been huge advances on
research on fetal tracheal occlusion to maintain fetal {ung
volume and stretching lung tissue to improve lung growth,
especiatly infetuses with congenital diaphragmatic hernfa. A
recent review on this topic summarises the pros and cons of
this fetal interventional therapy [15). Numerous studies, on
sheep, rabbits, rats and mice, have repeatedly demon-
strated that surgical tracheal ocdusion applied during
canalicular and saccular stages of lung development not
only improves dry lung weight but also increases airway
branching, alveolization, alveolar surface area, type M
pneumocytes and pulmonary vascular growth [15).
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2.2. Hormonal, transcriptional and growth factors

The complexity of the role of various hormones as well as
growth and transcriptional factors in the growing lung is
gaining more and more fascination among researchers in
recent years. The list of some of the important hormones,
growth factors and transcriptional factors and their possible
role in lung growth and development is summarised in
Table 3. Thyroid hormone has been well recognised to play
an important role in epithelial and mesenchymal ceU
differentiation and airway branching in early developmental
period as well as differentiation of type II cells and
surfactant secretion in late development. Pituitary and
adrenal hormones have also been implicated in lung
maturation. Among the numerous growth hormones and
transcriptional factors, fibroblast growth factors (FCF) and
Sonic hedgehog (Shh) seem to have influential roles in
determining the pattern of airway branching. FGFs are also

Table 3 Possible role of some growth and transcriptional
factors in lung growth and development

Transcriptional and growth Possible role in lung grcwth

factors and development

FOXAI, FOXA2. GATA4 and  « Formation and maintenance
GXTA6 of foregut

Thx4 * Localisation of bud site

Fibroblast growth factors * Localisation of organs
(FGFs) derived from foregut

« Induction of budding and
Branching 1FGF' 10)
* Alveotization
* Type I cell differentiation
and induction of Sirfactant
Protein C( FGF2 and FGF?7)
m Suppresses Fgf]0 expression
and prevents branching events
at sites where branching is
stereotypically determined
not to take place
Bone Morphogenic FYotein4 « Formation and control of
(BMP4) dorsal and ventral branches
HQOX genes m Defines overall three
dimensional orientation
 Airway proliferation ,
differentiation and branching
« Alveotization

Sonic hedgehog (Shh)

Epidermal growth factor

Platelet derived growth

factor (POGF)
Retinotc acid (RA) * Induction of F§f10 and
endodermal differentiation
 Lung repair after pulmonary
insult and matrix production
« Inhibits cell proliferation

« Airway proliferation

Transforming growth facta
(TGF0)

Insulin like growth factor

(IGF)
Vascular endothelial growth « Vasculogenesis, angiogenesis
factor (VEGF) and lymphangeogenesis

Granulocyte macrophage mMacrophase differentiation
colony stimulating factor

(GMCSF)
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important in type I cell differentiation and secretion of
Surfactant frotein C later in lung development [16,17]. On
the other hand, transforming growth factor (TGF (*) has an
opposite but important role of inhibiting cell proliferation
and branching morphology, promoting formation of lung
matrix and aiding pulmonary repair after injury. Its defi-
ciency can lead to undue lung inflammation and Its over-
expression may lead to lung fibrosis [16,17]. Vascular
endothelial growth factor (VEGF) plays a central role in
vasculogenesis and angiogenesis and is therefore critical for
normal lung development. Beside its primary role on vascular
development. VEGF also has positive effect on differentia-
tion of type Il cells and stimulation of surfactant production.
Furthermore, VEGF also has an important role onendothelial
function and inhibition of VEGF in premature lung has been
known to reduce NO bioavailability that may lead to the
development of chromic lung disease of prematurity (CLD)
[18].

2.3. Environmental factors

The influence of environmental factors such as exposure of
the developing lung to tobacco smoke both in intrauterine
and postnatal life has long been associated with adverse
respiratory outcomes such as reduced lung volume and
decreased number of alveoli, enlarged alveolar size and
abnormal septatkm leading to reduction of gas exchange
area. However, the precise mechanism and timing of events
of adverse effects are not clear. Some interesting effects of
nicotine on type I cell morphology and metabolism has
emerged from a recent study on rats. When rat fetuses were
exposed to nicotine in early embryonic life from day 6 to day
20, it was noted that nicotine could permanently alter lung
yowth of the developing lung by stimulating alveolar type I
cells proliferation, differentiation and metabolism and
hence stimulating surfactant synthesis [19]. In recent
years, there has also been growing interest on the possible
influences of other environmental pollutants such as ozone
and particulate matters that can result in impaired lung
growth [20].

2.4. Specific diseases

2.4.1. Chronic lung disease of prematurity (CLO)

With advances in perinatal medicine and the resulting
improved survival of extremely preterm infants, CLD has
inevitably become the most important specific condition
that adversely affects postnatal lung development Unlike
term infants, preterm infants are born with lungs still In
'prenatal’ stages of development i. e. cannalicutar or
saccular stage. Surfactant deficiency leading to mechanical
ventilation, oxygen therapy and pulmonary inflammation,
infection and patent ductus arteriosus are some of the
determining factors leading to a cascade ofevents that result
in CLD. Hyperoxia and barotrauma both cause lunginjury and
inflammation that subsequently results in decreased alveo-
lization. Hyperoxia severely disrupts septation, causes
increased terminal sac diameter and decreased gas exchan-
ging surface area [3]. Intrauterine infection including with
Ureaptasma Spps. may also result in disordered lung growth
inthefetus and newborn infant [5]. An alternative theory for
the dysregulated lung growth seen in infants who develop
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CLD is that their vascular development may be abnormal
which may lead to abnormalities of lung growth (reviewed in
Ref. [21)).

Postnatal glucocorticoids are widely used in the context
of severe respirstory distres syndrome (RDS) and QLD,
mostly to wean chronically ventilator-dependent preterm
infants. Although postnatal glucocorticoids have proved to
be invaluable as a ‘rescue’ therapy for chronically ventilated
preterm infants, there have been concerns over their short-
term and long-term adverse effects. From animal studies, it
is clear, that glucocorticoids directly affect alveolar and
microvascular growth of the lungs. Burri et al. have studied
the effects of high-dose, short-term as well as low-dose,
long-term glucocorticoid administration on atveolarization
and pulmonary micovascular development on rats [22).
Low-dose long-term therapy was shown to produce perma-
nent impairment of lung alveolarization, possibly as a result
of precocious microvascular meturation. Howewer, when
postnatal rats were administered short-term, high-dose
glucocorticoids for 4 consecutive days, although there was
initial evidence of precocious microvascular maturation by
capiliary fusion and arrest of parenchymal septation, the
effects were temporary. This initial phase of accelerated
lung growth was arrested briefty and by day 10, normal
alveclar growth resumed [22). Hence, it is clear that the
precise dose, timing and duration of glucocorticoid therapy
can have major implications on lung growth and develop-
ment. Besides the effects of glucocorticoids on lung
morphology, their effect on long-term pulmonary function
has also besn investigated. The results of these studies are
difficult to compare or to interpret because of the variations
in the use of surfactant, severity of the chronic lung disease,
dose, duration and timing of the use of dexamethasone and
because of different methods of measuring pulmonary
function between different studies. When 145 children,
who had participsted in a double-blind, randomized con-
trolied trial (1984-1989) of dexamethasone (0.5 mg/kg/day
for 1 week) or placebo for treatment of neonatal chronic lung
disease were followed up at 13-17 years of age, there was no
significant difference in lung function between the two
groups, as assessed by spirometry [23). This study concluded
that there is no evidence that use of dexamethasone in
neonatal period has long-term consequences for the lung but
beneficial effects were not demonstrated either. However,
another recent follow-up study by Nixon et al. on 68, 8-
11 year old children, who had participated in a randomized
controlied triat (1992-1995) of a 42-day tapering course of
postratal dexamethasone (0.5 mg/kg/day) or placebo in the
neonatal period to reduce the duration of ventilator
dependency, reported that the postnatal dexamethasone
exposure was associated with higher expiratory flow but
clinically reported asthma scores were similar between the
two groups [24].

2.4.2. Congenital diaphragmatic hernia and pulmonary
hypoplasia

Congenital diaphragmatic hemia (CDH) affects as many as 1/
3000 live births. Despite extensive studies on better under-
standing of causes of CDH 28 well as on both prenatal and
postnatal interventional therapies, survival still remains poor.
A recent review on the genetics of COH explains in detail the
increasing evidence of the contribution of gene mutations to

the development of COH during earty lung development [25).
As summartzed in Table 3, transcriptional and growth factors,
such as Shh and FGF10, signal and regulate lung morphogen-
esis and defects at any stage may lead to lung hypoplasia
which is an emential component of COH. In the last decade,
radiologicat advancements in 3D ultrasonography and mag-
netic resonance imaging (MR1) has made i possible to asess
fetal ung volume quantitatively in fetuses suspected to have
pulmonary hypoplasia and COH [26). As already described
above, studies involving intrauterine tracheal obstruction to
encourasge gowth of hypoplastic wng in COH have been
explored but provide many challenges before such therapy
becomes routine in ctinical practice.

3. Conclusion

The close relationship of different stages of morphological
and vascular growth of human lung with numerous physical,
biological and environmental factors is complex but
fascinating. The growing knowledge of molecular biology
and human genetics related to ung growth has not only
enabled us to have better understanding of this complex and
continuous process but also contributed towards antenatal
diagnosis and interventional therapy for life threstening
congenital conditions such as congenital diaphragmatic
hernia and pulmonary hypoplasia. Although there are some
important differences in the timing and stages of (ung
growth in human and animals, numerous animal experi-
ments, mostly on sheep and rats, have greatly enhanced our
knowledge of the important roles of various transcriptional
and growth factors in lung growth and development.
Understanding of the very basic stages of lung growth and
recognition of development and maturation of alweoli,
formation of functional blood atveolar barrier and produc-
tion of surfactant has made survival of extremely premature
infants possible. The effects of glucocorticoids on postnatal
ung maturation need to be investigated further to establish
the appropriate dose and duration of the glucocorticoid
therapy in severe lung disease of prematurity and to
establish possble long-term benefits and adverse effects.
Advances in imaging techniques such as 30 ultrasonography
and advanced MR technologies will no doubt play a major
role in earty and accurate diagnosis of both structural and
functional lung pathologies in fetuses with congenital
structural defects and children with chronic lung disease
of prematurity. However, much work still needs to be done
to improve postnatal lung development in premature infants
and to prevent chronic lung disease of prematurity.
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Alms

Methods and
results

Conclusion

Myocardial velocity imaging has been validated in adults for assessment of ventricular function and indirect indices of
pulmonary arterial pressure. To establish whether it could also be used in infants, we investigated the reproducibility

of myocardial velocities and deformation indices in term and preterm neonates.

Myocardfal velocity loops acquired from 16 infants were analysed by four observers for inter-observer variability, and
re-analysed after 6 months by one observer for intra-observer variability. For myocardial velocities, the coefficients of
variation (CVs) for the left ventricle (LV) were 10-11 (intra-observer) and 14-20% (inter-observer) and for the right
ventricle (RV) 15-19 and 18-24%, respectively. Reproducibility for annular displacements was <13% (intra-
observer) and < 18% (inter-observer). CVs for LV strain were 14-17 (intra-observer) and 36-43% (inter-observer)
and for RV 19-24 and 25- 37%. CVs for isovolumic acceleration were in general >40%. In comparison, the CVs for
blood pool indices were 3-15%

Intra-observer reproducibility for myocardial velocity and deformation indices in neonates is adequate for these par-
ameters to be used in clinical research. Inter-observer reproducibility is sub-optimal suggesting that these measure-

ments should be used in clinical practice with caution Myocardial acceleration, a marker of contractile function, was

poorly reproducible.

Keywords

Introduction

Myocardial velocity imaging or tissue Doppler imaging has been
validated and widely used in the adult population for the dagnosis
of left ventricular (LV) and right ventricular (RV) dysfunction. In
recent years, it has also been suggested as a potentially useful diag-
nostic tool for quantitative assessment of myocardial function in
infants1 and children.13

Premature infants who develop respiratory distress syndrome
are at increased risk of developing structural abnormalities in the
pulmonary vasculature and RV hypertrophy.'4 A reliable non-
invasive diagnostic tool to monitor associated changes in function
would be helpful in this population. Previously. Doppler echocar-
diography has been used to assess the changes in pulmonary arter-
ial pressure in acute respiratory distress syndrome5 and during
recovery6 using pulmonary arterial acceleration time. Although

Infants ¢ Preterm e« Tissue Doppler ¢ Reproducibility * Myocardial velocity ¢ Strain

this index can be highly specific for diagnosis of pulmonary arterial
hypertension7 in patients with a heart rate of <100bpm, this
method may not be as accurate in newborn infants with higher
heart rates. The velocity of tricuspid regurgitation is another
Doppler parameter which correlates highly with pulmonary arter-
ial pressure,8but it has been shown to be measurable in only 61%
of children aged <2 years who had chronic lung disease 9 These
limitations can be overcome by more advanced tissue Doppler
methods. Certain tissue Doppler parameters such as RV Isovolu-
mic relaxation timelQ,11 (IVRT) and RV systolic strainll-13 have
been validated as usefol markers for estimation of pulmonary arter-
ial pressure In adults. Regional myocardial strain has also been
shown to be feasible in healthy term infants.14-15 This has not yet
been tested or validated in prematurely born infants.

The feasibility and reproducibility for off-line tissue Doppler
measurements in adults has been extensively studied by the
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MYDISE study group.16 In this present study, we have assessed the
ntra- and inter-observer variability for off-line analysis o f longitudi-
nal systolic and diastolic myocardial velocities, myocardial strain,
annular displacements, and isovolumic acceleration (IVA) com-
pared with conventional blood pool Doppler parameters such as

mitral inflow velocities and pulmonary arterial acceleration time.

Methods

Population

Thirty hedthy term infants (>38 weeks of gestational age) and
25 preterm infants (<34 weeks of gestational age) were recruited
from the post-natal wards and the Special Care Baby Unit ofa univer-
sity hospital for a study of myocardial function in prematirity. Written
informed consent was obtained from parents prior to recruitment
The South East Wales Regional Ethics Committee gave ethical
approval for this study

All infants had their first scan within the first 72 h after birth. The
infants were screened for congenital cardiac defects and those with
structural cardiac defects were excluded from the study, with the
exception of patent ductus arteriosus. A second scan was performed
a month later.

To determine the reprodudMity of myocardid velocity and defor-
mation indices, we selected a random sample of 16 studies, by
drawing lots—8 out of 30 studies from term infants and 8 out of 25
studies from preterm infants. All the data presented in the paper are
from these 16 scans.

Echocardiographic acquisition

Images were acquired using a commercially available system (Vkrid 7,
GE Vingmed Ultrasound AS, Horten. Norway) with a 7.0 or
50 MHz transducer, by a cardiac sonographer (J.MIL) or a clinical
research fella* (Sj.). Infants were kept in supine or left lateral position
during the scan.

Pulsed wave Doppler of blood flow in the left ventricular outflow
tract (LVOT) in the apical four-chamber view was acquired to
measure LVOT velocity time integral Conventional pulsed wave
Doppler of mitral and pulmonary flow was also acquired from the
apical four-chamber and the parasternal short-axis views, respectively.

For lateral and medial mitral annular velocities and tricuspid annular
IVRT, real-time pulsed tissue velocity profiles were acquired from the
mitral and tricuspid annulus. respectively.

Colour tissue Doppler images were acquired separately of the LV,
RV. and septum. The Nyquist limit was optimized to avoid aliasing,
and the depth of imaging and the sector angle were adjusted to
obtain high frame rates. All images were stored as 3-beat loops an
magneto-optical disks for post-processing.

Off-line analysis

Images were analysed using commercially available EchoPAC software
(GE Vingmed Ultrasound EchoPAC 700. Horten. Norway). Images
from all 16 studies were analysed independently by four observers
(SJ, jJMIiL, D.GW, and JKW.) for inter-observer variability. For
intra-observer variability, one observer (5).) re-analysed the same
images after 6 months. Observers were blinded to the clinical status
of the infants.

Thirteen parameters were measured from each study, hduding
4 blood Doppler parameters and 9 tissue Doppler parameters. All par-
ameters were measured in 3 beats and averaged, except if the signal
from an individual beat was too noisy to be analysed in which case

45

1-2 beau were measured. Each tissue Doppler parameter was
measured at the basal segments of the LV and RV, and the base of
the septum. The cursor was positioned within each segment, so that
it did not encroach upon the annulus during systole

The velocity time integral of LV outflow, the mitral E and A
velocities, and the pulmorary artery acceleration time were measured
conventionally from blood pool Doppler (figure 1A-C).

The mitral annular early diastolic velocity (Ve) was measured at
both the medial and the lateral mitral annulus (Figure 24). Tricuspid
annular IVRT was measured as the time interval between the end of
systolic motion and the beginning of early diastolic motion (Figure 28).

Myocardial systolic velocity (Vs), early diastolic velocity (Ve), and
diastolic velocity during atrial contraction (Va) were measured at the
basal segments. When myocardial Ve and Va were fused due to
rapid heart rate, a single diastolic velocity was recorded and noted
as Ve. Time to peak systolic velocity (TQ.v,) was measured as the
time interval between the start of the QRS complex and the peak
myocardial velocity during ejection (Figure 3, time interval 4). The
measurement for the myocardial IVA was made by dividing the peak
positive velocity during the IVC by time to this peak velocity from
the onset of the sigial at the zero crossing (Figure 3. slope 5).

Annular displacement (Os') was measured using tissue tracking at
the Lateral mitral annulus and at the lateral tncuspid annulus (Figure 44).

Figure I (A) Tracing of left ventricular outflow tract Doppler
to calculate velocity time integral (VT1). (8) Mitral inflow
Doppler showing early diastolic velocity (E) and diastolic velocity
during atrial contraction (A). (Q Pulmonary artery flow Doppler
showing pulmonary arterial acceleration time (PA AT).

Figure 2 (A) Lateral mitral annular real-time (pulsed) tissue
Doppler showing early diastolic velocity (Ve*). (8) Lateral tricus-
pid annular pulsed tissue Doppler showing measurement of
regonal relaxation time (IVRT; between the two vertical lines).
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Figure 3 Processed colour tissue Doppler image of RV
showing peak systolic velocity (point 1). early diastolic velocity
(point 2). diastolic velocity during atrial contraction (point 3).
QRS-Vs (time interval 4). and isovoiumic acceleration (slope 5).

Figure 4 (A) Processed colour tissue Doppler image of RV
showing tricuspid annular displacement at end systole. (8) Pro-
cessed colour tissue Doppler image of RV showing basal (lower
arrows) and apical (upper arrows) peak strain during systole. The
vertical lines represent the timings of pulmonary valve closire
Although labelled by the machine and on these images as AVO'
and 'AVC. the time intervals refer to pulmonowy valve opening
and pulmonary valve closure, obtained from the pulsed Doppler
trace of pulmonary arterial flow.
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Peak systolic strain (S) was measured within the basal and the apical
portions of the lateral wall of the LV and the lateral wall of the RV
(fgure 40). In the septum, peak systolic strain was measured only in
the mid-septal segment For computation, strain length of 10 mm
was used as recommended by Nestaas et d.1s To ensure measurement
of mammal negative strain during systole, event timing was superim-
posed from LVOT and RV outflow tract blood Doppler recordings
for the LV and RV. respectively.

Statistical methods

The sample size of 16 scans observed by four observers for the inter-
observer reproduobility gave 48 degrees of freedom [number of
studiesx (number of observers-1)]. and the power to demonstrate
dfferences with 95% confidence intervals estimated at 0.4 x
standard deviation (SD).

Mean and SD were calculated for each variable. Intra- and inter-
observer reproducibility is reported as coefficients of variation (CVs,
in %/ calculated using the formula: CV = (SD/arithmetic mean al
measurements) x 100, where SD is the standard deviation of residuals
(measurement 1 -measurement 2). As there were four observers,
there were six pairs of data for comparison (each derived from
repeated analysis of the 16 patients); the inter-observer reproducibiity
of each variable is therefore expressed as a pooled CV, which is the
mean value of the six comparisons

Systematic bias between repeated measurements was assessed using
Bland-Altman analysis.17 The results from these six paired compari-
sons were also averaged and are presented as the pooled mean differ-
ence for each variable (i.e each summary statistic is the average of the
mean difference between two observers repeated six times with differ-
ent pairs of observers).

Intra-observer variability is also presented as CV and Bland-Altman
dfference for the paired measurements for each variable.

Results
Feasibility

Most pulsed and tissue Doppler parameters could be measured in
>9096 of neonates. A single dastoiic velocity at the mitral valve
was noted in 596 (1 infant), and using tissue Doppler in 3196 (5
infants) at the LV. 2096 (3 infants) at the RV. and 1256 (2 infants)
at the septum. In these cases, a single diastolic velocity was
measured and noted as early dastoiic velocity (E or Ve'). The
fusion of early and late dastoiic velocities may be due to rapid
heart rates in infants.

Missing values for the myocardal velocity occurred because a
segment could not be imaged or because the traces were of the
poor quality. The feasibility for measuring LV apical strain was
only 7596.

Reproducibility

The average frame rate for the myocardal velocity loops was
227 £18 frames per second. The mean values for all parameters,
and the results of Bland-Altman analysis and CV for both intra-
and inter-observer variability, are summarized in Table 1

Indices for assessment of LV function
Mitral annular early diastolic velocity by pulsed tissue Doppler
(Ve') had reproducibility of 7-1396 (Intra-observer) and 996

(inter-observer).
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Table I The mean values for all parameters, and the results of Bland-Altman analysis and CV for both intra- and
inter-observer variability

Intra-observer Inter-observer
Mean = SD Bland-Altman CV%  Mean+ SD Bland-Altman, CVX, pooled
(1 observer) 95% Q1) (4 observers) mean (range) mean £ SD
VTI (cm) 116+ 24 0» (-050 to 1.1) 36 11.5+£2.2 0.19 (002 to 034) 6-0+ 1.9
E (m/s) 0.72+023 002 (-001 to 005) 25 073 £0.23 002 (001 to 004) 28 +04
A (m/s) 0.66 = 0.14 mi(— 007 to 009) 55 069 +0.15 003 (000 to 005) 45 +08
PA AT(ma) S8.7+ 13.8 -0.64 (-14.4t0 121) 119 623 +£ 5.3 S03 (042 to 834) 152+2.9
Displacement (mm)
LVDsl 39+1.7 -024 (-072 to 025) 62 41 £10 028 (012 to 032) 122+24
RVDT 75 £1.9 -019 (-21 to 1.7) 120 46+ 12 032 (003 to 049) 18.2+ 4.6
Septum 04 47+1.2 -015 (-058 to 028) SO 48 +1.4 004 (002 to 009) 11.8 +6-8
Annular velocity (cm/s)
LV Ve/ 8.0+3.0 00 (-20 to 20) 120 00+20 03 (00 to 05) 94442
Septum Ve' 7.0+25 02(-10to 10) 6.9 7.0+ 30 03 (02 to 0.4) 92+3.9
Myocardial velocity (cm/s)
v
Vi(W) 24+ 09 -004 (-005 to 0.44) 98 14£15 0.18 (002 to 036) 143 + 1.8
Ve(U) 4.9+ 24 -017 (-13 to 093) 11.1 45 +£20 0.12 (004 to 022) 135+ 19
Va (bl) 29 £1.0 -015(-073 to 0.44) 9.9 10+1.1 024 (006 to 043) 203 £47
RV
Vs(bl) 44+1.1 018 (-13 to 1.7) 177 46+ 12 032 (0.03to 050) 183 = 45
Ve(bl) 6.2+ 27 048 (-13 to 23) 150 63+ 29 0.46 (001 to 075) 233 +84
Va (bl) 58+ 13 034 (-1.7 to 24) 185 59+12 0.48 (007 to 085) 241 £ 7.8
Septum
V* (bs) 29+ 09 001 (-055 to 057) 9.9 11+ L1 035 (014 to 063) 21.7+ 57
Ve(bs) 4.7+23 015 (-054 to 085) 77 47 21 0.14 (002 to 027) 9.3+ 08
Va (bs) 3.7+1.1 021 (-036 to 0.78) 82 19 £1.4 0.45 (010 to 084) 227+ 173
Timing (ms)
RV relaxation time (IVRT) 501 +87 -4.1 (-206 to 123) 16.1 347 + 153 185 (102 to 335) 270 = 88
To-w
Lv 95.0+25.2 -089 (-25.7 to 239) 133 980 £298 116 (1.8 to 26.6) 348 + 183
RV 1045 + 31.9 088 (-21.6to 213) 110 1041 + 31.1 5.6 (09 to 108) 11.1 £42
Septum 106.8 + 321 -47 (-24.8to 15.3) 9.4 1126 £37.2 18 (08 to 8.7) 222 +£ 123
Isovolumic acceleration (m/sl)
LV 0.80 + 0.41 025 (-004 to 1.1) 625 064 + 033 0.10 (002 to 020)  46.7+ 7.6
RV 1.16£039 016 (-078 to 1.1) 430 1.0+ 0.44 020 (003 to 035) 450 + 16
Septum 0.96 + 0.40 007 (-045 to 059) 293 090 =057 0.18(000 to 028) 603 £ 133
Strain (X)
v
Ss(bl) S122 +4.2 15(-21 to 51) 140 S1114 55 32(1.02t0 550) 430 = 139
Sa(al) -125 +5.4 023 (-41 to 4.6) 17.1 -117 £84 1.3 (083 to 1.82) 36.9 = 157
RV
S*(«) -23.9 £42 -048 (-9.3 to 83) 190 -21.6+7.5 26(031 to 4.60) 371 £115
Ss(al) -17.4 £6.2 40 (-52 to 133) 239 -22.0+7.8 24 (0.29 to 5.03) 253+ 19
Septum
S. (ms) S177 +4.1 043 (-10 to 18) 9.9 -19.5+9.4 42 (121 t0 870) 521 + 264

SO. standard devauon;CI. confidence interval; CV.coafficam o fwrletion; VIL left ventricular outflow tract velocity time kitegrat PAAT. pulmonary arterial acceleration tana: LV.
M ventrfcie; RV. ngtu venlncle; Va . annular early diastole velocity: Vv myocardal systole velocity. Ve. myocardal early dastoiic velocity; Va myocardial baslofce velocity during
anal contraction; fVRT, tricuspidanmiarieo volume: retaxation tvne; QftSto Vstime interval; Sa. systolic attain; bl. basal segmentoflateralwalial apicd segment of hateral wal;
bs. basal segment o fseptd wait ms. mid-sepal segment
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Intra- and inter-observer variability for LV myocardal systolic
and diastolic velocities as well as annular displacements, obtained
by processing stored digital loops, were between 10 and 15%
except for the diastolic velocity (Va) (20% inter-observer). More
advanced parameters such as QRS to Vs time interval (TQ.w)
and LV strain had intra-observer CVs of <15%. but inter-observer
reproducibility for these parameters was sub-optimal at CVs
>35%. LV IVA was not reproducible (CVs 30-60%).

In comparison, blood Doppler parameters such as LV velocity
time integral and mitral inflow Doppler had CVs of 3-6% for
both intra- and inter-observer variability.

Indices for assessment of RV function

Intra-observer CVs for the RV indkes were generally higher com-
pared with the corresponding LV indices. Intra- and inter-observer
CVs for the RV myocardial systolic and diastolic velocities, annular
displacement, and (TQ.vJ. vrere between 15-19% and 18-24%.
respectively. IVA was poorly reproducible in the RV also, with
CV >40%

Indices for assessment of pulmonary arterial pressure

Pulmonary arterial acceleration time, which has been tradtionally
used to estimate pulmonary arterial pressure, had CV of 12-
15% Tissue Doppler parameters that are relatively new methods
of indirect estimation of pulmonary arterial pressure were less
reproducible. CV IVRT was 16%
(intra-observer) and 25% (inter-observer), and that for RV basal
strain was 19% (intra-observer) and 25-37% (inter-observer).

for tricuspid annular

Comparison between term and preterm infonts
Atthe time of study, preterm infants had lower body weight and
slower heart rate (Table 2).

Intra-observer reproducibility was marginally better in the term
infants compared with the preterm infonts—for the pulmonary
arterial acceleration time (CV 9% compared with 14%) and for
RV myocardial velocities (Vs 15% compared with 19% Ve 14%
compared with 18% and Va 14% compared with 20%). The CV
for mid-septal strain was also slightly better in the term infants
(7% compared with 13%). On the other hand, intra-observer varia-
bility for the tricuspid annular relaxation time had better CV in the
preterm infonts (7%) compared with the term infonts (22%). None
of these dfferences is statistically significant (P> 0.05). Analysis of
reproducibility by body weight rather than gestational age also did
not demonstrate any worse reproducibility in the smallest infants.

Discussion

Although numerous studies on the use of tissue Doppler have
been published in the last decade, there have been surprisingly
few detailed studies on the reproducibility of the analysis of myo-
cardial velocity and strain indices especially in children. Our study is
the largest and most detailed report of the intra- and inter-
observer tissue

reproducibility of real-time and processed

Doppler parameters in infants.
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Feasibility of tissue Doppler in infants

Due to RV dominance in newborn Infants, the acquisition of Images
from the LV, without missing the apex and while retaining a narrow
sector of the image and thus a high frame rate, was a challenge.
This accounts for the fact that LV apical strain had the most
missing values (37%). The other tissue Doppler parameters
measured in this study were not similarly affected as they were
all measured ecither at the annulus or in the basal segments.

Reproducibility of off-line analysis of
tissue Doppler measurements

As anticipated, pulsed Doppler recordngs of blood flow were
more reproducible than myocardal velocities. The reproducibility
for measuring the acceleration time of pulmonary arterial flow in
this study was better than previously published data in infants by
Subhedar and Shawl8 (intra-observer CV 12 vs. 25%). This may
be because we studed both term and preterm infants, whereas
the previous study was restricted to preterm infants with respirat-
ory distress syndrome.

The lateral mitral annular early diastolic velocity in this study had
inter-observer variability of 9% which is comparable to that
reported in an adult study (CV 9-17%).19 Although there is evi-
dence that the relaxation time 'IVRT of the tricuspid annulus is
a useful parameter for excluding pulmonary hypertension in
adults.10 the
infants was sub-optimal (CV 27%). compared with 12-13% in
adults.11-50 Intra-observer variability was better at CV 16%

inter-observer reproducibility for this index in

W hen Pautiks et d. addressed myocardial velocities in children
undergoing dosure of an atrial septal defect2l the CVs for systolic
(Vs) and diastolic (Ve) velocities were < 10% for both intra- and
inter-observer variability, while CVs for diastolic velodty (Va)
were higher (21.5% intra- and 15% inter-observer). In infants, we
found that the reproducibility of measuring myocardial velocity
was more variable in the RV (15-18% intra- and 18-24% inter-
observer variability) than in the septum and the lateral wall of
the LV (CV < 15%). In adults with LV dyssynchrony, variability
for measuring myocardial systolic velocities (Vs) has been as
much as 18-56% “

There are limited data on the reproducibility of deformation
at23

measured radial and longitudinal strain and stain rate in 33

indices or IVA in infants and children. Weidemann et
healthy children aged 4-16 years. They reported intra-observer
variability of 11% and inter-observer variability of 15% these
data are pooled CVs for LV. RV. and septal strain. In our study,
when measuring longitudinal peak systolic strain, variation
between lowest and highest CVs varied in the LV (14-17%) and
RV (19-23%). Pena et at14 have recently reported a reproducibil-
ity of longitudinal peak systolic strain in infants of only 12% but
this is misleadng as the figure given is a Bland-Altman difference
presented as percentage, and not the CV between observers.
One of the major difficulties faced when measuring myocardial
strain In Infants is the smal size ofthe heart. We used a computation
length of 10 mm, as previously recommended 15 Using smaller dis-
tances increased noise and reduced reproducibility. The strain

length of 10 mm was therefore necessary, but in small hearts means



Reproducibility of myocardial velocity and deformation imaging

Table 2 Comparison of term and preterm subjects

Number Meat (SD)

Gestational ~ Weight Heart
age at birth  (kg) rate
(weekx) (bprn)
Term nfants 8 3*%4 + 1.6 19+075 153 +26
Preterm 8 3061 24 20+082 14010
infants
Significance <03X31 <0001 0714
(P-vakie)

SO. stanched devttton

Ibat it becomes difficult to position the sample volume accurately to
avoid influences from surroundfog structures such as the atrium.

IVA has been validated as a useful load-independent index for
assessing myocardial contractility in animal models.2225 It has
also been used to assess myocardal contractility in chffcfren after
surgical closure of atrial septal defect where the variability
reported by Pauliks et of11 (intra-observer 10.8% and inter-
observer 11.5%) is considerably better than was found in infants
in our study (CV > 35%). One reason lor the sub-optimal repro-
ducibility of IVA may be that this index could not always be
measured as an average of 3 beats.

Limitations

In this study, two investigators acquired all the images. Three differ-
ent GE Vivid seven machines were used. The intra- and inter-
observer variability of analysis that we have presented does not
take into account possible inter-operator and inter-machine differ-
ences during acquisition.

Secondly, despite having experience in echocardiography, the
four observers who analysed the images independently had differ-
ent levels of experience in tissue Doppler. A common protocol
was developed jointly between all observers before the start of
the study. In our study, the Intra-observer variability may represent
the best possible reproducibility of myocardial velocity and defor-
mation in a research environment Inter-observer variability for
both acquisition and measurement in a wider dinical context

may be much 0 -cater.

Conclusion

We have demonstrated that myocardial velocity imaging and its
off-line analysis is feasible in newborn infants. Intra-observer repro-
ducibility for myocardial velocities, displacement and strain as
demonstrated in this study are adequate and these parameters
can be used in clinical research However, inter-observer reprodu-
cibility for more advanced indices such as LV and RV longitudinal
strain is sub-optimal suggesting that these measurements should
be used cautiously for clinical ct*nosis. Reproducibility for myo-
cardial acceleration, a marker of contractile function, is currently

unsatisfactory in infants.
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Thus, myocardial velocity imaging fa a promising non-Invasive
diagnostic tool that may be used in term and preterm infants,
but further technical advances are still vital to make this a useful
clinical diagnostic tool

Conflict of inter*it: none declared.

Funding

This study was supported by a Small Grant' from the Cardiff and Vale
NHS Trust.

References
1. Mon K. Nafcagarva R. NB M. Edagawa T. Takehera Y. Inouc M et at Pulsed W M
Daopter tatue echocardography intw rw t oftha longu i functon oftha rght
and lit vtntndtf during the arty neonatal perod. Neon 2001,-90 US 0C
Mori K Hayabuchi Y. Kuroth Y. N* M. f-hnab* T. Lift vertncUar wall motion
vatoCUM n heathy cMdtan measured by exited wove Dopplar tissue echocar-
diography- Normal values and rektion to ap and heart rate./ Am Sec Echocnrdogr
200(211:1002-11
Kapusta L Theten JM. Cuypers MHM. Pear PGM. Danes O As
myocardal valocfoai n healthy children rang tesue Doppler magng lltrosocrvd
Med Biof 200034 229 37
Hslop AA. Haworth SG Pulmonary vascular damage and the development of cor
pulmonale followinghyafne menforane daces* Prckotnc Pufoiorof 1990,4 152-41.
. Evans NJ. Archer LN Doppfer assessment of pUmonary artery praasise and
extrapulmonary sfxjntnj n the acute phase of hyalne membrane disease M i
De Odd 1991,444-11
Evans N | Archer LN1 Doppier assessment of pUmonary artery pressure diring
recovery from hyaline membrane deease Arch On Ovld 199144402-4.
. Dabestam A Mahan G. Gardin JM Evaluation of ptimanary artery pressure and
ra*starve by puked Doppler achocardiofraphy. AmJ Grrdol 1987.59442-8
. Skjaerpe T. Hade L Noninvasive estination of systolic pressure in the right
ventrcle n patents with tricuspid regitftation. #ir Herat J 1984.7704-10
. Motvam PM Sontag MK. Younoszai A Ivy DO. Abmat SH Qincal unity of
echocardiogaphy for the diagsoss and rmnagamem of pulmorery vascular
disease n young chldran w th chronic Itrig deease Pedtarxs 2008:121:317-25
. Brechot N Gembotti L Lefiua S. Roudaut R. Usefulness of right ventncukr
isovolumc relaxaton time in predicting systolic pulmonary artery pressure Etv
/ Ethocardngr 2008:9547-54
Lindqvnt P. Waldenstrom A W Astrom G. Kazzam E. Rght verericUar myocardial
isovolume rataxaton tame and puknormry pressure Gm fhysaf Fund Imogng
2004241-8
12. Rapgopalan N. Simon MA Shdi K Mathier MA Lopez-Candaias A Unity of rght
ventricular ussue Doppler imaging: correleon with right heart catheterration
Echocordogaphy 2008:25:704-11
13. Lopea-Candsles A Rat“opalan N. Dohi K. Edelman K. Guiyasy B. Normal range
of mechanical variables n pulmonary hypertension A tssue Doppler magng
study Echocadiogrephy 2008:25444-72
14. Pam JL da Sbra MG, Fare SC Salem VM. Mady C Baltsbaeva A et of Qumtfi-
cetion of regional let and right ventricular deformation indices in healthy neo-

[

Ll

ent of

Eal

o

»

=

=3

©

I

nates by teing strain rate and strain magng. J Am Soc Ethocardggr 200922:
349-75.

15 Nestaat E Stoytan A Sandvfc L. Bamvand L. Fugeiseth D. feasibility and ralkMky
of stram and stram nta measurement n neonates by opuneng the amiyse par-
ameters settings. Ukrosound Med Biol 200731:270-8.

14 Fraser AG. Payne N. Madler CP. Janerot-Sjoberg B. Und B-Grocott-Mason RM et
at FeMMity and rapnoducbiity of off-line tissue Doppler measurement of
ragoml myocardal functon during dobutamme stress echocardiogr*hy. EivJ
Echocordog 2002443-53

17. Bknd JM. Altimn DG Statistical mwhods far assessng ageement between two
methods of clnreal measurement Lancet 1986,1 307—10.

18 Subhedar NV. Shaw h f I t er variation et Doppler utrasouid a ment
of pulmonary artery pressure Arch Css Odd Fetol Neonatal Ed 19947 Sf59  F4l

19. Vtnaraanu D. Khokhar A Fraser AG. RaproducfoiBy of pulaad wave tissue
Doppler echocardiography.; Am Soc Ert 1999.12492-9

20 Dambraiskate V. Dalcrobt H Oaus P. HarbatsL. PaJecakT. DHooge Jetal. The

evaluation of pubnonary typertensron using right verericUar myocardal eovolu-
mic relaiettion time/ Am Soc Echoctsdiogr 2005.18:1113-20.

. Paulks LB, Chan ICC Clang D. Kirby SK. Logan L DeGroff CG ft d. Regonal

myocardal vefacibas and isovolumc contraction accekntron before and dter

o



50

2!

o

22

device d a n of etnd septal defects mcolor ticere Doppler study Am Heat J
2005.1 $0394-301.

Mendysova E. PPae T. Tihorsky M. Nederte P. ReproducWty of tissue Doppler
parameters of acynchrany n patents with advanced LV dysfunction Etr] Edecor-
drop 2008*509-15.

Wedemam F. Eyskens B Jemal F. Martens L Kowaklii M. D'Hooge J et dt
Quantfication ofragerml M and nfht ventricular redial and loggtudeial functon
in heathy chiaan uanf ultrasound-based strain ree and itran magng j Am See
Echocaiedogr20021$20-8

271

2:

25.

>

G

S. Joshi et al

Vogel M. Schmidt MR. Knttiansan SB. Cheung M. W hte PA. Sorensen K et dL
Vaidaton of myocardial accelardon dumg eovafumc contraction as a novel
nonmrasMe ndea of nglt ventncuhr contractility: comparison with vantnciiar
prassure-vctime  relations in  an aumat 2002.105
1693-9.

Vagal M. Chaung MM, Li|, Kriatansan SB, Schmidt MR. W hte PA et at Nonirwa-
w t assessment of loll ventrculsr force-frequency retationshps rang tesue

model.  Cuailauon

Dopplar-denved isovofime accelanton valdahon n an animal model. Qeufooon
2003;107:1647-52.



Appendix I: Posters presented to international meetings

272



ARDIFF Preterm infants have subclinically reduced myocardial function NHS
UNIVERSITY
PRIFYSCOL H GIG
CAERDY § compared with healthy term controls
Suchita Joshil Julie M Edwardsl Dirk G Wilson2, Orhari Uzun2, Mark Drayton2. Alan G Fraserl Sailesh Kotechal
'Cardiff University, Cardiff UK . 2University Hospital of Wales. Cardiff, UK
Background:
o There is a need for a reliable, non-invasive diagnostic tool to p001 ix0.0i
assess myocardial dysfunction and pulmonary arterial hypertension
in preterm infants with Respiratory Distress Syndrome (RDS)
o Tissue Doppler (TD) imaging has been established as a useful
imaging modality in adults for assessment of myocardial function and to
estimate pulmonary artery pressure by surrogate markers
Aim:
o To assess if TD imaging can be used to quantify regional myocardial
function in infants VWth RDS
Methods: p-NS

o All Preterm (PT) of <34 weeks gestation and Term infants had 2D,
blood pool Doppler and tissue Doppler echocardiograms within 72 hours of
birth

o Images were acquired with GE vivid 7, with 7MHz probe

o TD images were post processed using GE Echopac software, to
analyse systolic velocity (Vsbl), early diastolic velocity (Vebl), atrial
contraction velocity (Vabl), systolic strain at base (Ssbl) and apex
(Ssal) ofthe lateral walls of the right (RV) and left (LV) ventricles

0 Mann-Whitney U Test was used to compare differences between
groups for each variable

Group N (Sex) Gestation (wks, SD) Weight (Kg, SD) [
Term(1) 23 (F=12) 39.6(1.2) 3.4(03) 11
PT Control (2) 9(F=6) 32(12) 1.8 (0.6)

PT RDS (3) 14 (F=6) 28 (3.2) 1.3 (0.5) pe001

Conclusion:

o In this pilot study, premature infants with RDS had reduced RV systolic and diastolic velocities, as well as reduced longitudinal strain, compared with healthy term
controls. The differences in LV longitudinal function was limited to LV sytolic velocity

o Tissue Doppler echocardiography is feasible in the newborn and may be useful to study subclinical relationships between persistent pulmonary hypertension and RV
function in preterm infants with RDS

sjojuod  we Ayyesy ym pasedwod

wuseld |

Ajlesiulo-gns aAey  sjuejul

uolouny |eipJesoAw  paonpal



LT

Cardiovascular Response to Acute Hypoxia

CARDIFF

; in 8-12 Year Old Children with Chronic Lung Disease of Prematurity

Suchita Joshi'. Julie M Edwards2, Dirk G Wilson\Mark Drayton4. Alan G Fraser2, Sailesh Kotecha'

1Department ofChild Health. - Department of Cardiology. School of Medicine, Cardiff University. 1.'K .

Background:
0 Preterm diildenwho diedf drmic hrg dissase of peshrity (CID) have
been shown tohave anomal. thidening ofpulmonary adteridles.

0O Ekis unknown whether these patiological changes at an eady age
antrihite todiminished ridtventriailar (R) fincbo and increased riskof

pulmrery aderial hypertarsion lder in i, especially in response to

Aim:
O To assess evidaxe of RV dsfinctdo ard

pulmrary hypertension in
response to aqute hypoxia, indhilden who had CID carpared tohealtty
‘term and preterm anbls by using Dggpler echocardiogratyy .

Methods:

4
Talationofpramixed 15% cygen for20minutes followed by repeat
echocandtiograhy (hile irtaling 15% axyogen)

4
Trhalation ofpramixed 12% axygen fr20 minutes fol lowed by repeat
edocardiogrady (hileirtaling 12% agygen)
>Rilssakinetrywas mﬁnnﬂyza:nrhddmxgﬁ-epmcadm
/“Triaspid mgpitationmaximum welocity (IR) , Pulimorary aderial
axeEleration time (PAAT) and Triaspidamular isswhmicrelaation time
(IVRT) weremeasured usingGE EchoPac systam

IDepartment of Paediatric Cardiology. JDepartment of Neonatology. I Iniversity Hospital of Wales. I'K

Results: P<001 InRgroups 21% Sa02 (%) 21% 15% 12%
D 1 irndhi CLD 99.2 94.9 91.8
thatvaried with Preterm Control 98.7 95.7 92.9
Iwa Term Control 98.9 95.6 92.4
TR (mm Hg) 21% 15% 12%

CLD 16.1 16.9 20.2

Preterm Control 17.0 19.1 20.0

Term control 12.7 13.0 18.2

PA AT (ms) 21% 15% 12%

CLD 128.4 119.0 106.0

Preterm Control 128.9 122.4 118.0

Term Control 122.0 116.4 106.7

P05 In*mgroup* Q1% v IVRT (ms) 21% 15% 12%

I e CLD 73.8 98.7 98.0

¢ Preterm Control 82.8 93.3 108.3

Term Control 78.5 86.7 107.5

Conclusion:

No GC(S‘:/E::SI;)H (/?,rg:) Wae(lgg)ht
Preterm CID 20 28 10.2 21
Pretermaxbol 20 30 104 338.6
Term bl 16 39 101 31.5

0O The maximum velocity of triaspid rgmgitation (IR) was significantly higher in pramatirely
bom children <.05), irdicating that they may have higher baseline RV systalic pressure
campared to diildrenwho are bam at term.

0 Oxygen sahration and Doppler parareters indhildrenwith CLD altered ina similarmanner
1o thet in the antmol groges in response to acute hypaxia in this shdy with sabistically
irsignificant differences between gragps, suggesting that these children may not be at
increased risk of develping pulmonary hypertension with acute hypakia.
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Can echocardiography be used to measure right ventricular dysfunction

CARDIFF
UNIVERSITY

PRirvscoi

CA'RDW

Suchita Joshil Julie M Edwards2. Dirk G Wilson’,

and pulmonary hypertension in newborn infants?

Joon k Wong’. Alan G Fraser2. Sailesh Kotecha'

IDepartineni o f Child Health.: Department o f Cardiology. College of Medicine. Cardiff University, UK . Separtment of Paediatric Cardiology. University Hospital of Wales. UK

Background and Aims:

O D@mhal\e‘lmiymag:rg:salmﬁﬂ.mrmveda;muct:dﬁr
inadits. We have shown

assessing
thet this maybe a LBEEJI diagostic tod in preterm infnts with
reirattyy distress syndrame (Joshi et al ERJ 2008 Suppl. 52: 812s).
However, mpodoihility and thus dinical uility of of-dire aalysis of
ial velocity imeging innesborns has rot yet been established.

0 Our aim is to estahlish inbra and inter-deserver rpod cihility for off-
lirearalysis of RV myocardial velocities and strain innewborn infrts.

Methods:

0 3beat myocandial velodhy loges were acquired fran nesborn infants
and were fallowed up at 1 month. Tmages fram 8 term and 8 preterm
infents were randamly selected and analysed by 4 doservers fox nfee-
cbserver warishility using comercially availshle GE EchoPac systam.
1 coserver re-aralysed the imeges for intra-dossrvervaridiility.

U Regaodrihility is presented as coeffidets of vadation (OV) %. R
inter-deserver \aridiility, CV is presented as Roaled CV fix the 4
ogervers.

Conclusion:

Results:

RV indices

PA acceleration time in ms (Fig. la)
RV relaxation time in ms (Fig.lb)

RV s velocity in cm/s (Fig.2 point 1)

RV e velocity incm/s (Fig.2 point 2)
RV a velocity in cm/s (Fig.2 point 3)
QRS-Vs time in ms (Fig.2 point 4)

Isovolumic Acceleration in m/s2
(Fig.2 slope 5, Fig. 3)

Displacement in mm (Fig. 4)
Basal strain % (Fig.5 yellow)

Apical strain % (Fig.5 blue)

Mean (SD)

58.7(13.8)
50.1 (8.7)
4.4(1.1)

6.2(27)
5.8(1.3)

104.5(31.9)

1.2(0.4)

75(1.9)
23.9 (4.2)

1174 (6.2)

Intra-observer
(CV %)

11.9

16.1

17.7

15.0

18.5

13.3

43.6

12.8

19.0

239

Inter-observer
(Pooled CV %)

152
27.0
183
233
24.1

34.6
45.0

182
371

253

0 Intra-doserver reprodchi lity fr ridhtventriqilarmyocardial velocities and displacament are adequate and these parameters can be used indinicil ressarch.
0 Inter-doserver reprod i lity for isse Dogpler myocardial velocity indices are sb-gptimel suggesting thet that these measures shauld be used catiasly frdinical
diagesis. Reprodichility frmyocandial axeleration, marker of antractile finctHon and defamity indices were wsatisfactory.
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