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Summary 

 

Preterm birth (<37 weeks completed weeks of gestation) affects 9 - 12% of all live births; with 

the majority being moderately preterm birth (32 - 36 weeks gestation). It is the leading cause 

of neonatal mortality and morbidity and males have been reported to be at greater risk than 

females. In this thesis, I have examined the effect of moderate preterm birth, using an ovine 

model, on the structure of the heart and cardiomyocyte growth, and on the structure and 

composition of the large conduit arteries (thoracic aorta and left carotid artery).  

Pregnant ewes were induced to deliver vaginally using epostane (50 mg in 2 ml ethanol) at 0.9 

of term (132 ± 1 days of gestation) or at term (147 ± 1 days of gestation). Clinically relevant 

doses of Betamethasone (11.4 mg) were also administered 24 hours and 48 hours before birth 

to ewes delivering preterm. Offspring were euthanised 2 days after birth or at 14.5 months of 

age.  

During the study period, preterm sheep were significantly lighter and smaller compared to 

term controls, with survival rates 75% for both preterm male and preterm female lambs after 

the first 2 weeks of life. At 12 months of age, body composition was not different between 

preterm and term sheep. By 14 months of age, preterm female sheep had caught up in body 

weight to terms; however preterm males were still lighter than term males. At this time, no 

detectable differences in arterial pressure and heart rate were observed between preterm 

and term sheep.  

In the immediate period after birth, preterm hearts were lighter and smaller compared to 

terms; however, relative to body weight, only right ventricular (RV) chamber volume 

remained smaller and left ventricle (LV) and RV walls were thicker. Total number of 

cardiomyocytes within the LV plus septum (LV+S) was not significantly different between 

preterm and term lambs; however relative to body weight, preterm lambs exhibited 

significantly more cardiomyocytes. Preterm lambs also had a significantly higher proportion of 

mononucleated cardiomyocytes in the LV+S but significantly lower proportion of binucleated 

cardiomyocytes compared to term lambs; indicative of an immature heart. In adulthood, 

preterm sheep had smaller RV and LV wall volumes, but when adjusted to body weight, there 

were no longer any differences. Interestingly, there was sexual dimorphism in the long-term 

effects on the LV+S; preterm male sheep exhibited significantly reduced wall volume, wall 
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thickness and cardiomyocyte number compared to term male sheep, whereas no differences 

were observed between preterm and term females. 

In the immediate period after birth, there was no evidence of arterial injury in the thoracic 

aorta or left carotid artery. At this time, preterm lambs had narrower lumen areas in both 

blood vessels and thinner walls were observed in the left carotid artery. When adjusted for 

body weight, lumen area and wall thickness actually increased in the aorta of preterm lambs 

compared to term controls. Collagen deposition within the aortic wall was significantly 

reduced in preterm male lambs compared to terms. In adulthood, the number of elastin layers 

and elastin content was significantly reduced, whereas smooth muscle content increased in 

the left carotid artery of preterm sheep compared to term sheep. Interestingly, there was 

sexual dimorphism observed in the effects of preterm birth on aortic structure, such that 

preterm male sheep exhibited significant reductions in lumen size, medial area, intima-media 

thickness and layers of elastin compared to term male sheep, however no differences were 

observed in females. 

In my studies, moderate preterm birth after antenatal corticosteroid exposure has resulted in 

significant alterations in cardiovascular structure, predominantly in males. Even though, these 

differences are likely attributed to the smaller body size of the preterm male sheep, the 

reduced complement of cardiomyocytes in the LV+S and thinner walls with fewer layers of 

elastin in the aorta are likely to render the adult preterm male cardiovascular system 

particularly vulnerable to secondary postnatal insults and increase the risk of adverse 

cardiovascular consequences in later life. 

In conclusion, this thesis provides valuable insight into the effects of moderate preterm birth 

on the cardiovascular system in the immediate period after birth and in early adulthood. 

Overall, this study is clinically important given the large proportion of individuals born 

moderately preterm. The findings highlight the cardiovascular vulnerability of those born 

moderately preterm, particularly in males, and these adverse effects are expected to be 

greater with increasing severity of prematurity. 
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1.1 Introduction 

 
Preterm birth (birth before 37 completed weeks of gestation) is one of the leading causes of 

perinatal mortality and morbidity. It occurs in 9 - 12% of all live births worldwide; with the 

majority categorised as moderate preterm birth (32 - <37 weeks gestation). Infants born 

preterm are more likely to be at risk of infections, neuro-developmental problems, respiratory 

complications and chronic health issues; with males reported to be at greater risk than 

females (termed ‘male disadvantage’). Recent epidemiological studies have reported a link 

between being born premature and development of hypertension in adulthood. This is 

concerning as hypertension is a major risk factor for cardiovascular disease and is likely to lead 

to lifelong adverse consequences to cardiovascular health in individuals who were born 

preterm. It is therefore essential to determine the underlying cause of hypertension in 

subjects born preterm. In order to do this, it is important to gain an understanding of how 

preterm birth affects the structure of the heart and blood vessels in the early neonatal period 

and also in the long-term (adulthood).  

 

1.2 Preterm birth 

 

1.2.1 Definitions 

 
In human pregnancies, preterm birth is defined as delivery of an infant before 37 completed 

weeks of gestation; term is birth between ≥37 - 42 weeks gestation (Martin et al., 2005). 

Preterm birth can be further subdivided according to gestational age at birth and severity: 

extremely preterm (birth before 28 weeks of gestation), very preterm (birth before 32 weeks 

of gestation) and moderate preterm (birth between 32 to <37 weeks of gestation) (Figure 1.1) 

(Tucker and McGuire, 2004, Goldenberg et al., 2008). Birth before 22 weeks of gestation often 

results in fetal loss. Of all preterm births, the majority (approximately 80 - 90%) are born 

moderate preterm (Raju, 2006, Cheong and Doyle, 2012, Shapiro-Mendoza and Lackritz, 

2012), with numbers decreasing as gestational age becomes lower; for instance, only 5% of 

preterm births are extremely preterm (Goldenberg et al., 2008).  
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Figure 1.1. Subcategories of preterm birth (modified from Tucker and McGuire (2004)). 

 

1.2.2 Incidence 

 
Preterm birth occurs in 9 - 12% of all live births (Tracy et al., 2007, Beck et al., 2010, Heron et 

al., 2010) and contributes to more than two-thirds of all perinatal deaths (Lumley, 2003). The 

World Health Organisation (2014b) has reported that every year, 15 million babies are 

estimated to be born preterm and this number is increasing. In general, industrialised 

countries have shown a steady increase in the incidence of all births classified as preterm. 

Recent reports suggest that this is mainly due to the significant increase in preterm births 

between 34 - 36 weeks of gestation (Martin et al., 2009).  

Over the span of a decade in Australia, it was reported by Tracy et al. (2007) that the overall 

proportion of babies born preterm, at greater than or equal to 22 weeks of gestation, had 

risen by 12.1%, from 5.9% in 1994 to 6.6% in 2003. Similarly, a 10-year study in Denmark, 

showed a marked increase in preterm births with the overall proportion of preterm deliveries 

being 22% higher in 2004 than 1995 (Langhoff-Roos et al., 2006); when subdivided further into 

extremely preterm, very preterm and moderately preterm, the increases in incidence were 

41%, 22% and 22%, respectively. Additionally, the United States Centers for Disease Control 

and Prevention reported that the preterm birth rate in 2006 in the United States had risen to 

12.8%, rising more than 20% since 1990 (10.6%) (Hamilton et al., 2007a) and 36% since the 

early 1980s (Martin et al., 2009). Overall, from 1990 to 2010, the absolute numbers of 

preterm births for 65 countries in Europe, the Americas and Australasia has increased from 2 

million to approximately 2.2 million, despite the reduction of live births (Blencowe et al., 

2012, Blencowe et al., 2013). 

The incidence of preterm births can differ considerably between certain racial/social groups 

(Beck et al., 2010); for example, there is a high prevalence in subpopulations such as African 

Americans (Savitz et al., 1991, Zhang and Savitz, 1992, Collins et al., 2007), Canadian 
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Aboriginals (Heaman et al., 2005, Auger et al., 2012) and Australian Aboriginals (Westenberg 

et al., 2002, Leeds et al., 2007, Smylie et al., 2010), in contrast to other ethnic groups residing 

in the same countries. In 2003 in the US, the rate for preterm birth in African American 

women was 17.8%, whereas in Asian and Pacific Islander women, and Caucasian women, it 

was 10.5% and 11.5%, respectively (Menon, 2008). Hispanic Americans have a similar 

prevalence of premature birth as Caucasians at about 12% (Hamilton et al., 2007a, Heron et 

al., 2010). In Canada, a three-year study observed that 7.7% of all live births were preterm in 

Aboriginal women compared to 6.4% in non-Aboriginal women (Heaman et al., 2005). Of 

concern, in Australia between the years 2001 to 2004, preterm babies born to Indigenous 

women represented 14.6% of all live births, which was almost double the incidence of 

preterm births of  non-Indigenous women (7.7 %) (Leeds et al., 2007). 

Worldwide, preterm births occur at a higher frequency in teenage pregnancies. Table 1.1 

shows the percentages of preterm birth in the US between 1990 and 1996 in teenage mothers 

(aged 13 to 20 years) compared to mothers at 25 years of age. It is apparent that the 

incidence of preterm birth declines with increasing childbearing age and also racial disparities 

are evident; additionally, those women that deliver moderately preterm make up the majority 

of all preterm births, regardless of age and race. In a more recent study in the US, there was a 

further 5% increase in teenage birth rates from 2005 to 2007, with the majority of the 

increase occurring between 2005 and 2006 (Heron et al., 2010). A study in South Australia 

from 1995 to 1999, found that 17.5% of Australian Aboriginal teenagers gave birth to preterm 

babies, while non-Aboriginal teenagers and Aboriginal women over the age of 20 had lower 

rates: 9.3% and 16.3%, respectively (Westenberg et al., 2002).  
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Race/Ethnicity and 

Birth Status 

Age groups 

13 and 14 15 to 17 18 and 19 20 25 

White non-Hispanic 

Preterm 

Moderate preterm 

 

19.6 

13.4 

 

12.5 

9.9 

 

9.7 

8.1 

 

8.2 

6.9 

 

5.6 

0.7 

Black non-Hispanic 

Preterm 

Moderate preterm 

 

26.8 

18.4 

 

20.4 

8.4 

 

16.7 

13.3 

 

14.9 

12.0 

 

12.1 

9.5 

Hispanic 

Preterm 

Moderate preterm 

 

16.6 

12.3 

 

13.4 

11.3 

 

10.4 

9.0 

 

8.9 

7.8 

 

6.5 

5.7 

 

Table 1.1. Percentages of preterm births (before 37 completed weeks of gestation) in 

multiparous mothers (given birth two or more times) in the US between 1990 and 1996 

(adapted from Akinbami et al. (2000)). In this study, preterm indicates all births less than 37 

weeks of gestation whilst moderate preterm was defined as birth between 33-36 weeks of 

gestation. 

 
Overall, it is of concern that the incidence of preterm birth continues to rise despite increases 

in medical knowledge and advancement in the understanding of the risk factors associated 

with preterm birth. Investigations into this alarming trend clearly demonstrate strong links 

between preterm birth and certain sub-populations (described previously), with many studies 

now focussing on the aetiology of preterm birth.   

 

1.3 Factors associated with preterm birth 

 
In order to address the increasing rates of preterm births, it is imperative to develop an 

understanding of the underlying mechanisms leading to premature delivery. In the many 

women who spontaneously deliver preterm, the exact cause leading to the premature birth 

cannot be conclusively established, as the aetiology of preterm birth in most cases is 
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multifactorial (Goffinet, 2005, Leitich, 2005, Savitz et al., 2005, Goldenberg and Culhane, 

2007). In this regard, a number of risk factors have been associated with risk of preterm 

delivery as shown in Figure 1.2. The major risk factors include: intrauterine infection or 

inflammation (such as chorioamnionitis, bacterial vaginosis and sexually transmitted 

infections) and maternal risk factors (reproductive history, genetics, maternal health, 

demographic and behavioural factors and maternal age), intrauterine growth restriction 

(IUGR), multiple births and assisted reproductive technologies (Goffinet, 2005, Hamilton et al., 

2012). These are discussed in further detail below.  

 

 

 
Figure 1.2. Factors associated with preterm birth. 

 

1.3.1 Intrauterine infection and inflammation 

 
Intrauterine infection is one of the most frequent complications of preterm delivery and is 

thought to be the underlying cause of 25 - 40% of preterm births (Lettieri et al., 1993, Cram et 

al., 2002). These infections occur when microorganisms invade the amniotic cavity by: 
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ascending from the cervical/vaginal area, from needle contamination during amniocentesis, or 

by migration from the abdominal cavity (Minkoff, 1983, DiGiulio et al., 2010, Romero et al., 

2014). They multiply in the placenta, decidua and membranes, releasing endotoxins and 

cytokines that prompt the production of prostaglandins, which in turn stimulate uterine 

contractions leading to preterm delivery (Goldenberg et al., 2000, Waites et al., 2009).  

 

1.3.1.1 Chorioamnionitis 

 
Chorioamnionitis is a polymicrobial infection, generally involving two or more microbes, which 

results in inflammation of the placenta and membranes, the amnion and chorion (Czikk et al., 

2011). There are two types of chorioamnionitis: (1) histologic, when there are no indicators of 

infection, however, after examining the placenta, micro-organisms are present; and (2) 

clinical, which is when overt symptoms can be recognised during pregnancy. Clinical 

chorioamnionitis with overt symptoms is only present in 5 - 10% of preterm births, whereas 

histologic chorioamnionitis is identified in more than 50% of preterm births (Edwards, 2005, 

Tita and Andrews, 2010). 

The most commonly detected microbes found in amniotic fluid and placental cultures of 

women who have delivered prematurely are Ureaplasma urealyticum and Mycoplasma 

hominis (Hillier et al., 1988, Gibbs et al., 1992, Andrews et al., 1995, Krohn et al., 1995, Waites 

et al., 2009, Tita and Andrews, 2010). Other microorganisms commonly isolated include 

Gardnerella vaginalis, Group B streptococcus and Escherichia coli. A study by Anderson et al. 

(2007) showed that the severity of histological chorioamnionitis directly correlated to the 

colony count of Group B streptococcus bacteria. In another study, untreated Group B 

streptococcus was found to be associated with chorioamnionitis and treated Group B 

streptococcus was shown to decrease the risk of preterm delivery (Thomsen et al., 1987, 

Kataoka et al., 2006).  

 

1.3.1.2 Bacterial vaginosis and sexually transmitted infections 

 
Bacterial vaginosis is the overgrowth of microorganisms such as Bacteroides species, 

Peptostreptococcus species and Gardnerella vaginalis, with an accompanying decrease in 

other normally occurring lactobacillus species (Leitich et al., 2003). On examination, diagnosis 

is accurate if three of four findings are present: (1) a thin homogeneous vaginal discharge, (2) 
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high vaginal pH levels (pH < 4.5, as normal vaginal pH is 3.8 to 4.5), (3) positive Whiff test 

(where potassium hydroxide solution is added to the sample of vaginal discharge to see if a 

“fishy” odour is produced) and (4) presence of “clue cells” (vaginal discharge is mixed with 

sodium chloride and checked for epithelial cells that are coated with bacteria nicknamed ‘clue 

cells’) (Eschenbach et al., 1988, Money, 2005). 

Approximately 40% of pregnant women have bacterial vaginosis (Glantz, 1997) and this 

infection has been associated with doubling the risk of spontaneous preterm birth (Gravett et 

al., 1986, Holst et al., 1994, Hillier et al., 1995b, Leitich and Kiss, 2007). However, even though 

vaginal infection has been found to be associated with preterm birth, its role is unclear. 

Alternatively, it is suggested that diagnosis of bacterial vaginosis is actually a marker for the 

colonisation of similar organisms that may lead to chorioamnionitis and eventually preterm 

birth (Silver et al., 1989, Hillier et al., 1995a, Leitich, 2005).  

Sexually transmitted infections can also be detected amongst pregnant women and are linked 

to preterm delivery. Neisseria gonorrhoea and Chlamydia trachomatis are two of the most 

commonly isolated sexually transmitted organisms, which infect the genital tract and can 

potentially migrate to other organs. Risk factors for sexually transmitted infections include 

having a history of multiple sexual partners, unprotected sex or illicit drug use. N. gonorrhoea 

cervicitis is known to be strongly associated with preterm delivery (Romero et al., 1991) and 

studies have shown that treatment of gonococcal cervicitis is linked to decreased rate of 

preterm birth (Gibbs et al., 1992). Furthermore, co-infection with C. trachomatis is very 

common and pharmacological treatments are available to concomitantly treat both infections. 

By itself, the incidence of C. trachomatis in pregnant women can range from 5 to 26% and 

patients infected are mostly asymptomatic (Cram et al., 2002).  

 

1.3.2 Maternal risk factors 

 
There are many maternal factors that may contribute to the increased risk of delivery before 

term; these include: reproductive history, genetics, health, demographic and behavioural 

factors and lifestyle choices. Hence, an understanding of maternal history and situations can 

help improve the precision of diagnosing women ‘at risk’ of preterm labour and the 

effectiveness of managing preterm labour. 

 



C h a p t e r  1  

9 | P a g e  
 

1.3.2.1 Reproductive history 

 
Previous pregnancy history is an important predictor in assessing the risk of delivering 

prematurely. If clinicians are aware of pregnancy history, this enables appropriate 

management of future pregnancies, especially if the mother has been identified as being ‘at 

risk’. One of the strongest prognostic indicators of preterm birth is if a woman already has a 

history of preterm birth. Studies have shown that both spontaneous and indicated preterm 

births are highly repetitive, with the second birth being classified more likely to deliver 

preterm after preterm delivery in the first pregnancy; the earlier the first birth the more likely 

the second will also be born early (Mercer et al., 1999, Adams et al., 2000, Goldenberg et al., 

2006).  

Other factors in maternal pregnancy history associated with an increased risk of preterm birth 

include: previous fetal loss/abortions/miscarriages, short periods of time between 

pregnancies, and bleeding during pregnancy (Mueller-Heubach and Guzick, 1989, Owen et al., 

1990, Voigt et al., 2008). Previous abortions and miscarriages have been reported to be the 

most significant risk factor for subsequent preterm births (Ekwo et al., 1993, Goldenberg et 

al., 1993, Buchmayer et al., 2004, Brown et al., 2008). Health data studied from 600,000 

Scottish women (whose second pregnancy was after an induced abortion, fetal loss after live 

birth, or a miscarriage) found that women who had a previous induced abortion were 37% 

more likely to have a spontaneous preterm birth compared to women who had never been 

pregnant before (Bhattacharya et al., 2012).  

Furthermore, a short interval between two pregnancies has also been associated with 

preterm birth. A study by Zhu et al. (1999) reported that infants conceived 18 to 23 months 

after the previous birth had the lowest risk of being premature, whereas an inter-pregnancy 

interval of less than six months doubled the risk of preterm birth and other complications 

(Smith et al., 2003). The exact mechanisms leading to the increased risk of preterm delivery 

are unknown. It has been speculated that a short period of time between pregnancies may 

restrict the uterus from returning to its original state, thereby preventing the replenishment 

of maternal stores of essential nutrients, vitamins and energy in time for the subsequent 

pregnancy (Goldenberg et al., 2008).  

Lastly, vaginal bleeding episodes during pregnancy have been reported to complicate up to a 

quarter of all preterm pregnancies (Ananth and Savitz, 1994, Axelsen et al., 1995, Sharami et 

al., 2013). In approximately half of these cases the cause is unknown; however, approximately 
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50% of cases are caused by placental abruption, placenta preavia, general inflammation or 

infection of the uterus (French et al., 1999, Lockwood and Kuczynski, 1999). Thrombin 

generation, which is a consequence of bleeding, is a potential mediator of the induction of 

preterm delivery as it is known to stimulate contractions and therefore promote preterm 

labour (Lockwood and Kuczynski, 1999, Rosen et al., 2001). Studies have found that bleeding 

in both first and second trimesters are highly correlated with preterm birth and this is 

influenced by heaviness of bleeding, recurrent bleeding and a higher total blood loss and 

longer duration of bleeding (Strobino and Pantel-Silverman, 1989, Yang et al., 2004).  

 

1.3.2.2 Genetics 

 
There is an emerging body of evidence linking genetic susceptibility and gene-environment 

interactions with the aetiology of preterm birth. Indeed, there is evidence to suggest that 

there may be a maternal genetic predisposition to spontaneous preterm delivery. If a women 

herself was born prematurely, she exhibits an increased risk of delivering preterm (Porter et 

al., 1997, Bhattacharya et al., 2010). However, there seems to be a lack of paternal influence 

as this predisposition did not carry over to preterm pregnancies fathered by males born 

preterm (Wilcox et al., 2008). Familial patterns of preterm birth have also been reported 

whereby pregnant women who have had an older sister deliver preterm have an 80% higher 

risk of also delivering a preterm infant (Winkvist et al., 1998).  

In recent years, there have been a number of genetic studies examining both maternal and 

fetal genes in an attempt to identify specific genotypes which may directly contribute to the 

risk of preterm delivery or lead to vulnerability to deliver prematurely when exposed to risk 

factors associated with preterm birth. For example, inflammatory genes (particularly tumor 

necrosis factor-α, interleukins and their respective receptors), have been targeted given that 

maternal infection is a common cause of preterm delivery and these genes are mediators of 

the inflammatory response (Lockwood et al., 2006, Menon et al., 2006, Fortunato et al., 

2008). However, to date there have been mixed findings and hence, further investigation is 

required. 

 As mentioned previously, the incidence of preterm birth is high in women from particular 

ethnic groups, whereas within the same community (country/city) women of different 

ethnicities exhibit a much lower risk. Hence, these epidemiological studies support the idea 

that there is a genetic predisposition to preterm birth (Varner and Esplin, 2005). However, it is 
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important to note that the findings of these studies can often be confounded by maternal 

health complications, socio-economic status and education influences. Interestingly, a number 

of epidemiological studies have controlled for many of these confounding factors, yet the 

increased propensity for preterm birth has remained (for example, in the African American 

population), thus supporting a genetic predisposition to preterm birth.  In relation to this, it 

has been shown that African American women compared to non-African American women are 

more likely to carry allele variants which upregulate the cytokines that can promote 

inflammation (Hassan et al., 2003); thus these women may be more vulnerable to infections 

during pregnancy. 

 

1.3.2.3 Maternal health 

 
Good maternal health during pregnancy is imperative in order to maintain an optimal 

intrauterine environment for the baby’s development. Hence, factors that adversely impact 

on maternal health can also impact on pregnancy outcome. 

 

Maternal obesity 

 
Maternal obesity is a growing concern globally and as the average body mass index (BMI) of 

the world’s population  increases, there is a concomitant rise in the weight of women when 

they become pregnant  (Siega-Riz et al., 2006). Of concern, a study of pregnant women in 

Sweden has found that overweight and obese pregnant women are at increased risk of 

delivering preterm, most particularly extremely preterm delivery (Cnattingius et al., 2013). 

Another recent study has found that infants born prematurely were more likely to have obese 

mothers, with the risk increasing if other medical conditions were also present (Madan et al., 

2010). However, not all studies have replicated these findings (Torloni et al., 2009); hence the 

inconsistency in findings makes it difficult to definitively conclude that obesity during 

pregnancy is directly linked to prematurity. Alternatively, it may be the medical complications 

that arise and occur frequently in obese women that are the contributing factors leading to 

preterm delivery (Aly et al., 2010).  
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Pre-eclampsia 

 
Maternal medical conditions and disorders that exist pre-pregnancy or during pregnancy can 

be major risk factors for preterm birth; these include hypertension and diabetes mellitus 

(Lepercq et al., 2004, Zhang et al., 2012). Maternal illnesses can affect the delivery of nutrients 

and oxygen to the developing fetus, thus hindering its growth and increasing the risk of 

preeclampsia (Committee on Understanding Premature Birth Assuring Healthy Outcomes, 

2007). Pre-eclampsia is a common maternal complication in which hypertension arises during 

pregnancy and it has been strongly linked to high BMI pre-pregnancy and the result is 

normally medically-induced preterm birth (Ananth et al., 1997, Duley, 2009). The incidence of 

preeclampsia is approximately 3 - 6% of all pregnancies, with an overall rate of 3.3% in 

singleton births in Australia between 2000 and 2008 (Thornton et al., 2013). There is no 

effective cure of preeclampsia, other than delivery of the fetus, which depends on the 

gestational age of the fetus and the severity of the gestational hypertension. 

 

Diabetes 

 
Importantly, correlating with the rise in maternal weight, the prevalence of diabetes is also 

increasing and is therefore a common complication of many pregnancies (Rosenberg et al., 

2005). Both type 1 and type 2 diabetes before pregnancy and gestational diabetes are known 

to increase the chance of preterm deliveries (El Mallah et al., 1997, Ray et al., 2001, Vangen et 

al., 2003). Sometimes, gestational diabetes is due to pre-existing type 2 diabetes that has 

failed to be diagnosed before the mother becomes pregnant. In other cases, especially in 

obese women, pregnancy can lead to glucose intolerance, and subsequently to gestational 

diabetes (Waller and Dawson, 2005, Retnakaran et al., 2008).  

 

Cervix length 

 
Interestingly, there have been a number of studies reporting an association between the 

length of the cervix during pregnancy and spontaneous preterm birth. It has been reported 

that the relative risk of preterm delivery increases as the length of the cervix shortens (Iams et 

al., 1996, Stevens-Simon et al., 2000, Welsh and Nicolaides, 2002). Between 20 to 24 weeks of 

gestation, ultrasonographic measurement of the cervix can predict the risk of preterm birth. 
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Asymptomatic pregnant women measured at this time who were found to have a cervix 

length of 15 mm or less had a greater chance of delivering preterm (Fonseca et al., 2007). 

In clinical practice, it is important to develop biochemical markers to predict impending 

preterm birth. In this regard, the presence of fetal fibronectin in the cervix and vagina of 

women has been discovered as an important biochemical marker in better identifying and 

managing women with the risk of preterm birth (Lockwood et al., 1991, Goldenberg et al., 

1996, Peaceman et al., 1997, Berghella et al., 2008). The predictive accuracy of the fetal 

fibronectin screening test is apparently improved in women with a cervix length of more than 

15 mm but less than 30 mm (Ness, 2009).   

 

1.3.2.4 Maternal demographic and behavioural factors 

 
Maternal age and ethnicity can play a crucial role in predicting the likelihood of preterm 

events. As mentioned previously, it is currently well-known that young mothers and mothers 

of African descent are at higher risk of experiencing preterm delivery (Scholl et al., 1988, 

Scholl et al., 1989, DuPlessis et al., 1997, Collins et al., 2007).  

Other socio-economic factors and maternal lifestyle choices that have also been associated 

with increased risk of preterm birth are presented in Table 1.2; some of these factors are 

linked (Escriba-Aguir et al., 2001a, Moutquin, 2003, Beeckman et al., 2009, Delnord et al., 

2015). It is important to note some of these factors have been more strongly associated with 

the risk of preterm delivery at earlier gestational ages than late gestational ages (Smith et al., 

2006). For instance, reports have found that social disadvantage is more highly associated 

with very preterm birth compared to moderate preterm birth (Donoghue et al., 2013, Auger 

et al., 2014).  
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Maternal Factors References 

Low socio-economic status – based on 

earnings and education (socially 

disadvantaged) 

(Ahern et al., 2003, Savitz et al., 2004, 

Hidalgo et al., 2005, Delpisheh et al., 2006, 

Smith et al., 2007) 

Demanding jobs and hard working 

conditions 

(Mamelle and Munoz, 1987, Berkowitz and 

Papiernik, 1995, Escriba-Aguir et al., 2001b, 

Saurel-Cubizolles et al., 2004) 

Marital status – single mothers (Zeitlin et al., 2002b, Luo et al., 2004, 

Raatikainen et al., 2005) 

Depression (Peacock et al., 1995, Alder et al., 2007, 

Gavin et al., 2009, Poehlmann et al., 2009) 

Stress (Copper et al., 1996, Wadhwa et al., 2001, 

Whitehead et al., 2002, Pike, 2005, Nkansah-

Amankra et al., 2010) 

Maternal/paternal smoking (Burguet et al., 2004, Triche and Hossain, 

2007, Jaddoe et al., 2008) 

Alcohol consumption (Lazzaroni et al., 1993, Sokol et al., 2007, 

O'Leary et al., 2009) 

Lack of education (Peacock et al., 1995, Astolfi and Zonta, 

1999, Grjibovski et al., 2005, Luo et al., 2006) 

Illicit drug abuse (Gillogley et al., 1990, Spence et al., 1991, 

Kliegman et al., 1994, Burns et al., 2006) 

Physical abuse and violence (Heaman, 2005, Rodrigues et al., 2007, 

Chambliss, 2008) 

Lack of prenatal care (Hulsey et al., 1991, Orvos et al., 2002, 

Maupin et al., 2004, Taylor et al., 2005) 

 

Table 1.2. Maternal demographic and lifestyle factors associated with preterm birth  

 

  



C h a p t e r  1  

15 | P a g e  
 

1.3.3 Intrauterine growth restriction (IUGR) 

 
Intrauterine growth restriction (IUGR) is a common complication of pregnancies (Rosenberg, 

2008). In the clinics, the classification of IUGR is assigned to infants that are small for 

gestational age, with birth weight and/or length below the 10th percentile for that gestational 

age (Resnik, 2002). IUGR infants can exhibit symmetrical growth, where there is low weight, 

length and reduced body length and head circumference. Alternatively, asymmetrical growth 

restriction occurs when there is disproportionate growth of the head (increased head 

circumference), relative to body size (Lockwood and Weiner, 1986, Bryan and Hindmarsh, 

2006). Importantly, IUGR is strongly associated with preterm birth, such that there is 

extensive evidence reporting that pregnancies complicated by IUGR also have a high incidence 

of preterm delivery (Zeitlin et al., 2000, Bukowski et al., 2001, Das and Sysyn, 2004). It has 

been suggested that the susceptibility for preterm birth in IUGR pregnancies is due to the 

factors that restrict appropriate fetal growth (Palliser et al., 2014). Furthermore, preterm birth 

when combined with IUGR, leads to an even greater risk of adverse health outcomes 

(McMillen et al., 2001); such that extremely and very preterm infants born small for 

gestational age are at increased risk of death and disability compared to preterm infants born 

appropriate for gestational age (Regev et al., 2003). Interestingly, IUGR independent of 

preterm birth, has also been associated with an increased risk of developing cardiovascular 

disease in later life (Barker et al., 1989, Barker, 1995, Barker et al., 2005, Demicheva and 

Crispi, 2014); and this is linked to structural and functional adaptations of the cardiovascular 

system (Hocher, 2007).  

 

1.3.4 Multiple births  

 
Being pregnant with twins, triplets or more is associated with an increased risk of preterm 

birth, with studies reporting that twin pregnancies account for a higher proportion of preterm 

births compared to singleton pregnancies (Gardner et al., 1995, Kurdi et al., 2004, Chauhan et 

al., 2010). Recent birth data in the US, reported that 57% of twins born were delivered 

prematurely, 93% of triplets were born preterm, 96% of quadruplets and 100% for higher 

order multiple births, compared to 10% of singletons (Martin et al., 2015). Overall, twin 

pregnancies make up the majority of multiple pregnancies and the incidence of twin rates has 

been increasing in recent years due to the use of assisted reproductive technologies (which 
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will be described later), maternal age, ethnicity and the decreasing numbers of triplets and 

higher multiple gestations (Eriksson and Fellman, 2007, Martin et al., 2009).  

 

1.3.5 Assisted reproductive technologies 

 
Assisted reproductive technologies (ART) are fast becoming one of the major contributors to 

increasing the risk of preterm birth. ARTs encompasses a number of techniques such as the 

use of donor sperm, embryo transfer, cryopreservation of sperm or ova, use of hormones to 

help induction and control of ovulation, micromanipulation of oocytes and embryos in vitro 

and many more (Barad and Witt, 2000). With infertility being a problem for at least one in six 

couples (Evers, 2002), the chance of conceiving for infertile couples has more than doubled 

with the development of ART, since the first birth by in vitro fertilisation in 1978. However, 

women who do conceive through ART are at higher risk of preterm birth, mostly because 

there are likely to be pregnant with multiple fetuses (Aboulghar, 2005) and it is known that 

the risk of preterm delivery increases with the number of fetuses being carried as mentioned 

previously (Barlow et al., 1988, Hill et al., 1990).  

There are now laws to regulate the number of embryos transferred in ARTs (Alvero, 2002, 

Practice Committee of American Society for Reproductive Medicine and Practice Committee 

of Society for Assisted Reproductive Technology, 2013). For instance, Germany allows only 1 - 

3 fertilised embryos to be transferred into the uterus (Beier and Beckman, 1991, van der Ven 

et al., 2002), whereas in America the number of embryos transferred depends on the 

likelihood of the mother having successful implantation; for a favourable prognosis, no more 

than 2 embryos are normally transferred, but for below average chances, no more than 5 

embryos should be transferred (Dickey, 2007). This can help reduce the number of multiple 

gestations and increase the chances of survival and full-term delivery due to the lower 

number of fetuses. However, it is important to note that even in singleton pregnancies, the 

risk of preterm birth is higher compared to naturally conceived singleton pregnancies 

(McGovern et al., 2004); such that a population-based study in Australia of mothers with 

singleton gestations (born between 2007 - 2009) concluded that preterm birth was 

approximately 1.5 times higher in ART mothers compared to non-ART mothers (Xu et al., 

2014).  
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1.4 Preterm birth survival 

 
Over recent decades there have been ongoing advances in the neonatal care of preterm 

infants, leading to marked improvements in survival rates. A number of these strategies lead 

to accelerated organ maturation (particularly of the lungs) in the preterm infant (World Health 

Organisation, 2014a), thus facilitating postnatal organ function, as well as the realisation by 

the clinicians that preterm infants require different approaches to care after birth, compared 

to full-term babies (Yu and Doyle, 2004). If preterm birth cannot be prevented, these 

advances in technology have allowed for babies as early as 22 weeks of gestation to have an 

improved chance of surviving infancy (Allen et al., 1993, El-Metwally et al., 2000, Vohr and 

Allen, 2005, Goldenberg et al., 2008). The chance of survival amongst neonates born at 25 

weeks of gestation is now as high as 79% (Kutz et al., 2009).  

 

1.4.1 Antenatal corticosteroids and postnatal surfactant 

treatment 

 
One of the major advancements leading to improved survival of preterm infants has been the 

introduction of antenatal administration of corticosteroids to women who are ‘at risk’ of 

preterm labour (Mwansa-Kambafwile et al., 2010, Roberts and Dalziel, 2013). This leads to 

accelerated maturation of the lungs of the infant, which facilitates survival if the baby is 

prematurely delivered. Immaturity of the lungs in preterm infants often leads to respiratory 

distress syndrome (RDS), which challenges breathing in the immediate period after birth and 

this is mainly due to the lack of surfactant production in the immature lungs (Smith et al., 

2010). Importantly, administration of corticosteroids such as betamethasone or 

dexamethasone to the mother before birth can advance maturation of the respiratory 

epithelium by accelerating surfactant production to prevent the air sacs from collapsing and 

sticking together when breathing. When babies are born at term, the respiratory epithelium is 

sufficiently mature to naturally produce surfactant within the lungs, to lubricate the lining of 

the air sacs during breathing.  

The current standard protocol of antenatal corticosteroids, involves administering 

betamethasone 12 mg intramuscularly, in 2 doses 24 hours apart (Surbek et al., 2012). 

Administration is normally between 24 and 34 weeks of gestation; however, under some 

circumstances it can be beneficial at 23 weeks or between 35 - 36 weeks of gestation.  
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Alternatively, surfactant (120 mg/1.5 ml vial; Curosurf, Chiesi USA, Inc., North Carolina, USA) 

can be administered directly to the preterm neonate via an endotracheal tube, by instilling 

the surfactant into liquid form. Currently, the treatment involves an initial dose of 1.25 - 2.5 

ml/kg administered within 15 minutes of birth; subsequent doses of 1.25 ml/kg may be given 

6 to 12 hours after the first dose and then 12 hours later in neonates who remain ventilator 

dependent, with a maximum total dose of 300 - 400 mg/ml. While the efficacy of surfactant in 

preventing and treating of RDS has been well-established, there are still concerns raised 

regarding the criteria, mode, timing, surfactant type and ventilatory management after 

administration (Ma and Ma, 2012). The most common and standard protocol currently used is 

early high doses of surfactant administration via an endotracheal tube during mechanical 

ventilation with subsequent extubation; this has been shown to reduce the time of oxygen 

therapy and mechanical intervention in preterm infants (Dani et al., 2004). However, a 

disadvantage to this method is that not all preterm infants will suffer from RDS and thus, 

some infants are unnecessarily exposed to intubation and surfactant administration.  

 

1.4.2 Male disadvantage 

 
With the improved survival following preterm birth, it has become apparent that there is a 

significant ‘male disadvantage’ associated with preterm birth (Zeitlin et al., 2002a, Roy et al., 

2014). Males are more vulnerable to preterm birth than females, exhibiting higher rates of 

neonatal mortality and long-term morbidity (Kent et al., 2012). National figures in Sweden 

have shown that 55 - 60% of infants born between 23 and 32 weeks of gestation were boys 

(Ingemarsson, 2003). Furthermore, preterm male deaths were found to be more prominent in 

the first week of life; the difference in infant mortality for extremely and very preterm infants 

was 60% in males compared to 30% in females (Ingemarsson, 2003). It is generally understood 

that females are less vulnerable and have better outcomes after preterm birth, as a higher 

number of males develop RDS and chronic lung disease (Elsmén et al., 2004b). Therefore, 

males often do require more initial respiratory and circulatory support and neonatal care 

which can result in other long-term consequences (Elsmén et al., 2004a) 

A number of studies have suggested that the potential mechanism for this vulnerability and 

increases of morbidity and mortality in males is their delayed development of organ systems 

(Peacock et al., 2012). In particular, it has been reported that there is slower lung and cardiac 

development in males. Fleisher et al. (1985) have shown that females have more advanced 
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lung maturation during late gestation, exhibiting lung maturation one week ahead of males in 

the last two months of gestation. This is likely to be the major contributing factor to gender 

differences in mortality and the increased risk of preterm males developing RDS (Perelman et 

al., 1986). Similarly, for the cardiovascular system, studies in sheep have reported a higher  

proportion of binucleated (therefore mature) cardiomyocytes within the hearts of female 

sheep fetuses compared to males of the same gestational age; thus suggesting cardiomyocyte 

maturation and thereby cardiac maturation occurs earlier in females compared to males 

(Lumbers et al., 2009).  

 

1.5 Development of the cardiovascular system and the 

haemodynamic transition at birth 

 
To date, much of the research in relation to preterm infants has focussed on the effects of 

being born early on an immature respiratory system. This has allowed for improvements in 

the care of preterm infants in the neonatal intensive care unit to facilitate their survival. 

However, at present very few studies have examined the effects on the immature 

cardiovascular system. This forms the focus of this thesis. In order to investigate the effects of 

preterm birth on the immature cardiovascular system, it is important to have an 

understanding of cardiovascular development and of the haemodynamic transition that takes 

place at birth.  

 

1.5.1 Development of the heart 

 
The heart is normally one of the first organs to develop in vertebrates, including humans 

(Sucov, 1998), as the circulation of blood is imperative to provide oxygen and nutrients to the 

tissues of the developing embryo/fetus. The formation of the primitive heart tube occurs very 

early in gestation; this is followed by the processes of heart looping, subsequent partitioning 

of the primordial heart chambers and morphogenesis of valves (Figure 1.3). 
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Figure 1.3. Timeline for the development of the heart in humans. A-atrium, V-ventricle, CT-

conotruncal, AS-aortic sac, RV-right ventricle, LV-left ventricle,  RA-right atrium, LA-left atrium, 

Ao-aorta, DA-ductus arteriosus, RCC-right common carotid, LCC-left common carotid, PA-

pulmonary artery, LSCA- left subclavian artery, RSCA-right subclavian artery (modified from 

Srivastava and Olson (2000)).  
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Linear heart tube formation 

 
Heart organogenesis begins very early in gestation when cells from the anterior lateral plate 

mesoderm in the primitive embryo are stimulated to form thin endocardial tubes from day 19 

of gestation (Sedmera et al., 2000). Following cranial and lateral folding of the embryo, the 

endocardial tubes fuse in the midline to form the linear heart tube (Conway et al., 2001, 

Keating, 2004). By day 21 in gestation, constrictions and expansions divide the structure into 

segments to later give rise to the chambers of the heart (Fishman and Chien, 1997, Larsen, 

2001, Carlson, 2009). 

 

Heart looping 

 
Between gestational days 23 and 28, the heart tube folds, bulges and loops rightwards to form 

an S-shaped heart. As looping progresses, this ultimately results in the correct spatial 

alignment of the chambers relative to each other as seen in the mature heart (Harvey and 

Rosenthal, 1999, Larsen, 2001, Carlson, 2009). The heart also begins beating in week 4 of 

gestation.  

 

Chamber formation 

 
Chamber formation begins in the middle of the 4th week with partitioning of the 

atrioventricular (AV) canal, primordial atrium and ventricle. These processes are 

simultaneously completed by the 8th week of gestation (Moore and Persaud, 2008).  

 

 Partitioning of the Atrioventricular Canal 

 
At the end of week 4, endocardial cushions protrude from the dorsal and ventral walls of the 

AV canal, to function as primitive valves. During the 5th week, the endocardial cushions fuse by 

the invasion of mesenchymal cells to separate the AV canal into left and right channels. Later 

in development, the valve in the right AV canal becomes the tricuspid valve, while the valve in 

the left AV canal becomes the bicuspid valve (Moore and Persaud, 2008, Carlson, 2009).  
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 Partitioning of the Primordial Atrium 

 
The common atrium is divided into left and right atria by the formation of the septum primum 

and septum secundum. The septum primum extends from the superoposterior wall and grows 

towards the fusing endocardial cushions. As the septum grows, a large opening, the foramen 

primum, serves as a shunt for oxygenated blood to pass from the right to the left atrium. The 

foramen primum eventually disappears as the septum fuses with the endocardial cushions to 

form a primordial AV septum. However, another opening forms, the foramen secundum, 

which ensures continued shunting of oxygenated blood (Larsen, 2001, Moore and Persaud, 

2008, Carlson, 2009).  

While the septum primum is growing, another septum, the septum secundum, is also forming 

adjacent to it, posteroinferiorly from the ventrocranial wall of the atrium. This thick muscular 

fold eventually overlaps the foramen secundum but leaves an incomplete partition containing 

the foramen ovale. The cranial part of the septum primum slowly disappears and the 

remaining section forms the valve of the foramen ovale. The foramen ovale operates as the 

shunt between the right and left atria for the remainder of the gestational period. After birth, 

when the pressure in the left atria exceeds that in the right atria, the valve closes and 

subsequently fuses with the septum secundum to form the oval fossa (Larsen, 2001, Moore 

and Persaud, 2008, Carlson, 2009). 

 

 Partitioning of the Primordial Ventricle 

 
Partitioning of the primordial ventricle begins by a muscular interventricular (IV) septum 

growing from the floor of the ventricle near its apex. The IV septum gains height from dilation 

of the ventricles on each side and active proliferation of cardiomyocytes to increase its size. 

The IV foramen is originally present between the IV septum and the endocardial cushions, but 

after the 7th week it closes due to further growth of the IV septum and a membranous 

component derived from the endocardial cushion connective tissue (Moore and Persaud, 

2008, Carlson, 2009).  

At the time when the IV septum is fully formed, the pulmonary trunk and aorta are in 

communication with the right ventricle (RV) and left ventricle (LV), respectively. This is 

brought about by division of the outflow tract and 180o spiralling of the aorticopulmonary 
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septum. Finally, there is cavitation of the ventricular walls leading to the formation of the 

trabeculae carneae, papillary muscles and chordae tendinae (Moore and Persaud, 2008). 

 

1.5.2 Cardiomyocyte growth and maturation 

 
Cardiomyocytes are the cardiac muscle cells within the myocardium of the heart. They are 

present early in embryonic life and are responsible for heart morphogenesis (Bearzi et al., 

2007). During early gestation, heart growth is predominantly achieved by hyperplasia 

(proliferation) of cardiomyocytes (Huttenbach et al., 2001, Yi et al., 2010, Mercola et al., 2011, 

Sedmera and Thompson, 2011) and as term approaches cardiomyocytes progressively 

undergo a process of maturation whereby they become terminally differentiated (Li et al., 

1996). By term, the majority of the cardiomyocytes have ceased proliferation (Mayhew et al., 

1997, Burrell et al., 2003, Bubb et al., 2007). 

It has been long thought that the postnatal growth of the heart was almost exclusively by 

hypertrophy (enlargement) of cardiomyocytes and deposition of extracellular matrix, and that 

proliferation of cardiomyocytes was rare after birth (Oparil et al., 1984, Olivetti et al., 1996, 

Rudolph, 2000). However, recent new evidence in animal studies has shown that there 

remains the ability for cardiomyocytes to proliferate postnatally, albeit at a much lower rate,  

and this contributes to  cardiac growth and regeneration between birth and adolescence 

(Mollova et al., 2013, Senyo et al., 2014, Ali et al., 2014). In particular, Mollova et al. (2013) 

reported a 3.4 fold increase in the number of cardiomyocytes within the LV from birth to 20 

years of age in humans.  

Fetal cardiomyocytes are morphologically different from cardiomyocytes in the mature heart. 

In their immature state, fetal cardiomyocytes are able to undergo cytokinesis (cellular 

division) whereas mature cardiomyocytes generally do not divide (Mayhew et al., 1997, Bubb 

et al., 2007). Furthermore, fetal cardiomyocytes are smaller in diameter and have fewer 

myofibrils within their cytoplasm when compared to cardiomyocytes in the mature state 

(Hoerter and Vassort, 1982, Rudolph, 2000). 

Interestingly, cardiomyocytes often exhibit an increase in ploidy in the human heart (number 

of gene copies per cell) as they undergo hypertrophy (especially in adulthood), with a high 

proportion of cardiomyocytes becoming polypoid, where they contain tetraploid (4N) or 

greater DNA (Clubb and Bishop, 1984, Rudolph, 2000, Corstius et al., 2005). Alternatively, in 

most animal models (such as the sheep and rodents) the cardiomyocytes become binucleated 
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in their mature form. As seen in Figure 1.4, in the sheep, the timing of cardiomyocyte 

maturation in the developing heart is similar to the human with the majority of the 

cardiomyocytes mature (and binucleated) by birth (Burrell et al., 2003, Jonker et al., 2007). In 

rodent models, such as the mouse and rat, the cardiomyocytes are immature 

(mononucleated) and still proliferating at birth and they undergo a process of maturation 

within the first two weeks after birth whereby they become mature, differentiated and 

binucleated (Li et al., 1996, Soonpaa et al., 1996, Porrello et al., 2011).   

 

 

Figure 1.4. Timeline of cardiomyocyte proliferation and maturation in the human, sheep and 

rodent. 

 

Since the proliferative capacity of cardiomyocytes markedly decreases around the time of 

birth, a reduced complement of cardiomyocytes in the heart at birth is likely to influence 

lifelong functional reserve and the adaptive capabilities of the heart postnatally (Anversa et 

al., 2007). Hence, factors in the early life environment, that lead to an accelerated transition 

from hyperplastic to hypertrophic growth in cardiomyocytes, are likely to adversely impact 

long-term postnatal growth of the heart; whereas a delayed transition from hyperplastic to 

hypertrophic growth in the early life environment, may adversely impact the contractility of 

the heart in the neonatal period.   

In this regard, several studies have investigated the effects of perturbations in early life on the 

growth and maturation of cardiomyocytes (such as alcohol exposure, IUGR and preterm birth) 

(Stacy et al., 2009, Bensley et al., 2010, Black et al., 2012, Botting et al., 2012, Nguyen et al., 

2014, Paradis et al., 2015). For example, the effect of maternal alcohol consumption during 
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late pregnancy has recently been examined in sheep (Goh et al., 2011). It was reported that 

ethanol exposure significantly advanced maturation of cardiomyocytes within the LV of fetal 

sheep, as the proportion of binucleated cells increased by 12% when compared to controls, 

and the proportion of mononucleated cells was decreased.  

In other studies, the effect of IUGR on cardiomyocyte growth and maturation has been 

examined. Corstius et al. (2005) reported that IUGR in rat offspring, as a result of maternal 

protein restriction, resulted in a significant reduction in the number of cardiomyocytes in the 

heart. Furthermore, in IUGR lambs, it was reported that the incidence of binucleated 

cardiomyocytes was significantly lower in the LV compared to control lambs, which indicates 

delayed cardiomyocyte maturation (Bubb et al., 2007). Similarly, induction of 

umbilicoplacental embolization in a sheep model, to observe the effects of placental 

insufficiency and therefore restricted fetal growth, also led to a reduction of binucleated 

cardiomyocytes in the ventricles of these growth-restricted fetuses compared to control 

fetuses (Louey et al., 2007). 

In addition, the effect of preterm birth on the growth and maturation of cardiomyocytes in 

the first weeks of life has recently been examined in an ovine model of moderate preterm 

birth (Bensley et al., 2010). Cardiomyocytes in both ventricles were found to be significantly 

larger in hearts of preterm lambs compared to term lambs and as expected, in term lambs 

most cardiomyocytes were binucleated. However, in the preterm lambs, there were 

significantly fewer binucleated cells and more mononucleated cardiomyocytes, indicating that 

the ventricular muscle was less mature in the preterm animals. 

 

1.5.3 Development of blood vessels 

 
Accompanying the formation of the heart, it is essential that the vascular system is 

concomitantly established to allow circulation of the blood throughout the developing 

embryo/fetus. At the beginning of gestation, embryonic growth occurs by simple diffusion of 

nutrients, but then in an ordered and sequential manner it becomes a highly vascular 

organism, relying on a complex array of blood vessels to ensure survival (Noden, 1989). The 

formation of blood vessels is a combination of two simultaneous processes: (1) vasculogenesis 

and (2) angiogenesis (Demir et al., 2006). 

Vascular formation begins at week 4 in humans and development is fairly rapid to ensure the 

first circulatory loops are formed for the heart; blood supply to the heart muscle is essential in 
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order to pump the necessary oxygen and nutrients to the other developing tissues and organs 

(Figure 1.5) (Risau, 1997, Yancopoulos et al., 2000, Freedman and Isner, 2002, Llevadot and 

Asahara, 2002).  

 

 

 
Figure 1.5. A. Vasculogenesis, the aggregation of endothelial progenitor cells to form blood 

vessels. B. Angiogenesis, formation of new blood vessels from pre-existing ones by 

proliferation of differentiated endothelial cells or dividing of pre-existing vessels. C. The two 

processes can occur simultaneously (modified from Llevadot and Asahara (2002)). 
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1.5.3.1 Vasculogenesis, angiogenesis and arteriogenesis 

 
Vasculogenesis is defined as the spontaneous formation of blood vessels. It is the initial event 

which occurs when endothelial progenitor cells (angioblasts) migrate and fuse with others to 

differentiate into endothelial cells; these assemble into solid endothelial cords and then form 

a plexus of endothelial tubes (Conway et al., 2001). Vasculogenesis is induced by the 

mesoderm and endoderm and is regulated by the expression of vascular endothelial growth 

factor (VEGF) in the extra-embryonic visceral endoderm and mesoderm (Patan, 2000). It 

appears that a threshold level of VEGF is required for angioblasts to differentiate and 

subsequently generate the primary vascular plexus (Carmeliet et al., 1996, Ferrara et al., 

1996). 

Angiogenesis is the term for growth of new blood vessels from pre-existing vessels and this is 

mainly how vascular trees extend in the developing fetus and expand through budding 

capillaries (Carmeliet, 2005). With the primary vascular plexus formed, endothelial cells can 

form new capillaries by either one or a combination of two types of angiogenesis: (1) 

sprouting angiogenesis and (2) non-sprouting angiogenesis (also known as intussusception) 

(Logsdon et al., 2014). Sprouting angiogenesis involves the sprouting of new vessels from the 

sides and ends of pre-existing ones. This involves the proteolytic degradation of the 

extracellular matrix at the site of sprouting so that migration and proliferation of endothelial 

cells can occur to develop a lumen area and functional maturation of the endothelium. 

Sprouting angiogenesis is recognised by the ‘sprout’ which are long extensions of the 

endothelial cell at the tip reaching for VEGF-producing cells (Ucuzian et al., 2010). 

Alternatively, non-sprouting angiogenesis is characterised by the longitudinal division of pre-

existing vessels (i.e. splitting of a pre-existing vessel into two).  This can be initiated in vivo by 

the proliferation of endothelial cells within the vessel, which produces a larger lumen and 

consequently results in the fusion and splitting of capillaries or the division by pillars of 

periendothelial cells (Risau, 1997, Patan, 2000, Conway et al., 2001).  

Arteriogenesis is the term for the maturation of arteries from pre-existing arterioles after an 

arterial occlusion by enlarging them via the recruitment of smooth muscle cells (Buschmann 

and Schaper, 1999, Carmeliet, 2000, Cai and Schaper, 2008). This process is generally linked to 

elevated pressure and flow, which increases oxidative stress and endothelial surface stress 

and so arteriogenesis occurs until the stress is normalised (Prior et al., 2004). In general, in the 



C h a p t e r  1  

28 | P a g e  
 

adult, continuous growth of blood vessels occurs by angiogenesis and arteriogenesis (Heil et 

al., 2006). 

 

1.5.3.2 Composition of the blood vessel wall and perinatal structural 

development  

 
The blood vessel wall is primarily composed of three major components: (1) elastin, (2) 

collagen and (3) smooth muscle (Wells et al., 1999, Wagenseil and Mecham, 2012). Elastin and 

collagen make up what is known as the extracellular matrix. Elastin is thought to contribute 

most to the elastic properties of blood vessels during low to moderate arterial pressures with 

increasing collagen contributions at higher arterial pressures (Roach and Burton, 1957, 

Wolinsky and Glagov, 1964). The role of elastin is to assist with the expanding and relaxing of 

blood vessels during systole and diastole respectively, to allow the blood to move forward. In 

blood vessels, collagens type I and type III are the main collagen sub-types present. Collagen 

provides strength to the blood vessel wall and is also thought to help prevent elastic blood 

vessels from stretching during systole beyond their physiological limits (Ooshima et al., 1974). 

Vascular smooth muscle cells are responsible for contraction (vasoconstriction) or relaxation 

(vasodilation) of the blood vessel in response to autonomic nerve stimulation and external 

stimuli to control blood flow (Daubman, 2010). 

Throughout the vasculature, the blood vessel wall is generally arranged into three layers: (1) 

the intima, (2) media and (3) adventitia. The intima is the thinnest and innermost layer 

bordering the lumen area of the vessel. It is usually comprised of a single layer of endothelial 

cells (simple squamous epithelium) and a subendothelial layer (which is large in arteries and 

thickens with age or disease), which is separated from the media by the internal elastic lamina 

(a dense elastic membrane). The medial layer is composed primarily of smooth muscle with 

varying amounts of elastin and collagen depending on the site within the vascular tree; for 

example, there are very high amounts of smooth muscle, elastin and collagen within the wall 

of conduit arteries but the relative proportions are reduced as the vascular tree branches. 

Overall, the structure of the blood vessel wall throughout the vasculature is site specific, with 

the structure reflecting the function and vice versa. The outermost layer of the blood vessel 

wall is the adventitia, which is predominantly composed of collagen (Fung and Liu, 1995, Patel 

et al., 2006). Separating the media from the adventitia, there is a dense elastic membrane 

called the external elastic lamina. 
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As the arteries are formed during development, it is the ratio of elastin, collagen and smooth 

muscle within the blood vessel wall that is thought to be important for long-term function. 

During the perinatal period, particularly immediately prior to birth, the large conduit arteries 

undergo much remodelling in dimensions and in the relative composition of the arterial wall. 

This is in preparation for the haemodynamic transition that takes place at birth (see later – 

Section 1.5.4), whereby there is a marked increase in arterial pressure. In particular, elastin 

and collagen are rapidly laid down during late gestation in conduit arteries to prepare these 

blood vessels for the large increases in postnatal arterial pressures which accompany the 

haemodynamic transition at birth (Langille et al., 1989, Di Stefano et al., 1998). It has been 

reported that experimentally induced alterations in blood flow rates after birth can modulate 

the growth of the arterial diameter (Coyle, 1985, Guyton and Hartley, 1985) as well as 

accumulation of wall constituents. A study by Bendeck and Langille (1991) showed in sheep 

studies that there was a dramatic accumulation of elastin and collagen in the aorta from 140 

days of gestation to 3 days after birth (birth is normally at 147 days of gestation in sheep).  

 

1.5.4 Haemodynamic transition at birth 

 
The haemodynamic transition at birth is an extremely important process, where the 

cardiovascular system of the infant undergoes dramatic functional changes as the circulatory 

configuration changes from the fetal configuration to the postnatal configuration (Cuneo, 

2013, Johnson et al., 2014). This occurs at birth when the infant breathes air for the first time 

and is therefore no longer receiving oxygen and nutrients from the placental vascular bed.  

Prior to birth, the placenta is an essential organ that is the source of oxygen and nutrients to 

the fetus. It encompasses both maternal and fetal blood vessels in close apposition, which 

flow in separate vessels to prevent mixing, but still enabling the uptake of nutrients and 

oxygen and elimination of waste and gases in the fetal circulation. During gestation, as the 

fetus does not use its lungs for gas exchange, only a small amount of blood actually flows 

through the fetal lungs (11% of cardiac output) (Mielke and Benda, 2001, Kiserud, 2005). In 

addition, waste products from the fetal bloodstream are passed across the placenta and then 

eliminated via the maternal liver. Hence, in the fetal circulation there is a shunt (the ductus 

venosus) that allows blood to bypass the fetal liver and therefore, transporting the majority of 

the blood supply directly from the placenta through to the inferior vena cava and to the right 
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side of the fetal heart, with only a small proportion of placental blood flow directed to the 

fetal liver. 

Within the heart, beginning in the right atrium, oxygenated blood from the placenta is mixed 

with the venous return; the majority of oxygenated flow is deflected through the foramen 

ovale into the left atrium, bypassing the pulmonary system. The foramen ovale (opening 

between the left and right atria) allows shunting of blood from the right atrium to the left 

atrium. In the fetal circulation, this opening is kept patent due to the higher pressure in the 

right atrium compared to the left atrium, but functionally closes within hours after birth as 

pressures within the heart change. 

The blood that does not directly pass through the foramen ovale mixes with deoxygenated 

blood from the superior vena cava and flows into the RV and then exits the heart via the 

pulmonary trunk. There is another fetal shunt (the ductus arteriosus) which lies between the 

pulmonary trunk and the proximal descending aorta, which allows the majority of the blood 

leaving the RV to bypass the lungs and divert directly into the descending aorta (Walther et 

al., 1993). Blood flow preferentially flows through the ductus arteriosus due to the pressure 

gradient that exists between the high resistance low flow pulmonary circulation, and the low 

resistance high flow systemic circulation, which promotes blood flowing right-to-left, from the 

pulmonary to the systemic circulation (Crossley et al., 2009). Figure 1.6 illustrates the 

differences between fetal (A) and postnatal (B) circulation. 
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Figure 1.6. (A) Fetal circulation: oxygenated blood from the placenta enters the right atrium 

via the umbilical vein, ductus venosus and inferior vena cava. Oxygenated blood (shaded red) 

passes through the right atrium to the left atrium via the foramen ovale to bypass the 

pulmonary circulation. A secondary shunt, the ductus arteriosus, is also present between the 

pulmonary trunk and the descending aorta to further allow mixed blood (shaded purple) that 

has entered the right ventricle to bypass the lungs. (B) Normal postnatal circulation: all shunts 

are closed after birth as the lungs are being utilised, with the right and left sides of the heart 

completely separated so that oxygenated and deoxygenated blood (shaded blue) no longer 

mix. Modified from Sinha et al. (2012) and Hunter and Simpson (2014). 

 
In utero, the RV is the dominant chamber; it ejects 66% of the combined ventricular output of 

the fetal heart and hence exhibits a thicker wall compared to the LV before birth (Rudolph, 

1979). The RV receives the majority of the venous return. In contrast, because the pulmonary 

circulation is a low flow, high resistance circuit, there is less venous return to the left side of 

the heart. It can be elucidated from studies measuring pulmonary arterial pressure before and 

after birth, that there is a dramatic fall in pulmonary arterial (RV) pressure after birth (Wong 

et al., 1994, Crossley et al., 2007, Allison et al., 2010, Baron et al., 2012).  
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Hence, there are many changes that occur at birth to the cardiovascular circulation, including: 

loss of the low resistance placental vascular bed with cutting of the umbilical cord, alterations 

to venous return and subsequently cardiac output, the initiation of breathing of the newborn, 

exposure to atmospheric concentrations of oxygen and closure of the fetal shunts (foramen 

ovale, ductus arteriosus, ductus venosus) (Blackburn, 2006). The transition is initiated by 

clamping of the umbilical cord, which results in a sudden and rapid rise in systemic arterial 

pressure (Hooper et al., 2015). Heart rate is also markedly increased, as shown in Figure 1.7 

where mean arterial pressure and heart rate of fetal sheep and postnatal lambs increased 

significantly after birth (Louey et al., 2000).  

 

 

 
Figure 1.7. Mean arterial pressure (MAP) and heart rate in IUGR (unfilled circles) and control 

(filled circles) fetuses and postnatal lambs until 8 weeks of age (reproduced with permission 

from Louey et al. (2000)). 

 
The initiation of breathing and removal of lung liquid results in a profound decrease in 

pulmonary vascular resistance, resulting in 100% of RV output to enter the lungs. The 

decrease in pulmonary vascular resistance combined with the increase in systemic arterial 

pressure results in a reversal of the pressure gradient across the ductus arteriosus, resulting in 

a rapid increase in pulmonary blood flow at birth (Crossley et al., 2009, Hooper et al., 2015). 

The increase in pulmonary blood flow allows for a large increase in venous return to the left 
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atrium and ventricle, causing an increase in LV output (Hooper et al., 2014). A study by van 

Vonderen et al. (2014), using echocardiography on newborns within the first 10 minutes of 

life, reported that LV dimensions (LV end-diastolic diameter and LV end-systolic diameter) and 

LV output significantly increased within the first 5 minutes after birth and stabilised after 10 

minutes. These changes are due to the increased load on the ventricle resulting from 

pulmonary blood flow changes and ductal shunting as the LV is now pumping 100% of cardiac 

output compared to the 33% in the fetus. 

 

1.6 Preterm birth and the heart 

 
Babies born at term exhibit a relatively mature heart and vasculature, such that the 

cardiovascular system is structurally prepared for the haemodynamic transition at birth. 

However, when birth comes early, the cardiovascular system of the preterm infant is 

prematurely exposed to the haemodynamic transition at birth, at a time when the 

cardiovascular system is structurally immature. Indeed, during the last part of gestation, final 

cardiomyocyte number is established in the developing myocardium and it is known that 

increased systemic pressure impacts proliferation and terminal differentiation in immature 

cardiomyocytes (Barbera et al., 2000, Jonker et al., 2007). Also, there are many changes in 

circulating hormone levels (cortisol, angiotensin, thyroid hormone) in the lead up to 

parturition and in the 1-2 weeks after birth (Hillman et al., 2012); these hormones have known 

impacts on cardiomyocyte development (Thornburg et al., 2011). Hence, preterm birth in the 

absence of normal prepartum changes in these hormones and/or premature exposure to 

postnatal hormone levels can also impact development of the heart. 

 

Early in life 

 
Hypotension (low arterial pressure) is often observed in preterm infants in the immediate 

period after birth whilst in the neonatal intensive care unit (Georgieff et al., 1996, Dannevig et 

al., 2005). This is most common for preterm infants born very or extremely premature 

(Subhedar, 2003, Witcombe et al., 2008) and is thought to result from immature 

cardiovascular control of arterial pressure or a persistent ductus arteriosus (Harper, 2000, 

Sarkar et al., 2007). For instance, low superior vena cava flow in preterm infants born before 

30 weeks gestation has been associated with higher upper body vascular resistance and larger 
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diameter ductal shunts which can result in an increased risk of developing of intraventricular 

haemorrhaging (Kluckow and Evans, 2000). Similarly, the delayed closure of the ductus 

arteriosus in preterm infants creates abnormal blood flow between the heart and lungs 

(Abdel-Hady et al., 2013); this is more evident in preterm infants born at earlier gestational 

ages as the incidence of patent ductus arteriosus increases with decreasing gestational age 

(Dagle et al., 2009). Hence, hypotension occurs when there is an inadequate rise of systemic 

arterial pressure in preterm infants due to a delayed decrease in pulmonary arterial pressure 

and therefore delayed increase of cardiac output after birth. These hypotensive babies 

generally require inotropic support, such as dopamine and/or dobutamine therapies, to 

normalise their arterial pressure and mitigate potential short-term and long-term 

consequences of inadequate pressures to organ systems (Ibrahim, 2008). However, during the 

first month of life, it has been reported that arterial pressure increases more rapidly in infants 

born preterm compared to those born at term (Pejovic et al., 2007). The initial hypotension in 

the immediate period following birth is in direct contrast to the hypertension often observed 

later in life in subjects born preterm; the mechanisms leading to this hypertension are poorly 

understood. 

To date, despite the increasing incidence of preterm birth, the short-term and long-term 

effects on the heart and the growth of cardiomyocytes have not been extensively studied. 

Past studies have mostly used non-invasive methods, such as ultrasound, to examine the 

hearts of premature infants. These studies have shown that structural cardiovascular defects 

(patent ductus arteriosus and heart septal defects) were more likely to be found in preterm 

infants, but there is no evidence that preterm birth causes them (Tanner et al., 2005). 

Histological studies can only be undertaken in the hearts of deceased infants; this tissue is 

difficult to obtain and effects on the growth of the heart can be confounded in these analyses, 

by the fact that these have been very ill infants. 

Animal models have allowed for carefully controlled studies on the effects of preterm birth in 

offspring that are in good health. In this regard, a study by Bensley et al. (2010) examined the 

effect of moderate preterm birth on the structure of the heart in 9-week old sheep that were 

born preterm. In this study, it was shown that the premature shift from a fetal to postnatal 

circulatory configuration leads to remodelling of the heart structure; collagen deposition was 

significantly greater, the size of cardiomyocytes was increased and there were changes in 

cardiomyocyte maturation (such that fewer cardiomyocytes were binucleated and there was 

an increase in the ploidy of mononucleated cardiomyocytes). These cardiac changes in the 
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myocardium have the potential to lead to long-term adverse consequences on cardiac 

structure and function.  

 

Later in life 

 
Based on these findings, clinical studies have recently been conducted in young adult subjects 

that were born preterm to look at the long-term impact of preterm birth on cardiac structure 

and function. In these studies, Lewandowski and Leeson (2014) performed cardiovascular 

phenotyping via magnetic resonance imaging (MRI) on young adults born preterm, to quantify 

ventricular mass, 3D geometric variation and myocardial function. Of concern, preterm birth 

was associated with increased ventricular mass (which was inversely related to gestational 

age) and abnormal ventricular shape; ventricles were shorter with smaller internal diameters 

and the apex was displaced in the LV. Ventricular function was also found to be significantly 

impaired, such that there was reduced longitudinal systolic (peak strain, strain rate and 

velocity) and diastolic (peak strain rate and velocity) function and rotational (apical and basal 

peak systolic rotation rate and net twist angle) movement in individuals born preterm 

compared to those born at term. Interestingly, the effects of preterm birth were more 

pronounced in the RV than the LV, in particular for systolic function where preterm subjects 

had significantly lower RV ejection fraction compared to term controls, however this was not 

the case in the LV (Lewandowski et al., 2013a, Lewandowski et al., 2013b). 

 

1.7 Preterm birth and the vascular system 

 
In addition, to adverse effects in the heart, there have been a number of reports in animal 

models and in human subjects demonstrating structural differences in blood vessels of 

preterm offspring when compared to term offspring. 

 

Early in life 

 
In recent studies, in an ovine model of moderate preterm birth, Bensley et al. (2012) have 

reported remodelling of the great vessels (aorta and pulmonary artery) following preterm 

birth. At 9 weeks of age, the aortas of preterm lambs exhibited thicker walls and smaller 

lumenal areas compared to term lambs, however, the pulmonary artery appeared unaffected. 
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Both blood vessels demonstrated a significant increase in elastin deposition, but only the 

aorta showed a marked decrease in smooth muscle content. Of concern, it was observed 

histologically in the aorta of four of the seven preterm lambs that there was severe injury to 

the arterial wall; this is likely related to the high increase in arterial pressure at birth in an 

immature aorta.  

 

Later in life 

 
There are a number of clinical studies that report altered cardiovascular structure in subjects 

born preterm. For example, Bonamy et al. (2005) using non-invasive imaging techniques, 

examined vascular function and structure in adolescent girls that were born at term or 

preterm (mean gestational age of 29 weeks at birth). Compared to terms, those born preterm 

were found to have significantly elevated brachial artery and aortic arterial pressures; they 

also exhibited a narrower lumen area in the abdominal aorta. A subsequent study by (Edstedt 

Bonamy et al., 2008) again reported narrowing of the aortic lumen (16% narrowing in the 

thoracic aorta and 19% narrowing in the abdominal aorta) in 15-year-old individuals born very 

preterm. In addition, 9-year-old children born very preterm were also found to have reduced 

capillary density compared to term subjects of the same age (Bonamy et al., 2007). 

Increased arterial wall thickness has also been linked with preterm birth, with studies 

reporting a relationship between higher carotid artery intima-media thickness and 

cardiovascular risk factors in middle aged adults that were born preterm (Burke et al., 1995, 

Chambless et al., 1997, Chambless et al., 2000, Davis et al., 2001, Polak et al., 2011). Taken 

together, the findings collectively demonstrate that preterm birth can lead to persistent 

adverse effects on the growth of the vasculature, which have the potential to predispose to 

cardiovascular disease and to the development of hypertension. In this regard, there are now 

many studies that link preterm birth with the development of hypertension in later life.  

 

1.8 Hypertension 

 
Hypertension is a sustained elevation in arterial pressure and it is a major risk factor for 

cardiovascular disease (Chobanian et al., 2003, Aje and Miller, 2009). Over recent decades, 

preterm birth has been strongly linked to the development of hypertension by early 

adulthood; the risk is increased with the severity of prematurity (Bonamy et al., 2005, 
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Johansson et al., 2005, Doyle, 2008, Norman, 2010, Crump et al., 2011, Kerkhof et al., 2012, 

Sutherland et al., 2014). For instance, a study by Johansson et al. (2005) investigated the 

association between gestational age at birth and risk of high arterial pressure in young 

Swedish men. It was found that 20% of men born preterm had high systolic blood pressure 

(higher than 140 mmHg) and this was influenced by gestational age at birth, such that 32% of 

those born extremely preterm were hypertensive and 24% born moderately preterm were 

hypertensive. Overall, individuals that were born extremely preterm were reported to have 

almost a 2-fold increased risk of developing high systolic blood pressure compared to those 

born at term. Importantly, linear regression analyses from this study have illustrated that a 

0.31 mmHg increase of systolic blood pressure was found for every week born less than 37 

completed weeks of gestation. Similarly in another study, young adults born very preterm 

(<32 weeks of completed gestation), both small for gestational age and appropriately grown 

for gestation age, were found to have high daytime systolic blood pressure and higher risk of 

hypertension than those born at term (Keijzer-Veen et al., 2010).  

The rise in arterial pressure in preterm individuals is clinically important given that 

hypertension is a major risk factor for cardiovascular disease. Indeed, only small changes in 

arterial pressure can have marked effects on cardiovascular disease risk; for example, a 4.7 

mmHg reduction in diastolic blood pressure can lower the risk of stroke and ischaemic heart 

disease by 32% and 20%, respectively (Law et al., 2003). Hence, it is imperative to gain an 

understanding of the aetiology of hypertension in subjects that were born preterm. Indeed, it 

is likely that adaptive changes in the immature cardiovascular system following preterm birth 

are linked to the aetiology of hypertension and lead to vulnerability to cardiovascular disease.  

 

1.9 Focus of this thesis 

 
Preterm birth is a truncation of the in utero development period, resulting in early delivery to 

a very contrasting ex utero environment. For fetuses born at term, their organ systems are 

more mature and further developed compared to those born preterm; therefore, more 

“prepared” for the transition to ex utero life.  Preterm infants experience the same changes 

with birth (i.e. increase in systemic pressure and decrease in pulmonary pressure); however, 

these sudden haemodynamic changes at birth will undoubtedly affect the underdeveloped 

cardiovascular system of these subjects. It is known that during late gestation that the total 

number of cardiomyocytes is set in the developing myocardium and that increased systemic 
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pressure can impact proliferation and terminal differentiation in immature cardiomyocytes. 

Similarly, cardiomyocyte development can be affected by the changes in circulating hormone 

levels (for example, cortisol, angiotensin, and thyroid hormone) in the lead up to parturition 

and in the first two weeks after birth. Hence, preterm birth in the absence of normal 

prepartum changes in these hormones and/or premature exposure to postnatal hormone 

levels can impact development and function of organ systems. Additionally, elastin is largely 

laid down in late gestation and so the truncation of normal deposition combined with the 

premature exposure to postnatal arterial pressures is likely to affect the vascular composition 

of large conduit arteries. 

Therefore, it is imperative to gain an understanding of how preterm birth affects the heart 

and blood vessels in the immediate period after birth and in early adulthood; in particular, 

those born moderately preterm as they make up the majority of preterm births. In this thesis, 

I have examined the effect of moderate preterm birth, using an ovine model, on the structure 

of the heart and cardiomyocyte growth, and on the structure and composition of the large 

conduit arteries (thoracic aorta and left carotid artery).  

 

1.10 Aims 

 
In Chapter 2, I have established an ovine model of moderate preterm birth based on the 

previously published model of De Matteo et al. (2010) and administered a clinically relevant 

dose of betamethasone antenatally, that is routine in clinical practice. Using this ovine model 

of moderately preterm birth, the specific aims were to determine the effect of moderate 

preterm birth on: 

 Survival, body growth and physiological parameters in the immediate period after 

birth (Chapter 2) 

 Survival, body growth and physiological parameters from birth to early adulthood 

(Chapter 3) 

 Heart structure and cardiomyocyte growth in the immediate period after birth and in 

early adulthood (Chapter 4) 

 Structure and composition of the large conduit arteries (thoracic aorta and left carotid 

artery) in the immediate period after birth and in early adulthood (Chapter 5) 
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To address these aims, in Chapter 2, a sheep model of moderately preterm birth was 

developed with the first cohort of animals (short-term study) maintained for 2 days after 

birth. In these preterm and term lambs, percentage survival, body growth, arterial pressure, 

heart rate and organ weights at necropsy were examined.  

 
In Chapter 3, using this model of moderate preterm birth established in Chapter 2, another 

cohort of preterm and term sheep (long-term study) were maintained until 14.5 months of 

age (early adulthood). Percentage survival, body growth, arterial pressure and heart rate were 

continuously measured over the experimental period; then in adulthood, body composition 

was measured using Dual-energy X-ray absorptiometry and organ weights recorded at 

necropsy. 

 
In Chapter 4, with fixed and frozen heart tissues collected from both short-term and long-term 

cohorts of animals, heart size was examined using image analysis for ventricular wall thickness 

and the Cavalieri principle for ventricular wall and chamber volume. Cardiomyocyte number 

and cardiomyocyte nuclearity were determined using an optical disector/smooth fractionator 

approach and image analysis after immunohistochemistry, respectively. Collagen content in 

the ventricular walls was estimated using a hydroxyproline assay. 

 
In Chapter 5, fixed and frozen segments of the thoracic aorta and the left carotid artery were 

excised from both short-term and long-term cohorts. To investigate potential differences in 

blood vessel structure, lumen area, medial area, wall thickness, number of elastin layers and 

biochemical composition were analysed with image analysis after staining with Verhoeff van 

Gieson’s stain. Collagen content in the blood vessel wall was determined using a 

hydroxyproline assay. 



 

 
 

 

 

 

 

Chapter 2: 

The Effect of Moderate Preterm Birth on Survival, 

Body Growth, Arterial Pressure and Heart Rate in 

the Immediate Period after Birth 
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2.1 Introduction 

 
Preterm birth is defined as birth that occurs before 37 completed weeks of gestation. It can be 

further subdivided according to gestational age at the time of delivery: extremely preterm 

(<28 weeks), very preterm (<32 weeks) and moderately preterm (32 to 37 weeks) (Tucker and 

McGuire, 2004, Goldenberg et al., 2008). Eighty to ninety percent of babies born preterm are 

in the moderately preterm subgroup (Raju, 2006).  

It is well established that there is a ‘male disadvantage’ after preterm delivery, with preterm 

males being more vulnerable to cardiorespiratory illness than females (Elsmén et al., 2004a, 

Peacock et al., 2012). In addition, male infants are more likely to be delivered prematurely and 

deaths of preterm male infants are more common than female preterm infants (Cooperstock 

and Campbell, 1996, Ingemarsson, 2003, Lawn et al., 2013). The difference between sexes in 

infant mortality (within the first year) is most evident in those born extremely preterm; with 

60% of preterm males dying compared to 38% for preterm females (Ingemarsson, 2003). 

Overall, the increased morbidity and mortality in preterm males has been linked to delayed 

development in males, with females exhibiting advanced lung (Fleisher et al., 1985) and 

cardiomyocyte maturation (Lumbers et al., 2009). Therefore, it is important in studies relating 

to preterm birth to not only compare differences between those born preterm and at term, 

but also the effects of preterm birth between males and females.  

Preterm infants are born at a time when their organ systems are immature and so preterm 

birth can lead to injury of immature organs and/or adaptations in structure and function. 

Hence, it is imperative to gain an understanding of the impact of being born moderately 

preterm on organ development in the newborn and on long-term health outcomes. In this 

regard, the focus of this thesis was to examine the short-term and long-term effects of being 

born preterm on the cardiovascular system.  

My PhD projects utilises an ovine model of moderately preterm birth. Sheep are an excellent 

animal model to investigate the effects of preterm birth on the cardiovascular system. Similar 

to humans, sheep have a long gestation period, they generally give birth to singletons or 

twins, and lambs are born at a similar size and weight to a newborn human baby. In addition, 

the ontogeny of vital organ systems is similar to that in the humans. Importantly, in relation to 

this PhD project, heart development and cardiomyocyte proliferation and maturation in the 

sheep fetus closely resembles that in humans (Huttenbach et al., 2001, Burrell et al., 2003). 
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Furthermore, sheep become sexually mature by 12 months of age and therefore it is possible 

to investigate effects in adulthood in a timely manner.  

Chapter 2 describes in detail the ovine model of moderately preterm birth that is utilised 

throughout this PhD project. Body growth, body dimensions, arterial pressure, heart rate and 

blood chemistry are also compared between preterm and term lambs (males and females) in 

the immediate period after birth. Our model of preterm birth is based on a previously 

established ovine model, whereby De Matteo et al. (2010) have optimised an ovine model of 

moderately preterm birth. Utilising this approach, lambs were born at 132 ± 1 days of 

gestation (0.9 of term) equivalent to 32 - 34 weeks gestation in humans.  This is the earliest 

time point in which viable preterm lambs can be born without requiring significant respiratory 

support in the form of mechanical ventilation. 

In the studies of De Matteo et al. (2010), low sub-clinical doses of betamethasone (3.7 mg) 

were administered to the ewes assigned to deliver preterm in order to facilitate survival of the 

preterm lambs after birth. Given that it has previously been shown that betamethasone is 

necessary for survival of the preterm lambs, in the studies described in this thesis, we chose to 

use a clinically relevant dose of betamethasone. The timing and dose of betamethasone 

administered to the ewes was the same as that routinely administered to women at risk of 

preterm delivery (2 injections; 11.4 mg each, 24 hours apart).  
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2.2 Animal model and methods 

 

2.2.1 Animals 

 
All experimental procedures were approved by the Monash University Animal Ethics 

Committee (approval MMCA-2011/01) in accordance with the National Health and Medical 

Research Council’s Code of Practice (Australia) for the care and handling of animals for 

scientific purposes. 

Lambs studied in this PhD project were born during 2011, 2012 and 2013. It is to be noted that 

I was directly involved in the prenatal and postnatal treatment and care of all ewes and lambs. 

In the initial animal studies, Prof. Richard Harding and Dr. Robert De Matteo provided expert 

advice in relation to the induction, delivery and care of the ewes and preterm lambs. Other 

people who were also involved in the animal studies and assisted me in the treatment and 

care of ewes and lambs were: Dr. Graeme Polglase (supervisor), Ms. Natasha Blasch (animal 

technician), Mr. Dalibor Stanojkovic (animal technician), Dr. Beth Allison (senior post-doctoral 

researcher), Dr. Shanti Diwakarla (post-doctoral researcher) and Ms. Alison Moxham (senior 

research assistant). 

My PhD studies involved the delivery of two cohorts of preterm and term lambs; one cohort 

was used for short-term experiments, the other cohort was used for long-term experiments. 

Border Leicester ewes were mated with White Suffolk rams, of known mating date and ewes 

only carrying singletons were used. Ewes and lambs for the short-term studies were delivered 

and housed at Monash Medical Centre Animal Facility (MMCAF) in Clayton (see following), 

whilst ewes and lambs for the long-term studies were delivered and housed at the Monash 

University Animal Facilities in Churchill, Gippsland (see later – Chapter 3).  

 

2.2.2 Care of ewes and induction of labour 

 
Pregnant ewes in the short-term studies were transported to MMCAF from Monash University 

Animal Services (Gippsland) approximately 3 - 4 weeks before expected delivery of lambs. 

Whilst in Gippsland, ewes were housed in paddocks and fed on normal pasture. A week 

before transport to MMCAF, the ewes were housed indoors where they were acclimatised to 

inside housing and changed to a feed of lucerne hay and chaff, in preparation for the housing 

and feeding conditions at MMCAF.  
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Once at MMCAF, ewes were kept in individual single-sized lambing pens. They were fed 800 - 

1000 g of lucerne hay/chaff twice daily (in the morning and afternoon) and given unlimited 

water in buckets to drink ad libitum. The ewes were monitored daily to make sure they were 

healthy and alert. After birthing, they were given as a once off, extra lucerne hay and also 

approximately 200 g of sheep pellets (Rumevite, Ridley AgriProducts, Victoria, Australia) for 

additional nutrition. Within the MMCAF, the sheep were housed indoors with a 12 hour 

day/night cycle; daytime between 8 am and 8 pm. MMCAF staff were responsible for 

monitoring the temperature and humidity daily (which ranged from 19.5 - 21.5oC and 50 - 

75%, respectively) as well as cleaning out the pens every morning. Prior to induction of labour, 

ewes were moved to double-sized lambing pens and after delivery the lambs remained in 

these pens with the ewes.  

The ewes were randomly assigned to deliver at term (147 ± 1 days gestation; n=15) or 

preterm (132 ± 1 days gestation; n=21). All lambs were delivered vaginally. To induce birth, 

ewes were given epostane (Sanofi-Synthelabo, New South Wales, Australia); 50 mg in 2 ml 

100% ethanol (EtOH) administered intravenously via the jugular vein, approximately 43 hours 

before expected preterm delivery or approximately 24 hours before expected term delivery. 

Epostane, a 3-beta-hydroxysteroid dehydrogenase inhibitor, is involved in preventing the 

production of progesterone from pregnenolone. Progesterone is imperative to help 

maintaining pregnancy in sheep and therefore, without it, labour is induced. If induction or 

the progress of labour was taking longer than expected, an extra dose of epostane was given 

on the morning the lamb should have been delivered if deemed necessary. Vaginal checks 

were also conducted on ewes to assess the position of the lambs in the birthing canal; this 

process also helped to stimulate dilation of the cervix and thus delivery. 

For the preterm group, the corticosteroid, betamethasone (Celestone Soluspan, Schering-

Plough, North Ryde, New South Wales, Australia) was also administered. Ewes were given two 

injections of betamethasone (11.4 mg in an aqueous vehicle in each dose) intramuscularly, 

into the hind leg. The first dose was administered approximately 48 hours before the 

expected delivery time (approximately 5 hours before the epostane injection) and the second 

dose administered 24 hours later. Ewes delivering term lambs were not administered 

betamethasone. 
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2.2.3 Delivery and care of lambs 

 

2.2.3.1 Preterm lambs 

 
Around the expected time of delivery, ewes were monitored from a separate room via video 

cameras set up above their pens. During this time, it was important to minimise movement 

and mitigate distractions whilst the ewe was in labour. Evidence that lambing had begun was 

indicated by the appearance of a thick whitish vaginal discharge and the onset of contractions. 

In addition, a fluid-filled sac (amniotic sac) appeared, protruding from the vagina which 

eventually ruptured to establish a lubricated passage through the vagina as uterine 

contractions became stronger and more frequent. From this point, the ewe was expected to 

deliver within 2 hours; any longer than this, it was likely that the lamb was in a breeched 

position and the ewe would then require assistance with delivery. In the normal delivery 

process, as labour progressed, the ewe would spend more time lying on her side, stretching 

legs out with her head raised up. As the ewe continued to push and contract, the tip of the 

nose and the front legs of the lamb delivered first and once the head and shoulders passed 

through the pelvis, the delivery of the whole lamb was rapid.  

When the preterm lambs were delivered, they were closely monitored; if there were 

problems with breathing, intervention was immediately implemented (see later – Section 

2.2.4). If there were no apparent problems, the lamb was left to bond with the ewe for a short 

while before removal to record body weight and physiological measurements. Bonding 

between the ewe and lamb was facilitated by allowing the ewe to lick and smell the lamb; this 

ensured that the ewe did not reject the lamb. 

After recording of measurements (see later – Section 2.2.4), preterm lambs were placed back 

in the pen with the ewe in a tub lined with hay and warmed with hot water bottles wrapped in 

towels. An overhanging heating lamp was fixed to the side of the lambing pen and the tub was 

placed underneath to keep the lamb warm. The tub also prevented ewes from trampling the 

lambs as they could not yet stand to support themselves at this point. For the first 24 hours, 

lambs were bottle-fed expressed milk from the ewes. Feeding took place every 4 - 6 hours, at 

80 ml/kg/day. As lambs got stronger, they were encouraged to stand and suckle from the 

ewe. This normally occurred within 24 hours. 
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2.2.3.2 Term lambs 

 
The ewes that were to deliver at term were also monitored but usually no assistance in the 

birthing process was necessary. Assistance was only required when labour was longer than 

normal when the ewe appeared to be straining heavily and there was no sign of the lamb 

after a long period of time; it was then assumed the lamb may be too large for the ewe to 

push out by herself or it was breeched. At this stage, assistance in delivery was provided by 

manual extraction of the lamb. Then bonding between lamb and ewe was permitted before 

removing the lamb for measurements before its first feeding. 

 

2.2.4 Monitoring at birth 

 
After bonding, preterm and term lambs were taken from ewes to be cleaned and dried by 

towels and hairdryers and excess fluid suctioned from the mouth and nose. After this, the 

lambs were weighed, and temperature, blood oxygen saturation levels and heart rate were 

measured using a thermometer and pulse oximeter (Masimo, Irvine, California, USA), 

respectively. The pulse oximeter measurements were recorded continuously for 

approximately 30 minutes after birth, and then averaged. Arterial pressure was measured 

using an Advisor® Vital Signs Monitor (SurgiVet®; Smiths Medical PM, Massachusetts, USA), 

which involved the non-invasive measurement of blood pressure via an inflatable blood 

pressure cuff attached to the front limb of the lamb. These measurements were recorded 

every 5-10 minutes for approximately 30 minutes after birth and then averaged. Figure 2.1 

shows a lamb after birth lying on a hot water bottle wrapped in a towel to maintain its 

temperature and having its oxygen saturation measured via a sensor on the front right limb 

and arterial pressure measured with an inflatable cuff attached to a sphygmomanometer on 

the front left limb.  
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Figure 2.1. Lamb having its oxygen saturation (sensor on front right limb) and arterial pressure 

(cuff on front left limb) measured after birth. 

 
After recording of measurements, term lambs were returned to ewes to stand and feed on 

their own as they did not require further assistance. However, if preterm lambs had low 

saturation levels, extra oxygen supplementation (Continuous Positive Airway Pressure) was 

provided via a nose cone connected to the Neopuff (Fisher & Paykel Healthcare, Panmure, 

Auckland, New Zealand) until saturation levels were stable at above 80% as seen in Figure 2.2. 

Once the preterm lamb was stable, they were placed back with the ewe.  

 

 

Figure 2.2. Preterm lamb receiving oxygen supplementation via a nose cone, whilst having its 

oxygen saturation (sensors on front right limb and ear) and arterial pressure (cuff on front left 

limb) recorded. A hair dryer was also utilised to help dry and warm the lamb after birth. 
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2.2.5 Postnatal measurements 

 
After the initial recordings at birth, body weight, body temperature (rectal temperature), 

oxygen saturation, heart rate and arterial pressure were measured every 4-6 hours. The 

measurements recorded for the first 24 hours after birth were then averaged for day 1 data. 

On postnatal day 2, morphometric measurements were taken including: crown-rump length 

(CrL), thoracic girth (TG), front limb length (FLL) and hind limb length (HLL). Lambs were then 

anaesthetised with 1 ml/kg Sodium Thiopentone (50 mg/ml; Jurox, Rutherford, New South 

Wales, Australia), administered intravenously via the jugular vein, and maintained under 

general anaesthesia by inhalation of 2% Isofluorane in oxygen (Isoflo; Abbott, Sydney, New 

South Wales, Australia) and mechanically ventilated with 100% oxygen. A catheter was 

inserted into the femoral artery and mean arterial pressure, oxygen saturation, heart rate and 

temperature (via rectal probe) were continuously recorded (Advisor® Vital Signs Monitor; 

SurgiVet®, Smiths Medical PM, Massachusetts, USA) for approximately 60 minutes. 

Measurements at every 10 minutes were averaged for day 2 data. During recording, 

ultrasound analyses on the heart, kidneys and blood vessels (aorta, carotid arteries and renal 

arteries) were performed by Mr. Paul Lombardo, as part of his PhD project. At the termination 

of recording, the lamb was administered 1 ml of heparin (25000 IU in 5 ml; Pfizer Australia, 

West Ryde, New South Wales, Australia) via the femoral arterial catheter to prevent blood 

clotting. Twenty ml of blood was drawn from this same catheter for collection of plasma and 

another 1 ml was collected for blood chemistry analyses whilst the lamb was still under 

anaesthesia and mechanically ventilated with 100% oxygen. In regards to the blood chemistry 

analyses, not all animals were analysed (5 out of 28 lambs), as collection of the sample was 

overlooked in a few animals at the time of necropsy. Lambs were then euthanised with 0.5 - 1 

ml of Lethabarb (325 mg/ml; Pentobarbitone, Verbac Animal Health, New South Wales, 

Australia) undiluted. This was administered via the femoral artery catheter or injected into the 

jugular vein.  

 

2.2.6 At necropsy 

 
At necropsy, the heart and lungs along with portions of the great vessels were dissected from 

the thoracic cavity and carefully separated. The heart was then weighed and placed in a 

solution of physiological saline with 1 ml of papaverine hydrochloride (1.2 mg/ml; Sigma-

Aldrich, Missouri, USA)  added for every 100 ml of saline. Small samples from the RV free wall 
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and LV apex were sampled and frozen in liquid nitrogen, and then the remainder of the heart 

was perfusion fixed. To do this, the heart was perfused with saline via a catheter in the aorta 

to clear the vasculature of blood; papaverine hydrochloride (0.12 mg) was also administered 

via the catheter to dilate the blood vessels and 0.5 M potassium chloride (0.1 ml) (Merck, 

Germany) administered to arrest the heart in diastole. After the blood was cleared from the 

coronary arteries, the heart was then perfused with 4% paraformaldehyde and subsequently 

stored in 10% formalin. 

Also at the time of necropsy, several blood vessels were collected including the left and right 

renal arteries, left and right carotid arteries, lower thoracic aorta, abdominal aorta (below 

where the left renal artery is attached), third-order mesenteric arteries and ascending aortic 

arch (attached to the heart when removing the heart). All vessels were washed in saline with 

papaverine hydrochloride added (1 ml papaverine/100 ml saline). Portions of the blood 

vessels were divided for freezing in liquid nitrogen or immersion fixation in 10% formalin. 

Other organs collected at necropsy included the lungs, brain, left and right kidneys, liver, 

spleen, thymus and gut; these were weighed and immersion-fixed and/or frozen in liquid 

nitrogen for analysis by other researchers. 

 

2.2.7 Statistical analysis 

 
Statistical analyses were performed using IBM SPSS Statistics Version 21 (IBM SPSS, Illinois, 

USA) and graphed using GraphPad Prism Version 6.0 (GraphPad Software, California, USA). 

Kaplan-Meier survival curve analysis was used to analyse the survival between preterm and 

term female and male lambs. Data examining arterial pressure, heart rate, oxygen saturation 

and temperature at birth and day 1 were analysed using a three-way repeated measures 

analysis of variance (ANOVA), with time (PT; birth or day1), gestational age at birth (PG; 

preterm or term) and sex (PS; male or female) as factors.  All other data in this chapter were 

analysed using a two-way analysis of variance (ANOVA), with gestational age at birth (PG; 

preterm or term) and sex (PS; male or female) as factors. Significant interaction effects 

detected in the ANOVAs were further analysed by a Tukey’s post-hoc test. Data are 

represented as means ± standard error of mean (SEM) and statistical significance was 

accepted at the level of P<0.05. 
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2.3 Results 

 

2.3.1 Timing of deliveries (Figure 2.3) 

 
Figure 2.3 shows the delivery times of all lambs after epostane administration in the ewes. 

Overall, the average delivery time for all lambs born preterm was 45 ± 1 hours after epostane 

administration and ranged from 36 to 55 hours. However, of the 21 lambs born preterm, 9 of 

them received an extra dosage of epostane on the day of expected delivery; the average time 

to delivery for the ewes receiving only one dose of epostane was 42 ± 1 hours, whereas it was 

50 ± 1 hours in ewes that received a second dose.  

For all term lambs, the average delivery time was 32 ± 1 hours after epostane administration, 

and ranged from 23 to 47 hours. Similar to the preterm group, 6 out of the 15 ewes in the 

term group received an extra dosage of epostane on the day of expected delivery. Ewes that 

received only one injection of epostane delivered 33 ± 2 hours after administration, whilst 

those that were given an extra injection on the day of delivery, ended up delivering more 

quickly at 32 ± 1 hours after the first epostane injection.  
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Figure 2.3. Delivery times of all preterm and term male and female lambs after the initial 

administration of epostane. Deliveries highlighted in pink indicate female lambs and those in 

blue indicate male lambs. Those that received an extra dose of epostane on the day of 

expected delivery are indicated by the open squares or circles.  
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2.3.2 Birth weights (Figure 2.4) 

 
As expected, preterm lambs were significantly lighter (PG<0.0001) at birth compared to those 

born at term; both female and male preterm lambs were lighter than their term counterparts 

as seen in Figure 2.4. In female preterm lambs, the average birth weight was 3.77 ± 0.16 kg 

compared with 5.57 ± 0.17 kg in female term lambs. The birth weights of male preterm lambs 

averaged 4.26 ± 0.19 kg compared with 5.29 ±0.24 kg in male term lambs. No sex differences 

were observed in birth weights (PS=0.591).  
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Figure 2.4. Birth weights of preterm (n=12 female, n=8 male) and term (n=10 female, n=5 

male) lambs. Pink shading represents females and blue shading represents males. Data were 

analysed using a 2-way ANOVA with gestational age at birth (PG; preterm or term), sex (PS; 

male or female) and their interaction (PS*G) as factors. Values are means ± SEM. 

 

2.3.3 Survival after birth (Figure 2.5) 

 
Figure 2.5 shows the percentage survival for all lambs over the first 48 hours of life. For the 

term group, all the lambs survived (10 females and 5 males) after birth. For preterm lambs, 

the percentage survival was 62%, with 13 out of 21 lambs surviving; 64% of female preterm 

lambs (7 out of 11) survived and 60% of male preterm lambs (6 out of 10) survived. Therefore, 

when comparing preterm lambs to term lambs, there was a significant difference (P=0.008) in 

the percentage survival. There was no significant difference (P=0.073) in survival rates 

between preterm males and preterm females.  
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Figure 2.5. Percentage survival of all preterm (male and female) and term (male and female) 

lambs in the first 50 hours after birth. Pink circles represent preterm females, pale blue circles 

represent preterm males, red circles represent term females and dark blue circles represent 

term males. Curve comparisons were performed by log-rank tests, with *P<0.05 observed 

between preterm vs. term lambs. 

 

2.3.4 Necropsy weights (Figure 2.6) 

 
In the immediate period following birth, the term lambs and surviving preterm lambs had an 

average weight gain of 412 g/day and 71 g/day, respectively, until necropsy at 2 days of age. 

Even though all lambs increased in weight in the 2 days after birth, term lambs had almost 6 

times greater weight gain compared to preterm lambs. Hence, at necropsy, body weights 

remained significantly reduced (PG<0.0001) in the preterm group compared to term controls 

as seen in Figure 2.6. No sex differences were observed in body weights at necropsy 

(PS=0.718). 
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Figure 2.6. Necropsy weights of preterm (n=7 female, n=6 male) and term (n=10 female, n=6 

male) lambs. Pink shading represents females and blue shading represents males. Data were 

analysed using a 2-way ANOVA with gestational age at birth (PG; preterm or term), sex (PS; 

male or female) and their interaction (PS*G) as factors. Values are means ± SEM. 

 

2.3.5 Organ weights (Table 2.1) 

 
Table 2.1 reports the absolute and relative weights of organs collected at necropsy. Absolute 

organ weights of the heart, brain, left kidney, right kidney, liver and spleen were all 

significantly heavier in the lambs born at term when compared to preterm lambs. When 

adjusted for body weight, lungs, brain, right kidney and liver weights were all significantly 

higher in the preterm lambs compared to the term controls.  

Males had significantly lighter absolute right kidneys than females (PS=0.037), whereas there 

were no other differences in organ weights between sexes. When adjusted for body weight, 

there were no significant differences in relative organ weights between sexes. 
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Organs 

collected at 

necropsy 

Preterm Term 

P-values 

Females n=7 Males n=6 Females n=10 Males n=5 

Absolute weights (g) 

Heart 39.43 ± 2.40 35.86 ± 2.59 54.70 ± 2.00 53.48 ± 2.83 PG<0.0001 

Lungs 128.70 ± 8.82 134.20 ± 9.53 131.03 ± 7.38 155.74 ± 10.44 NS 

Brain 50.26 ± 1.33 48.65 ± 1.43 56.11 ± 1.17 59.00 ± 1.57 PG<0.0001 

Left Kidney 16.65 ± 1.24 15.18 ± 1.34 22.73 ± 1.04 19.22 ± 1.47 PG<0.001 

Right Kidney 17.04 ± 1.27 14.85 ± 1.27 22.19 ± 1.04 18.85 ± 1.39 
PG=0.001 

PS=0.037 

Liver 128.39 ± 6.84 119.76 ± 7.38 169.66 ± 5.72 157.48 ± 8.09 PG<0.0001 

Spleen 8.18 ± 0.61 8.50 ± 0.66 12.02 ± 0.51 11.33 ± 0.72 PG<0.0001 

Relative to body weight (g/kg) 

Heart 9.49 ± 0.42 8.62 ± 0.45 8.63 ± 0.35 8.68 ± 0.49 NS 

Lungs 30.93 ± 1.69 32.43 ± 1.83 20.65 ± 1.42 25.24 ± 2.00 PG<0.0001 

Brain 12.16 ± 0.53 11.79 ± 0.57 8.86 ± 0.46 9.60 ± 0.62 PG<0.0001 

Left Kidney  4.01 ± 0.23 3.66 ± 0.25 3.60 ± 0.19 3.10 ± 0.27 PG=0.054 

Right Kidney  4.05 ± 0.23 3.58 ± 0.23 3.48 ± 0.19 3.03 ± 0.26 
PG=0.025 

PS=0.058 

Liver  30.62 ± 0.82 28.92 ± 0.88 26.78 ± 0.68 25.43 ± 0.97 PG<0.0001 

Spleen  1.96 ± 0.13 2.07 ± 0.14 1.90 ± 0.11 1.84 ± 0.16 NS 

 

Table 2.1. Absolute and relative weights of organs collected from preterm (female and male) 

and term (female and male) lambs at necropsy 2 days after birth. Data were analysed using a 

2-way ANOVA with gestational age at birth (PG; preterm or term), sex (PS; male or female) and 

their interaction (PS*G) as factors. Values are means ± SEM. Abbreviations: NS – not significant. 
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2.3.6 Arterial pressure and heart rate (Figure 2.7 and Table 

2.2) 

 
Arterial pressure and heart rate were measured daily from birth as seen in Figure 2.7 and 

Table 2.2. From birth to day 1, there were no significant differences observed in systolic blood 

pressure, diastolic blood pressure, mean arterial pressure and heart rate in preterm lambs 

compared to term lambs. Additionally, there was no sex differences in either arterial pressure 

or heart rate observed between male and female lambs. Similarly, on postnatal day 2, there 

were no differences in arterial pressure or heart rate between any of the lambs whilst under 

anaesthesia.  
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Figure 2.7. Average systolic blood pressure (A), diastolic blood pressure (B), mean arterial 

pressure (C) and heart rate (D) in preterm (n=7 female, n=6 male) and term (n=10 female, n=5 

male) conscious lambs at birth and 1 day after birth. Pink circles represent preterm females, 

pale blue circles represent preterm males, red circles represent term females and dark blue 

circles represent term males. Data were analysed using a 3-way ANOVA with gestational age 

at birth (PG; preterm or term), sex (PS; male or female) and time (PT; birth and day 1) as factors.  

Values are means ± SEM. 
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Preterm Term 

P-values 

Females n=7 Males n=6 Females n=10 Males n=5 

Systolic 

blood 

pressure 

64.7 ± 8.2 67.5 ± 8.8 83.5 ± 6.9 79.8 ± 9.7 PG=0.078 

Diastolic 

blood 

pressure 

42.3 ± 6.3 44.5 ±6.8 52.8 ±5.3 48.3 ± 7.5 NS 

Mean 

arterial 

pressure 

52.1 ± 7.0 54.1 ± 7.6 64.9 ± 5.9 60.3 ± 8.3 NS 

Heart rate 181.5 ± 14.2 169.5 ± 14.2 164.0 ± 11.0 162.7 ± 15.5 NS 

Table 2.2. Average systolic blood pressure, diastolic blood pressure, mean arterial pressure  

and heart rate in preterm (n=7 female, n=6 male) and term (n=10 female, n=5 male) lambs 

under anaesthesia whilst being mechanically ventilated with 100% oxygen. Data were 

analysed using a 2-way ANOVA with gestational age at birth (PG; preterm or term), sex (PS; 

male or female) and their interaction (PS*G) as factors. Values are means ± SEM. Abbreviations: 

NS – not significant. 

 

2.3.7 Oxygen saturation and temperature (Figure 2.8 and Table 

2.3) 

 
In addition to arterial pressure and heart rate, oxygen saturation and body temperature were 

also measured daily from birth (Figure 2.8 and Table 2.3). Preterm lambs had a significantly 

lower oxygen saturation percentage at birth compared to terms at birth (preterm: 77 ± 3% vs. 

term: 92 ± 3%; PG=0.005). By one day after birth, oxygen saturation had significantly increased 

in preterm lambs (PT=0.024) and was similar to term lambs at this time point. . At two days 

after birth, there was no significant difference in oxygen saturation between any of the lambs. 

There were also no significant differences in temperature at birth between preterm and term 

lambs. However, preterm lambs had significantly reduced body temperature one day after 

birth (preterm: 38.8 ± 0.1oC vs. term: 39.1 ± 0.1oC; PG=0.043) and there was a trend for 

temperature to also be lower two days after birth, but this was not statistically significant 

(PG=0.070). 
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Figure 2.8. Average oxygen saturation and body temperature in preterm (n=7 female, n=6 

male) and term (n=10 female, n=5 male) lambs at birth and 1 day after birth. Pink circles 

represent preterm females, pale blue circles represent preterm males, red circles represent 

term females and dark blue circles represent term males. Data were analysed using a 3-way 

ANOVA with gestational age at birth (PG; preterm or term), sex (PS; male or female) and time 

(PT; birth and day 1) as factors. A 2-way ANOVA was also used to further analyse each time 

point with gestational age at birth (PG; preterm or term), sex (PS; male or female) and their 

interaction (PS*G) as factors. *P<0.05 between preterm vs. term lambs at that time point. 

Values are means ± SEM. 
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Preterm Term 

P-values 

Females n=7 Males n=6 Females n=10 Males n=5 

Oxygen 

saturation 
93.5 ± 2.6 88.3 ± 2.8 94.5 ± 2.8 97.7 ± 4.0 NS 

Temperature 39.2 ± 0.2 38.8 ± 0.2 39.5 ± 0.1 39.2 ± 0.3 PG=0.070 

 
Table 2.3. Average oxygen saturation and rectal temperature in preterm (n=7 female, n=6 

male) and term (n=10 female, n=5 male) lambs under anaesthesia whilst being mechanically 

ventilated with 100% oxygen. Data were analysed using a 2-way ANOVA with gestational age 

at birth (PG; preterm or term), sex (PS; male or female) and their interaction (PS*G) as factors. 

Values are means ± SEM. Abbreviations: NS – not significant. 

 

2.3.8 Blood chemistry (Table 2.4) 

 
Blood chemistry was analysed at postnatal day 2 from a 1 ml blood sample taken via the 

femoral artery catheter whilst lambs were still under anaesthesia and mechanically ventilated 

with 100% oxygen (Table 2.4). There were no significant differences observed in arterial 

oxygen saturation levels (sO2%), pH levels, partial pressure of carbon dioxide (pCO2) and 

glucose levels (cGlu) in blood samples of preterm and term lambs. However, preterm lambs 

had significantly higher haemoglobin levels (ctHb) (PG=0.036) and lactate levels (cLac) 

(PG=0.001) compared to lambs born at term. Between sexes, female lambs had higher sO2% 

(PS=0.014) and lower pCO2 levels (PS=0.016) compared to male lambs. Additionally, there was 

a significant interaction between sex and gestational age at birth in the ctHb levels (PS*G=0.01) 

and also partial pressure of oxygen (pO2) (PS*G=0.043). 

  



C h a p t e r  2  

59 | P a g e  
 

 
Preterm Term 

P-values 

Females n=6 Males n=5 Females n=7 Males n=5 

Oximetry Values 

ctHb 

(g/dL) 
12.3 ± 0.6 13.6 ± 0.6 12.7 ± 0.5 10.6 ± 0.6 

PG=0.036 

PS*G=0.010 

sO2 (%) 99.3 ± 0.6 98.8 ± 0.6 99.5 ± 0.6 96.7 ± 0.6 PS=0.014 

Blood Gas Values 

pH 7.24 ± 0.07 7.20 ± 0.08 7.38 ± 0.07 7.17 ± 0.08 NS 

pCO2 

(mmHg) 
45.7 ± 15.9 96.1 ± 15.9 40.1 ± 13.5 71.5 ± 15.9 PS=0.016 

pO2 

(mmHg) 
233.6± 44.2 287.9 ± 48.5 278.7 ± 41.0 135.2 ± 48.4 PS*G=0.043 

Metabolite Values 

cGlu 

(mmol/L) 
6.6 ± 1.0 4.9 ± 1.0 5.3 ± 0.8 6.4 ± 1.0 NS 

cLac 

(mmol/L) 
4.1 ± 0.5 3.6 ± 0.6 1.9 ± 0.5 1.8 ± 0.6 PG=0.001 

 

Table 2.4. Blood chemistry of the preterm (female and male) and term (female and male) 

lambs under anaesthesia whilst being mechanically ventilated with 100% oxygen on postnatal 

day 2 prior to necropsy. Data were analysed using a 2-way ANOVA with gestational age at 

birth (PG; preterm or term), sex (PS; male or female) and their interaction (PS*G) as factors. It 

should be noted that not all animals had their blood samples collected; the n values per group 

are shown. Values are means ± SEM. Abbreviations: NS – not significant. 
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2.3.9 Morphometric measurements (Figure 2.9) 

 
Figure 2.9 shows the morphometric measurements taken at postnatal day 2. In accordance 

with the body weight data, there was a significant reduction in CrL (PG=0.003), TG (PG<0.0001), 

FLL (PG=0.013), HLL (PG=0.001) and ponderal index (PI) (PG=0.035) in preterm lambs compared 

to term controls. There were no significant differences in any of the morphometric 

parameters measured between male and female lambs. 
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Figure 2.9. Morphometric measurements of crown-rump length (A), thoracic girth (B), front 

limb length (C), hind limb length (D) and ponderal index (E) in preterm (n=7 female, n=6 male) 

and term (n=10 female, n=5 male) lambs at postnatal day 2. Pink shading represents females 

and blue shading represents males. Data were analysed at each time point using a 2-way 

ANOVA with gestational age at birth (PG; preterm or term), sex (PS; male or female) and their 

interaction (PS*G) as factors. Values are means ± SEM. 
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2.4 Discussion 

 

2.4.1 Summary 

 
In this chapter, I have successfully developed an ovine model of moderately preterm birth that 

has then been used in all subsequent chapters in this thesis. Overall, preterm lambs were 

lighter at birth and remained lighter in the 2 days after birth. In accordance with body 

weights, preterm lambs were smaller in all morphometric measures at 2 days after birth, 

including ponderal index which is a measure of ‘leanness’. Arterial pressure and heart rate 

increased to a similar level immediately after birth in preterm and term lambs, and remained 

similar during the first two days after birth. Oxygen saturation was found to be significantly 

lower in preterm lambs compared to term lambs at birth. By two days after birth, oxygen 

saturation was normalised in preterm lambs, whereas haemoglobin and lactate levels were 

significantly elevated compared to term lambs. 

 

2.4.2 Establishment of the model 

 
In this thesis, I have developed a model of moderate preterm birth in sheep, adapted from the 

previously published study of De Matteo et al. (2010). At the commencement of my studies, 

valuable advice was obtained from Dr. Robert De Matteo and Prof. Richard Harding. In the 

previous studies by De Matteo et al. (2010), preterm labour was induced in Merino x Border 

Leicester ewes by administration of epostane, the progesterone inhibitor, at the same dose 

(50 mg in 2 ml of 100% EtOH) as used in my studies; however, the dose of betamethasone 

administered to the ewes was much less. In their studies, they explored 3 different protocols 

relating to the timing of administration of epostane and the timing and dose of 

betamethasone. These included: 1) epostane (50 mg) given 6 hours after betamethasone (3 

mg), 2) epostane (50 mg) given 6 hours after a higher dosage of betamethasone (5.7 mg) and 

3) epostane (50 mg) given 42 hours after betamethasone (5.7 mg). It was concluded in their 

study that neither changing the dose of betamethasone nor the length of time between 

epostane and betamethasone injections improved the survival rates of preterm lambs any 

further (De Matteo et al., 2010). In this regard, it is important to note that both doses of 

betamethasone used in their studies were well below the dose routinely administered to 

women at risk of preterm delivery. 
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In my studies, given that betamethasone is essential for postnatal survival in the preterm 

lambs, we decided to use a clinical dose of betamethasone in order to mimic the current 

treatment of pregnant women at risk of preterm delivery. Border Leicester ewes mated with 

White Suffolk rams were given an initial dose of betamethasone (11.4 mg, intramuscularly) 45 

- 52 hours before expected delivery time and another dose 24 hours later. This is the same 

regimen currently used clinically; where pregnant women who are at risk of delivering 

preterm are also given 11.4 mg of betamethasone, 24 hours apart.  

Overall, my experimental protocol led to the successful delivery of preterm lambs at the 

target gestational age of 132 ± 1 days, which is equivalent to birth at 32 - 34 weeks gestation. 

The preterm lambs at this gestation did not require ventilatory support, thus excluding the 

potential confounding factor of postnatal ventilation. This experimental approach therefore 

provides an excellent model in future chapters to investigate the effect of moderate preterm 

birth, after exposure to clinically relevant doses of betamethasone, on the cardiovascular 

system in the offspring. However, it is important to note, that because the preterm lambs in 

this study have been exposed to antenatal corticosteroids, there is the potential for any 

significant differences observed in the preterm lambs to be the result of exposure to 

corticosteroids in utero rather than preterm birth per se, and this must be kept in mind when 

interpreting the findings in this thesis.  

 

2.4.3 Survival of preterm lambs 

 
As mentioned previously, De Matteo et al. (2010) found that administration of 5 mg of 

betamethasone to pregnant ewes did not significantly improve survival rates of preterm 

lambs compared to lambs of ewes that received only 3.7 mg of betamethasone. Interestingly, 

this remained the case when the dosage was markedly increased in my studies to two doses 

of 11.4 mg 24 hours apart. De Matteo et al. (2010) reported an overall preterm survival rate of 

60%, which was similar as the overall survival rate of 62% in my study. This suggests that the 

higher dose of corticosteroids administered to women at risk of preterm birth may not confer 

any extra survival advantage compared to a much lower dose. Indeed, based on my findings, 

this should be further explored. Certainly, it is well known that the administration of antenatal 

corticosteroids has the potential to lead to adverse side effects in the mother and their 

offspring. Hence, if the dose of betamethasone could be lowered, the benefits on survival may 

still remain but the potential maternal adverse side effects of anaemia and leucocytosis 
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(Romejko-Wolniewicz et al., 2014) may be lessened, and also the elevated arterial pressure 

observed in adult offspring following exposure to excess corticosteroids may be prevented 

(Singh et al., 2012). 

Importantly, in the studies of De Matteo et al. (2010), the survival rates in the preterm lambs 

differed between the sexes; with the survival of the male preterm lambs significantly less than 

preterm females (44% of preterm males survived compared to 76% of preterm females). 

These findings are similar to that observed in the neonatal intensive care unit where there 

appears to be a ‘male disadvantage’ amongst preterm infants with prematurity in males 

associated with higher rates of both neonatal mortality and morbidity (Ingemarsson, 2003). In 

contrast, female infants born premature appear to be less vulnerable to preterm birth and 

have better long-term outcomes after birth. For example, a higher proportion of preterm 

males develop neonatal respiratory distress syndrome as well as chronic lung disease (Elsmén 

et al., 2004a). In addition, there are a number of studies linking preterm males with delayed 

lung development, with females exhibiting advanced lung maturation relative to males during 

late gestation (Fleisher et al., 1985) and also advanced cardiomyocyte maturation compared 

to males (Lumbers et al., 2009). Importantly, in our study, we did not observe any significant 

differences in the survival rates between sexes in the preterm lambs; overall there was a 64% 

survival in preterm female lambs and 60% survival in preterm male lambs. Therefore, it is 

likely that the higher dose of antenatal corticosteroids may have led to improved survival in 

male lambs.   

In regards to the survival of the preterm female lambs, the percentage survival was less in my 

study compared to that of De Matteo et al. (2010) (64% survival 2 days after birth vs. 76% 

survival 2 weeks after birth, respectively). Hence, there is no evidence in my study that the 

higher dose of antenatal betamethasone is of benefit to the survival of the preterm female 

lambs; in fact, it may be detrimental. Further studies exploring the doses of antenatal 

betamethasone are necessary to verify this. An alternative explanation relating to differences 

in survival between my studies and that of De Matteo et al. (2010) may relate to the different 

cross breeds of sheep studied; in my study Border Leicester ewes were crossed with White 

Suffolk rams, whereas in the studies by De Matteo et al. (2010) Border Leicester ewes were 

crossed with Merino rams.  
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2.4.4 Body growth is affected in the immediate period after 

birth 

 
As expected, birth weights in moderately preterm lambs were significantly lower when 

compared to term lambs. Body weight in the preterm lambs remained lower until the time of 

necropsy at postnatal day 2. During the immediate 2 day period after birth, both preterm and 

term lambs gained weight with an average weight gain of 71 g/day and 412 g/day, 

respectively. Hence, the term lambs had a 6 times greater growth rate in the immediate 

period after preterm delivery. The slower growth in the preterm lambs may, in part, relate to 

differences in feeding regimens. Preterm lambs were bottle-fed at set intervals for the first 24 

hours, until independent suckling from mothers was observed, whereas terms were strong 

enough to feed ad libitum from birth. Furthermore, it is well known that infants born 

moderately preterm are delivered during the period of the highest growth increase in utero 

(Cooke et al., 2004); hence, being born before or during this period can subsequently lead to 

body growth restraints. This may be a result of feeding problems and/or immaturity of the 

gastrointestinal system in preterm infants (Sangild, 2006, Puntis, 2006). Indeed, appropriate 

nutrition and growth in early life are important factors in determining long-term 

developmental outcomes for preterm subjects.  

As expected, the severity of effects on the postnatal growth of premature babies depends on 

their degree of prematurity. The earlier and more immature the infant is at birth, the greater 

the initial weight loss and the longer time it takes to regain initial birth weight (Blackwell et al., 

2005). This may in turn impact on long-term adult health (Osmond and Barker, 2000, Barker et 

al., 2005, Thureen, 2007). Studies have reported that infants born extremely and very preterm 

suffer significant weight loss (14%) during the first weeks of life whilst in the neonatal 

intensive care unit and after discharge (Gill et al., 1986). This leaves them growth retarded for 

the first years of life, only able to maintain a low weight gain thereafter and subsequently can 

take 4 - 7 years to sustain stable weight gain within normal ranges (Niklasson et al., 2003). For 

moderately preterm infants, Bocca-Tjeertes et al. (2011) have reported an average decrease 

of 8% in birth weight at approximately 5 days after birth but then after this initial decrease, 

slow weight gain was observed up to 6 months of age.  

In contrast to the findings in human infants, our moderately preterm lambs did not experience 

weight loss after birth; however, a low weight gain was evident during the first two days of life 
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when compared to term lambs. It is likely that if the lambs were born earlier, more severe 

effects on growth would have been observed.   

 

2.4.5 Arterial pressure and heart rate are unchanged after birth 

 
Hypotension (low blood pressure) and depressed heart rate are often observed in preterm 

infants in the neonatal intensive care unit. To date, there has been a paucity of data 

specifically relating to the effects of moderate preterm birth on arterial pressure and heart 

rate in the immediate period after birth and in the long-term; hence, this is specifically 

addressed in this thesis. In my studies, there were no significant differences in systolic blood 

pressure, diastolic blood pressure and mean arterial pressure between moderately preterm 

lambs compared to term lambs at birth, or in the two days after birth. There was no evidence 

of hypotension in the moderately preterm lambs. However, it must be noted that the 

sphygmomanometrical measurement of arterial pressure using a cuff can be stressful to 

unconditioned animals and hence this method may in fact lead to an elevation of arterial 

pressure due to stress. Therefore, arterial pressure cuff measurements should be interpreted 

with caution due to the fact that this method may be measuring a stress response in the lambs. 

If this was the case, there were still no significant differences in arterial pressure between 

preterm and term lambs.  

In addition, heart rate was normal in the preterm lambs. This is in contrast to clinical studies 

which have reported that heart rate is lower in very and moderately preterm infants (median 

gestational age of 33 weeks) immediately after birth but then is higher once haemodynamic 

stability is achieved compared to those born at term (Dawson et al., 2010).  

Hypotension is a common complication in preterm infants whilst in the neonatal intensive 

care unit. However, this is usually observed in preterm infants born very or extremely preterm 

(Watkins et al., 1989, Georgieff et al., 1996, Subhedar, 2003, Witcombe et al., 2008). These 

babies often require inotropic support to normalise their arterial pressure and this is thought 

to be due to immaturity of their cardiovascular system (Kluckow and Evans, 2000, Harper, 

2000). Interestingly, in such infants, arterial pressure often increases more rapidly within the 

first month of life when compared to term controls (Pejovic et al., 2007).  

Over recent years there have been a multitude of studies reporting an elevation in blood 

pressure in children, adolescents and adults born preterm compared to those born at term 

(Bonamy et al., 2005, Johansson et al., 2005, Doyle, 2008, Keijzer-Veen et al., 2010), which is 
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in direct contrast to the hypotension often observed in preterm infants in the neonatal period. 

Given that, hypertension is a major risk factor for cardiovascular disease, it is imperative to 

gain an understanding of the mechanisms leading to hypertension in adulthood in subjects 

that were born preterm. In the following chapter, the long-term effects of moderate preterm 

birth on arterial pressure are comprehensively addressed. 

 

2.4.6 Blood chemistry following preterm birth 

 
Oxygen saturation was found to be significantly lower in preterm lambs compared to term 

lambs at birth and was normalised within 24 hours after birth. By two days after birth, all 

blood chemistry measurements were similar between preterm and term lambs, except for 

haemoglobin and lactate levels, which were significantly elevated in preterm lambs.  

It is important to note that there was some unexpected findings in the blood chemistry results 

at 2 days of age. For example, high haemoglobin levels in preterm male lambs compared to 

term male lambs, low pH in term male lambs (pH=7.17), low pO2 in term male lambs (135.2 

mmHg) and high pCO2 in preterm male and term male lambs (96.1 mmHg and 71.5 mmHg, 

respectively). This may be due to a number of factors, including different operators 

monitoring the ventilation equipment and in particular, the use of an adult ventilator to 

ventilate the lambs as we did not have access to a paediatric ventilator. Since the ventilator 

was designed for adults, it is likely to have affected the accuracy of the measurements. In 

addition, there may have been some technical issues that were not detected at the time, such 

as the carbon dioxide absorber may not have been switched on for some of the animals 

and/or there may have been mixing of room air rather than 100% oxygen. 

Notably, even though there is variation in the blood gas findings, the results in all groups were 

within the normal range, except for abnormally high pO2 values in the preterm males and 

females and term female lambs. This can be accounted for by the fact that these lambs were 

mechanically ventilated with 100% oxygen. 

 

2.4.7 Conclusion 

 
In conclusion, in this chapter an ovine model of moderate preterm birth has been established 

which is then utilised in subsequent chapters to examine the effects of moderate preterm 

birth on the immature cardiovascular system. Given that 80% of all preterm infants are born 

moderately preterm, it is essential to gain an understanding of the effects of moderate 
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preterm birth on the heart and blood vessels. Our preterm model, with concomitant antenatal 

corticosteroid administration, at a clinically relevant dose, replicates the common clinical 

scenario where all women ‘at risk’ of preterm delivery are administered antenatal 

corticosteroids. In Chapter 3, body growth and composition and physiological measurements 

of arterial pressure and heart rate are investigated in sheep maintained to young adulthood 

(14.5 months of age). In Chapter 4, heart structure and cardiomyocyte growth are 

investigated and compared in preterm and term sheep at 2 days after birth and 14.5 months 

of age. Lastly, Chapter 5 examines the structure and composition of the thoracic aorta and left 

carotid artery in preterm and term sheep in the short-term and long-term cohorts.



 

 
 

 

 

 

 

Chapter 3: 

The Effect of Moderate Preterm Birth on Survival, 

Body Growth, Arterial Pressure and Heart Rate 

from Birth until Early Adulthood
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3.1 Introduction 

 
Over the last few decades, with the steady increase in the survival of preterm infants, it has 

become clearly apparent that preterm birth can lead to vulnerability to disease later in life, 

including a strong susceptibility for the development of hypertension (Saigal and Doyle, 2008, 

Keijzer-Veen et al., 2010, Crump et al., 2011, Sutherland et al., 2014). This is of particular 

concern given that hypertension (which is a sustained elevation in arterial pressure) is one of 

the major risk factors for the development of cardiovascular disease (Kannel, 1996, Berry et 

al., 2012, Kahan, 2014). Hence, with the marked improvement in survival of preterm infants 

(Goldenberg et al., 2008), it is imperative to gain an understanding of the aetiology of their 

hypertension later in life. This can potentially lead to therapeutic strategies to reduce arterial 

pressure in adults born preterm, which in turn would alleviate their vulnerability to 

cardiovascular disease.  

With preterm infants, there is usually poor postnatal growth in the early neonatal period, and 

they often require interventions to promote better growth (Clark et al., 2003, Dusick et al., 

2003, Roggero et al., 2011). Compared to babies born at term, preterm infants have slower 

growth rates and there is often growth failure in the immediate period after birth (Gairdner 

and Pearson, 1971). This growth impairment during early infancy can lead to permanent 

deleterious effects, as body and organ growth abnormalities that develop during this time can 

persist into adulthood. Notably, the negative impact on postnatal growth in relation to body 

weight, length and head circumference in preterm infants is inversely proportional to 

gestational age at birth (Clark et al., 2003). 

Although neonatal growth is impaired, the majority of preterm infants do experience some 

catch up growth during childhood and adolescence, resulting in faster growth than normal to 

match term growth trajectories (Altigani et al., 1989, Euser et al., 2008, Gong et al., 2013). 

Rapid weight gain is beneficial for neurodevelopmental outcomes as the early postnatal 

period is critical for brain growth (Latal-Hajnal et al., 2003, Leppänen et al., 2013), but this has 

also been linked to adverse metabolic effects in later life (Ong et al., 2000, Hales and Ozanne, 

2003, Gianni et al., 2012). In general, catch up growth in preterm infants is more pronounced 

in regards to head circumference, body weight and body mass index rather than height (Saigal 

et al., 2006); head circumference increases due to brain growth being prioritised, after which 

then there is catch up growth in weight and lastly height (Ghods et al., 2011). Notably, the 
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gain in weight during catch up growth for preterm infants has been reported to be mainly due 

to increases of fat mass rather than lean mass (Ahmad et al., 2010, Gianni et al., 2012). 

Indeed, the development of hypertension in subjects born preterm may relate to abnormal 

changes in postnatal body growth. Epidemiological studies demonstrate that it is when there 

is catch up in body growth in low birth weight infants (which can result from intrauterine 

growth restriction and/or preterm birth) that leads to the highest risk of cardiovascular and 

metabolic disease in adulthood (Eriksson et al., 1999, Ong et al., 2000, Ibanez et al., 2006). 

Hence, the aims of the studies in this chapter were to investigate, in our sheep model, the 

effects of moderate preterm birth on: body growth (weight and body dimensions), arterial 

pressure and heart rate from birth until adulthood and body composition in adulthood.  
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3.2 Methods 

 

3.2.1 Care and management of animals 

 
The animal studies in this chapter utilise the same ovine model of moderately preterm birth as 

described in Chapter 2. In this chapter, the preterm and term lambs were left to develop until 

14.5 months of age (early adulthood). Body weight, body dimensions, arterial pressure and 

heart rate were measured weekly for the first 12 weeks after birth then monthly up until 

necropsy, whilst body composition and indwelling recordings of arterial pressure were 

measured only at 13.5 months of age. 

Lambs from only singleton pregnancies were delivered over a period of two and a half months 

in 2012 and housed for approximately 13 months following birth at Monash University Animal 

Services in Churchill, Gippsland. During this time, the animal services staff fed and monitored 

the sheep daily.  

Overall, care of ewes and induction of labour was the same as that described in Chapter 2. In 

this long-term cohort, the ewes (n=28 assigned to deliver preterm and n=18 assigned to 

deliver at term) were housed in the main farm shed at Monash University Animal Services in 

Gippsland a week before expected delivery, then moved to individual pens (still within the 

shed) lined with hay when the first injections of epostane (20 mg in 2 ml 100% EtOH, i.v.; 

Sanofi-Synthelabo, New South Wales, Australia) and Betamethasone (only to the preterm 

group; 22.8 mg, i.m.; Celestone Soluspan, Schering-Plough, North Ryde, New South Wales) 

were administered (as previously described in Chapter 2, Section 2.2.2, page 43). Overall, 

conditions of the shed were slightly different from the housing of the ewes described in 

Chapter 2 (Section 2.2.2, page 43) at the Animal Facilities at Clayton; the shed was not fully 

enclosed, therefore temperature could not be regulated and as a consequence, was lower in 

comparison.  

 

3.2.2 Immediate postnatal care 

 
After birth, care of preterm lambs was the same as described in Chapter 2 (Section 2.2.3, page 

44). Lambs were separated from the ewes (after initial bonding time) for weighing and 

recording of physiological parameters, using the same monitoring techniques and associated 

equipment as described in Chapter 2 (Section 2.2.4, page 45-47). In addition, all lambs were 
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administered 0.5 ml of Alamycin intramuscularly (Alamycin 10, 2 - 4.5 ml/50 kg, Victoria, 

Australia), which is a broad spectrum antibiotic to prevent any potential infections and 

facilitate survival. Furthermore, surfactant was administered immediately after delivery to a 

few of the preterm lambs that appeared to be experiencing significant respiratory distress. A 

single bolus dose of CUROSURF® (1.25 ml/kg; Chiesi USA, Inc., North Carolina, USA) was 

administered via a feeding line through the intratracheal tube in intubated lambs. Following 

removal of the intratracheal tube, Continuous Positive Airway Pressure was applied to ensure 

the surfactant reached the lungs and spread evenly and quickly. After the administration of 

CUROSURF®, it was usual for there to be a relatively quick improvement of gas exchange and 

subsequent increase in oxygen saturation levels. Lambs experiencing respiratory difficulties 

were kept warm in tubs lined with towels and hot water bottles. Heart rate and arterial 

oxygen saturation were continuously monitored with a pulse oximeter (sensor wrapped 

around a shaved front limb or tail). Once oxygen saturation was stable, at about 80%, lambs 

were placed back with their mothers.  

The feeding regimes of the preterm and term lambs were the same as in Chapter 2 (Section 

2.2.3, page 44). Usual practices of ear marking, tail docking, vaccinations (see later) and 

weaning were all performed by Monash University animal house staff in Gippsland. All lambs 

were ear tagged for identification purposes a day after birth. Tail docking was performed on 

all lambs by banding at approximately 4 weeks of age. When applying the band, local 

anaesthetic (1 ml Bupivicaine, Marcain, AstraZeneca, New South Wales, Australia) was 

administered to the tail to reduce the pain of banding. At the time of tail banding, lambs were 

also vaccinated against Ovine Johne’s Disease (Gudair®, 1 ml, Zoetis, New South Wales, 

Australia), which is an infectious fatal wasting disease and Cheesy Gland and other clostridial 

diseases such as black disease, pulpy kidney and tetanus, using Glanva® 6S (1 ml, Zoetis, New 

South Wales, Australia). 

 

3.2.3 Long-term care and monitoring 

 
Lambs were housed in the sheep shed with ewes for approximately 5 weeks, until deemed 

strong enough to graze in the paddocks with the ewes. Once in the paddocks, lambs and ewes 

jointly grazed with alpacas (as a preventative measure to avoid foxes from attacking the 

lambs). All lambs were weaned (separated from ewes) at 12 weeks of age. The males were not 
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castrated, and therefore males and females were maintained in separate paddocks from 

weaning.  

To assess body growth, sheep from both preterm and term groups were weighed and 

measured weekly for the first 12 weeks after birth then every 4 weeks up until 12 months of 

age; this included morphometric measurements of CrL, TG, FLL and HLL. Temperature, oxygen 

saturation, heart rate and arterial pressure were also measured at these same times using the 

same monitoring techniques as described in Chapter 2 (Section 2.2.4, page 45-46). I had 

assistance in recording these measurements from Ms. Caitlin Youde and Ms. Tamara Black, at 

the time, both undergraduate students completing a Bachelor of Science (Veterinary 

Bioscience) at Monash University Gippsland.  

Lambs were housed in paddocks at Gippsland Monash University Animal Services until 

approximately 13 months of age; by this stage they were sexually mature sheep. The sheep 

were then transported to Monash Animal Services (MAS) at Monash University in Clayton, 

where they were housed over a period of four to six weeks.  

 

3.2.4 Body composition assessed using Dual-energy X-ray 

absorptiometry (DEXA)  

 
Within one to two weeks after being transported to MAS at Clayton, sheep were taken to the 

Large Animal Facility at the Department of Physiology, Monash University where Dual-energy 

X-ray absorptiometry (DEXA) analyses were performed. DEXA is used as a method to measure 

body composition including: bone mineral content, fat mass and lean mass as well as total 

mass. In order to do this, sheep were placed in individual metabolic cages on wheels. Each 

sheep was moved into the room with the DEXA machine one at a time. Sheep were 

administered Domitor® (Medetomidine, 0.1 ml/10 kg, i.v., Zoetis, New South Wales, Australia) 

intravenously on the basis of body weight, which is a sedative and analgesic. This enabled the 

sheep to be laid onto the DEXA machine bed for scanning, which took approximately two 

minutes and the scanned image can be seen in Figure 3.1. Large bolsters were placed under 

the sheep’s head and around the lower rump area to hold it in place. Heart rate and oxygen 

saturation were measured before and after scanning using a pulse oximeter. After the scan, 

the sheep was moved back into the metabolic cage and a reversal drug, Antisedan 

(Atipamezole, 0.05 mg/kg, i.v., Zoetis, New South Wales, Australia), was immediately 

administered intravenously. Sheep were standing and showing no effects, usually within a 
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minute after administration. At completion of scanning, the sheep were transported back to 

MAS housing facilities.  

 

 

 
Figure 3.1. Scanned image of a preterm sheep on the DEXA machine. 

 
Sheep were transported to MMCAF approximately three weeks before necropsy and housed 

in individual cages. During this time, staff continued to monitor and feed them twice daily 

with lucerne hay.  

 

3.2.5 Surgery  

 
Two weeks before necropsy, sheep underwent aseptic surgery to insert catheters into the 

right femoral artery and vein and to place a flow probe around the left femoral artery. Prior to 

surgery, sheep were fasted for approximately 15 to 20 hours, however, drinking of water was 

still allowed. On the day of surgery, the wool along the neck was clipped and the sheep were 

sedated by injection of 20 ml of Sodium Thiopentone (50 mg/ml; Jurox, Rutherford, New 

South Wales, Australia) into the jugular vein. Once sedated, the sheep was placed on its back 

and with the help of a laryngoscope intubated with a cuffed endotracheal tube. General 
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anaesthesia was initially induced by spontaneous inhalation of 5% Isofluorane in O2 (Bomac, 

Animal Health, New South Wales, Australia), whilst the hind limbs and abdomen area of the 

lamb was shaved and cleaned thoroughly with alcohol and concentrated iodine solution. Also 

during this time, antibiotics were administered intravenously: 5 ml of engemycin (100 mg/ml; 

Coopers Animal Health, Bendigo East, Victoria, Australia) and 1 g of ampicillin (1 g/5 ml, Aspen 

Pharmacare Australia Pty Ltd, New South Wales, Australia). After prepping the sheep, the 

concentration of isofluorane was reduced to 2% in O2 and administered via the endotracheal 

tube by use of a positive pressure ventilator; this was maintained for the remainder of the 

surgery.  

Strict aseptic conditions were followed during these surgeries; facemasks, surgical hats and 

sterile surgery gowns were worn by all participating in the surgery. Once the sheep were 

prepped for surgery, they were placed on the surgery table then covered with a sterile plastic 

drape and surgical linen drapes, leaving the incisions sites uncovered. Incisions were made on 

the medial surface of each of the hind limbs to expose the femoral artery and vein. An arterial 

catheter was inserted through a small hole in the femoral artery wall of the right hind limb 

and secured with a silk tie. Likewise, the same was done with the venous catheter inserted 

into the right femoral vein. The inserted catheters were then flushed with heparinised saline. 

In the opposite limb, a vascular flow probe (size: 4 mm, Transonic Systems, Ithaca, New York, 

USA) was placed around the left femoral artery for measurement of blood flow. Catheters and 

the flow probe were tunnelled subcutaneously along the side of the sheep’s body and allowed 

to exit the body via keyhole incisions in the middle of the side of the body. All incisions were 

then sutured. Netting was wrapped around the middle of the sheep’s body to keep catheters 

in place and to avoid the sheep pulling out their sutures. After surgery, sheep were taken off 

anaesthesia, but kept on the ventilator, until spontaneous breathing occurred; they were then 

extubated. Sheep were taken back to their individual cages for recovery, where they were 

continuously monitored and given free access to food. Water was given once the sheep were 

standing again.  

After surgery, sheep also received analgesia for 72 hours using a transdermal fentanyl patch 

(Janssen Cilag, North Ryde, New South Wales, Australia). Antibiotics of 5 ml engemycin (100 

mg/ml; Coopers Animal Health, Bendigo East, Victoria, Australia) and 500 mg of ampicillin 

(1g/5ml, Aspen Pharmacare Australia Pty Ltd, New South Wales, Australia) were also 

administered intravenously daily for three days following surgery. Catheters were regularly 
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flushed with heparinised saline and daily blood samples were taken from the arterial catheter 

to monitor blood gases (ABL30; Radiometer, Copenhagen, Denmark).  

It should be noted that Dr. Ilias Nitsos and Dr. Beth Allison performed the catheterisation 

surgeries. I assisted in the surgeries for all the sheep; assistance was also provided by Mr. 

Dalibor Stanojkovic (animal technician). 

 

3.2.6 Cardiovascular and metabolic studies 

 
The arterial and venous catheters in the right femoral artery and vein were used for 

assessment of glucose metabolism. These metabolic studies were conducted a week after 

surgery by Dr. Robert De Matteo from the Department of Anatomy and Development Biology 

at Monash University in collaboration with Dr. Kathy Gatford from the University of Adelaide. 

The flow probe surrounding the left femoral artery was used for cardiovascular studies on 

blood flow, arterial pressure and heart. These studies were performed a week after the 

metabolic studies by Dr. Beth Allison from the Hudson Institute, Clayton (formerly known as 

Monash Institute of Medical Research). Basal femoral arterial blood pressure and blood flow 

was measured in conscious lambs five days post-surgery. Femoral artery blood pressure (DTX 

Plus Transducer, Becton Dickinson, Singapore) and flow were continuously recorded 

(Powerlab; ADinstruments, Castle Hill, NSW, Australia). Transducers were fixed to the back of 

the lambs and calibrated using a two point calibration with a manometer. Distance from 

transducer position to tip of the femoral artery catheter was measured at post mortem; this 

measurement was used in post analysis to obtain corrected blood pressure. These basal 

measurements were recorded continuously for one hour in non-stressed lambs standing 

normally. It should be noted that even though I was not responsible for directly carrying out 

these measurements, I was involved in the preparation and organisation of these procedures 

and I assisted the main researchers as much as my time would allow. 

 

3.2.7 Ultrasounds 

 
On the day of necropsy, similar to that in Chapter 2 (Section 2.2.5, page 47-48), sheep were 

anaesthetised (using the same method as described previously in Section 3.2.5, page 71). 

Once unconscious, sheep were monitored carefully whilst ultrasound analyses of the heart, 

kidneys and blood vessels (aorta, carotid arteries and renal arteries) were performed. These 
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ultrasound assessments were performed by Mr. Paul Lombardo as part of his PhD project. His 

ultrasound measurements provide valuable information on cardiovascular structure and 

function, which complement the morphological analyses conducted in my PhD thesis. 

Collectively, our findings will lead to comprehensive joint first author publications of the 

effects of moderate preterm birth on the cardiovascular system.  

After completion of the ultrasounds, 20 ml of blood was drawn from the femoral arterial 

catheter for collection of plasma and also a 1 ml blood sample for blood chemistry analyses. In 

regards to the blood chemistry analyses, not all animals were analysed, as collection of the 

sample was overlooked in a few animals at this time. The sheep was then administered 1 ml of 

heparin (25000 IU in 5 ml; Pfizer Australia, West Ryde, New South  Wales, Australia) via the 

femoral arterial catheter to prevent blood clotting during necropsy. Sheep were then 

euthanised with a 20 ml injection of Lethabarb (325 mg/mL; Pentobarbitone, Verbac Animal 

Health, New South Wales, Australia) via the femoral arterial catheter. 

 

3.2.8 At necropsy 

 
Sheep were aged 14.5 months ± 2 weeks at necropsy. Similar to Chapter 2 (Section 2.2.6, page 

47-48 the heart, lungs, brain, kidneys, liver, spleen, thymus, gut, adrenal glands and blood 

vessels were collected in the same manner as described previously. Some additional tissues 

(not collected in the short-term studies) were also collected for analysis by Dr. Kathy Gatford 

at the University of Adelaide. This included dissection of the soleus, vastus and 

semitendinosus muscles, and the pancreas; each were weighed and samples of each tissue 

were immersion-fixed, snap frozen in liquid nitrogen and embedded frozen in an optimal 

cutting temperate compound (OCT). Subcutaneous, abdominal and perirenal fat were also 

collected and immersion-fixed, snap frozen in liquid nitrogen and embedded frozen in OCT.  

 

3.2.9 Statistical analysis 

 
For all measurements conducted throughout the duration of the long-term study (such as 

body weight, morphometric measurements, arterial pressure and heart rate), the data were 

analysed using a three-way repeated measures ANOVA, with time after birth (PT), gestational 

age at birth (PG; preterm or term), and sex (PS; female or male) as factors. A two-way ANOVA 

was also used to analyse differences at each individual time point, with a Tukey’s post-hoc test 

performed if significant interactions were detected. For the DEXA analysis and all data 
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collected at post-mortem, such as blood chemistry and organ weights, a two-way ANOVA was 

utilised with gestational age at birth (PG; preterm or term) and sex (PS; female or male) as 

factors. Similarly, significant interaction effects detected in the 2-way ANOVA were further 

analysed by a Tukey’s post-hoc test. All data are represented as means ± SEM and statistical 

significance was accepted at the level P<0.05. Statistical analysis was performed using IBM 

SPSS Statistics Version 21 (IBM SPSS, Illinois, USA) and graphed using GraphPad Prism Version 

6.0 (GraphPad Software, California, USA). 
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3.3 Results 

 

3.3.1 Survival rates (Figure 3.2) 

 

3.3.1.1 Preterm cohort 

 
Over the study period, 57% of all preterm lambs survived (16 out of 28 preterm lambs); 56% 

of male preterm lambs (9 out of 16) survived and 58% of female preterm lambs (7 out of 12) 

survived. There was no significant difference (P=0.919) between survival rates of preterm 

males and preterm females. 
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Figure 3.2. Percentage survival of all preterm (male and female) and term (male and female) 

lambs until 5 months of age. After 5 months of age, all lambs survived until the end of the 

study period. Pink circles represent preterm females, pale blue circles represent preterm males, 

red circles represent term females and dark blue circles represent term males. Curve 

comparisons were performed by log-rank tests, with *P<0.05 observed between preterm 

lambs versus term lambs. 

 
Of the 43% of preterm lambs that did not survive, the majority of them (7 out of 12; 4 preterm 

males and 3 preterm females) died within the two-week period following birth, due to 

respiratory failure. Therefore, the survival rate of lambs after the first two weeks of life was 

75% for both preterm males and preterm females, with 21 out of 28 preterm lambs surviving. 
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Unexpectedly, another five preterm lambs (3 preterm males and 2 preterm females) died 

between 1 and 5 months after birth. Pathology tests identified that the deaths were likely due 

to white muscle disease which can be caused by a deficiency in Vitamin E and/or selenium. 

Symptoms of stiffness in limbs, obvious pain in walking and the inability to stand were 

observed in some of the preterm lambs, whilst term lambs did not appear to be affected. 

After a couple of lambs died, autopsy reports and blood tests of the remaining surviving 

preterm lambs showed severe muscle wasting and low levels of Vitamin E. However, the 

muscle wasting appeared to be so severe that it was considered unlikely that a low level of 

Vitamin E was the only contributing factor and it was suggested that there may have also been 

ionophore toxicity; this could have occurred if the lambs had eaten ewe-specific pellets. Once 

alerted to these potential causes, all lambs were treated with Vitamin E and given lamb-

specific pellets in their diet.  

 

3.3.1.2 Term cohort 

 
For the term group, 94% of lambs survived (11 out of 11 males and 6 out of 7 females). One 

female lamb died during the birthing process as it was abnormally positioned in the birthing 

canal (breeched) and we were unable to save the lamb during its delivery.  

When comparing preterm lambs to term lambs, there was a significant difference (P=0.009) in 

the percentage survival. There was no significant difference in the percentage survival 

between males and females and the percentage survival of preterm males was similar to the 

percentage survival of preterm females. Figure 3.2 shows the survival curve up from birth to 5 

months of age; from this point onwards, all the lambs survived until the end of the study 

period. 

 

3.3.2 At birth 

 

3.3.2.1 Birth weight and morphometric measurements (Figure 3.3 and 

Table 3.1) 

 
At birth, preterm lambs were significantly lighter (PG<0.0001) than term controls (Figure 3.3). 

There was no significant difference in birth weight between males and females.  
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Figure 3.3. Birth weights of preterm (n=7 female, n=9 male) and term (n=6 female, n=11 male) 

lambs. Pink shading represents females and blue shading represents males. Data were 

analysed using a 2-way ANOVA with gestational age at birth (PG; preterm or term), sex (PS; 

male or female) and their interaction (PS*G) as factors. Values are means ± SEM. 

 
The first morphometric measurements were recorded 2 days after birth, once lambs were 

stable. In accordance to body weight, all body dimensions of CrL, TG, FLL and HLL were 

significantly reduced (PG<0.0001) in the preterm group compared to the term group. Only PI (a 

measure of “leanness”) was found to be similar between all groups. There were no significant 

differences in any of the morphometric measurements between male and female lambs 

(Table 3.1). 
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Preterm Term 

P-values 

Females n=7 Males n=9 Females n=6 Males n=11 

Crown-rump 

length (cm) 
47.04 ± 1.45 45.93 ± 1.27 51.70 ± 1.56 52.31 ± 1.15 PG<0.0001 

Thoracic girth 

(cm) 
39.43 ± 1.24 37.09 ± 1.09 43.53 ± 1.34 43.36 ± 0.99 PG<0.0001 

Front limb 

length (cm) 
43.97 ± 1.24 44.53 ± 1.09 50.43 ± 1.34 52.28 ± 0.99 PG<0.0001 

Hind limb 

length (cm) 
42.91 ± 1.11 43.47 ± 0.98 50.17 ± 1.19 50.78 ± 0.88 PG<0.0001 

Ponderal 

index (kg/cm3) 
40.12 ± 4.52 43.86 ± 3.99 46.43 ± 4.88 51.80 ± 3.61 NS 

 

Table 3.1. Morphometric measurements of preterm (female and male) and term (female and 

male) lambs at 2 days of age. Data were analysed using a 2-way ANOVA with gestational age 

at birth (PG; preterm or term), sex (PS; male or female) and their interaction (PS*G) as factors. 

Values are means ± SEM. Abbreviations: NS – not significant. 

 

3.3.2.2 Arterial pressure and heart rate (Figure 3.4) 

 
At birth, there were no significant differences in systolic blood pressure or mean arterial 

pressure between preterm lambs and term lambs (Figure 3.4A and Figure 3.4C). However, 

diastolic blood pressure was found to be significantly higher in the preterm lambs compared 

to the term lambs (Figure 3.4B; preterm: 60.2 ± 2.1 mmHg vs. term: 53.4 ± 2.1 mmHg; 

PG=0.030) and heart rate was significantly lower in the preterm lambs (Figure 3.4D; preterm: 

210.6 ± 11.2 bpm vs. term: 245.1 ± 11.2 bpm; PG=0.038). There were no significant differences 

between males and females in any of the parameters measured except for mean arterial 

pressure, which was significantly higher in female lambs compared to male lambs (female: 

70.9 ± 2.1 mmHg vs. male: 65.0 ± 1.7 mmHg; PS=0.033). 
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Figure 3.4. Average systolic blood pressure (A), diastolic blood pressure (B), mean arterial 

pressure (C) and heart rate (D) in preterm (n=7 female, n=9 male) and term (n=6 female, n=11 

male) lambs at 2 days of age. Pink shading represents females and blue shading represents 

males. Data were analysed using a 2-way ANOVA with gestational age at birth (PG; preterm or 

term), sex (PS; male or female) and their interaction (PS*G) as factors. Values are means ± SEM. 

 

3.3.3 Postnatal growth, arterial pressure and heart rate 

 

3.3.3.1 Body weights (Figure 3.5) 

 
Body weights were recorded weekly for the first 12 weeks, then every four weeks until 14.5 

months of age (60 weeks) (Figure 3.5).  During the first 12 weeks after birth there was a 

steady rise in body weight in both preterm and term lambs (Figure 3.5). Around 12 weeks of 

age, there was a slowing of growth in all lambs and there was there was a marked reduction in 

body weight of preterm sheep, compared to controls. From 12 weeks until about 30 weeks of 

age, although the rate of growth was similar to that of term animals there were persistent 

significant reductions in body weights in the preterm sheep compared to term sheep, with 

preterm males most affected. From approximately 30 weeks of age until necropsy, there was 

a gradual catch-up in body weight in the preterm female sheep, with no differences in body 

weight at most time points from 30 weeks of age to necropsy (Figure 3.5B). In contrast, the 
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male preterm sheep remained significantly lighter than male term sheep throughout the 

experimental period (Figure 3.5A). At necropsy body weight was significantly lower in male 

preterm sheep compared to term sheep but there was no difference in body weight in 

preterm and term female sheep. 

B
o

d
y

 w
e

ig
h

t 
(k

g
)

0 2 0 4 0 6 0

0

2 0

4 0

6 0

8 0

*
*

*
****

*
*

*

**
*

**

**

*

*

*
*

P G  <  0 .0 0 0 1

P T  <  0 .0 0 0 1

P G *T  =  0 .0 2 6

P re te rm  M a le

T e rm  M a le
B

o
d

y
 w

e
ig

h
t 

(k
g

)

0 2 0 4 0 6 0

0

2 0

4 0

6 0

8 0

*
*

*

*
********

*****

P G  <  0 .0 0 0 1

P T  <  0 .0 0 0 1

P G * T  =  0 .8 7 8

P re te rm  F e m a le

T e rm  F em a le

A B

 
 

Figure 3.5. Body weights of all surviving male (A: preterm and term) and female (B: preterm 

and term) sheep until 52 weeks of age. Data were analysed using a 2-way ANOVA with 

gestational age at birth (PG) and time after birth (PT: repeated measures) as factors. *P<0.05 

between preterm vs. term within the same sex, following a Tukey’s post-hoc analysis.  

 

3.3.3.2 Morphometric measurements (Figure 3.6) 

 
Throughout the experimental period, measurements of CrL, TG, FLL and HLL were taken at the 

same time as body weight as seen in Figure 3.6.  In the first 12 weeks after birth, there was a 

marked increase in CrL, TG, FLL and HLL. After this time, there was little change in these 

measurements; with only a small increase observed between 12 to 52 weeks of age in these 

growth parameters. Overall, there were no significant differences in the patterns of growth 

for CrL, TG, FLL and HLL between any of the groups over time; only PI showed a significant 

difference (PG*T<0.001) between preterm and term sheep over time.  

Hence, given that the preterm lambs started off significantly smaller at birth, they have 

remained smaller during the experimental period. Overall, all body dimensions (CrL, TG, FLL 

and HLL) of the preterm sheep were significantly less (PG<0.0001) than in the term sheep over 

the study period, except for PI which was significantly higher (PG<0.0001) in preterm sheep. 
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Furthermore, females had significantly larger TG (PS<0.0001), shorter FLL (PS<0.0001) and 

lower PI (PS<0.0001) compared to male sheep. 
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Figure 3.6. Morphometric measurements of preterm (n=7 female, n=9 male) and term (n=6 

female, n=11 male) lambs over the study period. Pink circles represent preterm females, pale 

blue circles represent preterm males, red circles represent term females and dark blue circles 

represent term males. Data were analysed using a 3-way repeated measures ANOVA with 

gestational age at birth (PG; preterm or term), sex (PS; male or female) and time (PT) after birth 

as factors. Values are means ± SEM. 
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3.3.3.3 Arterial pressure and heart rate (Figure 3.7) 

 
During the first 12 weeks after birth, systolic blood pressure, diastolic blood pressure and 

mean arterial pressure increased for both preterm and term lambs (Figure 3.7). However, 

during this time, systolic blood pressure and mean arterial pressure was significantly lower in 

preterm lambs compared to term lambs, whilst diastolic blood pressure was only significantly 

reduced in preterm male lambs compared to term male lambs. After weaning at 12 weeks of 

age until 30 weeks of age, there were no longer any significant differences between any of the 

groups. From approximately 30 weeks of age until 52 weeks, preterm female sheep had 

significantly lower diastolic blood pressure compared to term female sheep, but there were 

no differences in systolic blood pressure or mean arterial pressure. In contrast, preterm male 

sheep had significantly higher systolic blood pressure compared to term male sheep; 

however, there were no differences in diastolic blood pressure or mean arterial pressure. It is 

important to note there was high variability in all measurements of blood pressure; hence, 

when individual time points were examined, there were very few significant differences in 

blood pressure observed.  

Heart rate decreased significantly from birth until weaning for both preterm and term lambs. 

During this time, preterm male lambs had a significantly higher heart rate compared to term 

male lambs. However after this period, from 12 weeks until 30 weeks of age, male preterm 

sheep had significantly lower heart rate compared to term male sheep. From approximately 

30 weeks of age until 52 weeks, the heart rate of all males decreased over time but there 

were no differences between male preterm and term sheep. In contrast in female preterm 

sheep, there were no differences in heart rate compared to term female sheep throughout 

the study period. 
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Figure 3.7. Systolic blood pressure, diastolic blood pressure, mean arterial pressure and heart 

rate in male (left panel: preterm and term) and female (right panel: preterm and term) lambs 

over the study period. Data was analysed using a 2-way ANOVA with gestational age at birth 

(PG; preterm or term) and time (PT: repeated measures) after birth as factors. *P<0.05 between 

preterm vs. term within the same sex, following a Tukey’s post-hoc analysis. Values are means 

± SEM. 
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3.3.3.4 Post Term Equivalent Age (PTEA) 

 
Given that body weights and body measurements of growth were recorded weekly, this 

enabled me to look at body weight and size at term equivalent age (TEA) in the preterm lambs 

and to compare body growth relative to post term equivalent age (PTEA) during the first 12 

weeks of life. 

 

3.3.3.4.1 Body weights (Figure 3.8) 

 
In the initial 12 week period after birth, there were no significant differences in the growth 

trajectory of body weights between preterm lambs at PTEA and term lambs, however female 

lambs were found to be significantly lighter (PS=0.001) compared to male lambs.  

Interestingly at TEA, preterm lambs were significantly heavier (PG<0.001) than term lambs. 

The average body weight for preterm lambs at TEA was 7.86 ± 0.44 kg for preterm females 

and 7.91 ± 0.39 kg for preterm males whereas in the term lambs at birth, the average birth 

weight for term females was 5.89 ± 0.47 kg and 6.75 ± 0.35 kg for term males. A significant 

elevation in body weight was also observed in the preterm lambs at 1 week PTEA compared to 

term lambs. However, from 2 weeks PTEA, all lambs (from the preterm and term groups) were 

of similar weight up until the time of weaning as shown in Figure 3.8.  
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Figure 3.8. Body weight increases of preterm (n=7 female, n=9 male) lambs when adjusted for 

TEA and term (n=6 female, n=11 male) lambs for 12 weeks after birth. Pink circles represent 

preterm females, pale blue circles represent preterm males, red circles represent term females 

and dark blue circles represent term males. Data was analysed using a 3-way repeated 

measures ANOVA with gestational age at birth (PG; preterm or term), sex (PS; male or female) 

and time (PT) after birth as factors. A 2-way ANOVA was also utilised (with gestational age at 

birth and sex as factors) to analyse each individual time point. *P<0.05 between preterm vs. 

term lambs at the individual time point. Values are means ± SEM. 

 

3.3.3.4.2 Morphometric measurements (Figure 3.9) 

 
Throughout the 12 weeks, the patterns of growth were found to be significantly different 

between preterm lambs at PTEA and term lambs for CrL (PG*T<0.0001), TG (PG*T<0.0001) and PI 

(PG*T=0.008) as seen in Figure 3.9. Overall, preterm lambs at PTEA had significantly reduced TG 

(PG=0.003) and HLL (PG=0.011) compared to term lambs.  

At TEA, the CrL of preterm lambs was significantly longer (PG<0.001) than in term lambs; there 

were no significant differences in TG, FLL and HLL. Interestingly by around 10 weeks after TEA, 

term lambs had significantly greater CrL (PG=0.004), TG (PG=0.012), and HLL (PG=0.018) 

compared to preterm lambs. 
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Additionally, female lambs exhibited significantly reduced FLL (PS=0.023) and PI (PS<0.0001) 

compared to male lambs. 
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Figure 3.9. Morphometric data of preterm (n=7 female, n=9 male) lambs when adjusted for 

TEA and term (n=6 female, n=11 male) lambs for 12 weeks after birth. Pink circles represent 

preterm females, pale blue circles represent preterm males, red circles represent term females 

and dark blue circles represent term males. Data was analysed using a 3-way repeated 

measures ANOVA with gestational age at birth (PG; preterm or term), sex (PS; male or female) 

and time (PT) after birth as factors. A 2-way ANOVA was also utilised (with gestational age at 

birth and sex as factors) to analyse each individual time point. *P<0.05 between preterm vs. 

term lambs at the individual time point. Values are means ± SEM. 
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3.3.4 At 14.5 months (adulthood) 

 

3.3.4.1 Body growth and composition (Table 3.2 and Figure 3.10) 

 
At the end of the experimental period, morphometric measurements of CrL, TG and FLL were 

all found to be significantly lower in the preterm sheep compared to term sheep, with the 

differences predominantly observed between preterm male and term male sheep, as seen in 

Table 3.2. There was a trend for preterm sheep to be lighter than term sheep and have 

reduced HLL, but these did not quite reach statistical significance (body weight, PG=0.076; HLL, 

PG=0.074). The trend of reduced body weight in preterm sheep is mostly attributed to preterm 

male sheep being lighter (P=0.065; however this did not quite reach statistical significance) 

compared to term male sheep, whereas females had caught up in body weight (P=0.464) 

Overall, there were no significant differences in body growth between males and females.  

 

Preterm Term 

P-values 

Females n=7 Males n=9 Females n=6 Males n=11 

Body weight 

(kg) 
54.36 ± 2.45 53.11 ± 2.17# 55.75 ± 2.65 60.27 ± 1.96 PG=0.076 

Crown-rump 

length (cm) 
109.70 ± 2.57 108.64 ± 2.27* 114.45 ± 2.78 116.00 ± 2.05 PG=0.019 

Thoracic girth 

(cm) 
105.64 ± 2.80 99.72 ± 2.47# 108.58 ± 3.02 108.42 ± 2.23 PG=0.036 

Front limb 

length (cm) 
89.06 ± 2.01 85.82 ± 1.77* 93.15 ± 2.17 93.88 ± 1.60 PG=0.003 

Hind limb 

length (cm) 
82.87 ± 1.75 84.46 ± 1.55 84.87 ± 1.90 88.61 ± 1.40 PG=0.074 

Ponderal 

index (kg/cm3) 
41.52 ± 2.42 41.41 ± 2.14 37.95 ± 2.61 40.05 ± 1.93 NS 

 
Table 3.2. Body weights and morphometric measurements of preterm (female and male) and 

term (female and male) lambs at 14.5 months (60 weeks) of age. Data were analysed using a 

2-way ANOVA with gestational age at birth (PG; preterm or term), sex (PS; male or female) and 

their interaction (PS*G) as factors, followed by a Tukey’s post-hoc test. *P<0.05 between 

preterm vs. term within the same sex. #P<0.07 between preterm vs. term within the same sex. 

Abbreviations: NS – not significant. Values are means ± SEM. 
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Body composition was analysed at approximately 13 months ± 2 weeks of age with DEXA 

scans in sheep. Figure 3.10 shows there were no significant differences in bone mineral 

content, fat mass and lean muscle mass between preterm and term sheep or the percentage 

of fat and lean muscle mass. 

Overall, females had higher fat mass (11.43 kg vs. 9.84 kg; PS=0.021) and percentage of fat 

(20.4% vs. 16.7%; PS<0.0001), but lower lean muscle mass (43.47 kg vs. 48.02 kg; PS=0.038) 

and percentage of lean muscle mass (77.9% vs. 82.5%; PS<0.001) when compared to males. 
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Figure 3.10. Bone mineral content, fat mass, lean muscle mass, percentage of fat and 

percentage of lean mass in preterm (n=7 female, n=9 male)  and term (n=6 female, n=11 male) 

sheep at approximately 13 months ± 2 weeks of age. Pink shading represents females and blue 

shading represents males. Data were analysed using a 2-way ANOVA with gestational age at 

birth (PG; preterm or term), sex (PS; male or female) and their interaction (PS*G) as factors. 

Values are means ± SEM. 
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3.3.4.2 Arterial pressure and heart rate (Figure 3.11) 

 
At the end of the experimental period, arterial pressure and heart rate were measured in 

conscious sheep via an indwelling catheter in the femoral artery. At this final recording 

session, there were no differences in arterial pressure or heart rate between preterm and 

term sheep (Figure 3.11). In addition, differences between the sexes were observed in systolic 

blood pressure; with female sheep exhibiting significantly elevated systolic blood pressure 

compared to male sheep (female: 127.19 ± 2.07 mmHg vs. male: 117.54 ± 3.17 mmHg; 

PS=0.019).  
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Figure 3.11. Average systolic blood pressure, diastolic blood pressure, mean arterial pressure 

and heart rate in preterm (n=7 female, n=9 male) and term (n=6 female, n=11 male) sheep at 

approximately 14 months ± 2 weeks of age. Pink shading represents females and blue shading 

represents males. Data were analysed using a 2-way ANOVA with gestational age at birth (PG; 

preterm or term), sex (PS; male or female) and their interaction (PS*G) as factors. Values are 

means ± SEM. 

 

  



C h a p t e r  3  

94 | P a g e  
 

3.3.4.3 Blood chemistry (Table 3.3) 

 
Blood chemistry was analysed just prior to necropsy from a 1 ml blood sample taken via the 

femoral arterial catheter whilst sheep were under anaesthesia and mechanically ventilated 

with 100% oxygen (Table 3.3). There were no significant differences observed in haemoglobin 

levels (ctHb), oxygen saturation levels (sO2), pH, pCO2, glucose levels (cGlu) and Lactate levels 

(cLac) between preterm and term sheep or male and female sheep.  

 
 Preterm Term 

P-values 
Females n=7 Males n=7 Females n=5 Males n=10 

Oximetry Values 

ctHb (g/dL) 10.3 ± 0.4 10.4 ± 0.6 10.7 ± 0.5 9.3 ± 0.3 NS 

sO2 (%) 98.0 ± 0.2 98.2 ± 0.3 97.8 ± 0.2 97.6 ± 0.3 NS 

Blood Gas Values 

pH 7.42 ± 0.02 7.48 ± 0.01 7.47 ± 0.03 7.39 ± 0.05 NS 

pCO2 (mmHg) 34.9 ± 1.5 35.8 ± 1.0 33.8 ± 1.0 37.2 ± 1.0 NS 

pO2 (mmHg) 227.0 ± 15.8 222.7 ± 15.8 197.6 ± 18.6 200.8 ± 13.2 NS 

Metabolite Values 

cGlu (mmol/L) 4.0 ± 0.2 4.3 ± 0.4 4.4 ± 0.4 3.7 ± 0.2 NS 

cLac (mmol/L) 0.8 ± 0.1 0.6 ± 0.0 0.7 ± 0.1 0.8 ± 0.1 NS 

 
Table 3.3. Blood chemistry of the preterm (female and male) and term (female and male) 

sheep collected before necropsy whilst under anaesthesia and mechanically ventilated with 

100% oxygen at approximately 14.5 months ± 2 weeks. Data were analysed using a 2-way 

ANOVA with gestational age at birth (PG; preterm or term), sex (PS; male or female) and their 

interaction (PS*G) as factors. Values are means ± SEM. Abbreviations: NS – not significant. 

 

3.3.4.4 Organ weights (Table 3.4) 

 
Table 3.4 reports the absolute and relative weights of all organs collected at necropsy. 

Absolute organ weights of the heart, lungs and right adrenal were all significantly lighter in 
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sheep born preterm when compared to term sheep. When adjusted for body weight, only the 

right adrenal remained significantly lighter in preterm lambs compared to term lambs.  

The absolute weights of the pancreas and soleus muscle were found to be significantly heavier 

in male sheep when compared to female sheep and there was a trend for the heart to be 

heavier in males (this was most evident between male and female term sheep). Relative to 

body weight only the soleus muscle was still significantly lighter in the female lambs 

compared to term lambs. 

There were significant interactions between sex and gestational age at birth in the absolute 

weights of the lungs, left kidney, right kidney, spleen and semitendinosus muscle; and also in 

the relative weight of the spleen. In the preterm sheep, preterm females had heavier organs 

(of those mentioned above) compared to preterm males, whereas within the term sheep, 

males had heavier organs compared to female sheep. Additionally, there was a trend for an 

interaction effect on the absolute heart weight, with a big difference in heart size between 

preterm and term male sheep, whereas the difference was much less pronounced between 

preterm and term females. 
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Organs 
Preterm Term 

P-values 
Females n=7 Males n=9 Females n=6 Males n=11 

Absolute weights (g) 

Heart 265.75 ± 12.51 265.42 ± 11.04 273.96 ± 13.52 318.95 ± 9.98 

PG=0.014 

PS=0.069 

PS*G=0.066 

Lungs 559.29 ± 23.35 538.89 ± 20.59 592.50 ± 25.22 671.82 ± 18.63 
PG<0.001 

PS*G=0.032 

Brain  107.38 ± 2.46 105.82 ± 2.17 108.62 ± 2.66 113.41 ± 1.96 PG=0.068 

Left Kidney  85.66 ± 4.00 82.00 ± 3.53 82.48 ± 4.32 94.45 ± 3.35 PS*G=0.050 

Right Kidney  89.61 ± 3.93 87.26 ± 3.47 84.64 ± 4.25 100.05 ± 3.14 PS*G=0.024 

Liver  883.57 ± 28.99 892.22 ± 25.57 842.50 ± 31.32 926.36 ± 23.13 NS 

Spleen  246.62 ± 29.85 181.59 ± 26.32 192.83 ± 32.24 246.27 ± 23.81 PS*G=0.045 

Pancreas  56.11 ± 4.18 63.24 ± 3.69 49.66 ± 4.52 62.25 ± 3.34 PS=0.019 

Left Adrenal  1.61 ± 0.16 1.68 ± 0.14 1.84 ± 0.19 2.05 ± 0.14 NS 

Right Adrenal  1.44 ± 0.14 1.50 ± 0.12 1.89 ± 0.14 1.76 ± 0.11 PG=0.010 

Soleus muscle  50.62 ± 2.93 54.19 ± 2.59 47.43 ± 3.17 59.51 ± 2.34 PS=0.009 

Vastus muscle  386.43 ± 34.07 362.78 ± 30.04 387.50 ± 36.79 367.31 ± 27.17 NS 

Semitendinosus 

muscle 
155.37 ± 8.95 136.28 ± 7.89 137.79 ± 9.67 153.93 ± 7.14 PS*G=0.046 

 

Relative to body weight (g/kg) 

Heart 4.89 ± 0.20 5.02 ± 0.18 4.90 ± 0.22 5.35 ± 0.16 NS 

Lungs  10.28 ± 0.44 10.27 ± 0.39 10.65 ± 0.47 11.25 ± 0.35 NS 

Brain  1.98 ± 0.08 2.03 ± 0.07 1.96 ± 0.09 1.90 ± 0.07 NS 

Left Kidney  1.58 ± 0.09 1.58 ± 0.08 1.48 ± 0.10 1.66 ± 0.08 NS 

Right Kidney 1.65 ± 0.09 1.67 ± 0.08 1.52 ± 0.09 1.68 ± 0.07 NS 

Liver  16.26 ± 0.72 17.15 ± 0.64 15.15 ± 0.78 15.48 ± 0.58 PG=0.051 

Spleen  4.56 ± 0.64 3.67 ± 0.56 3.52 ± 0.69 4.13 ± 0.51 PS*G=0.045 

Pancreas  1.03 ± 0.08 1.21 ± 0.07 0.90 ± 0.09 1.04 ± 0.07 
PG=0.064 

PS=0.052 

Left Adrenal 0.030 ± 0.003 0.032 ± 0.003 0.034 ± 0.004 0.035 ± 0.003 NS 

Right Adrenal  0.026 ± 0.002 0.028 ± 0.002 0.034 ± 0.002 0.030 ± 0.002 PG=0.044 

Soleus muscle  0.93 ± 0.05 1.02 ± 0.04 0.85 ± 0.05 1.00 ± 0.04 PS=0.010 

Vastus muscle  7.10 ± 0.53 6.87 ± 0.47 6.96 ± 0.57 6.02 ± 0.42 NS 

Semitendinosus 

muscle  
2.86 ± 0.13 2.58 ± 0.12 2.47 ± 0.14 2.57 ± 0.11 NS 

Table 3.4. Absolute and relative weights of organs collected from preterm (female and male) 

and term (female and male) sheep at necropsy 14.5 months ± 2 weeks after birth. Data were 

analysed using a 2-way ANOVA with gestational age at birth (PG; preterm or term), sex (PS; 

male or female) and their interaction (PS*G) as factors. Values are means ± SEM. Abbreviations: 

NS – not significant. 



 

 
 

3.4 Discussion 

 

3.4.1 Summary 

 
In this chapter, I have delivered lambs moderately preterm or at term and followed them from 

birth to young adulthood at 14.5 months of age. During this time, body growth, arterial 

pressure and heart rate were closely monitored. Overall, preterm lambs were lighter and 

smaller throughout the experimental period compared to term controls; however, by 14.5 

months of age preterm females had caught up in body weight, whereas body weight remained 

attenuated in preterm males. At necropsy, the sheep born preterm were physically smaller 

with reduced CrL, TG and FLL; however, body composition was not different compared to 

terms. Prior to weaning, arterial pressure was significantly reduced in preterm lambs 

compared to term lambs. As the sheep grew to adulthood, there was no evidence of an 

elevation of arterial pressure in preterm sheep, with no detectable differences in arterial 

pressure or heart rate at 14.5 months of age when assessed in conscious animals using an 

indwelling catheter.  

 

3.4.2 Preterm birth adversely impacts survival in the first 5 

months of life 

 
In this long-term cohort, the survival rate of preterm lambs after the first two days of life was 

not significantly different between sexes; 83% for preterm female lambs and 88% for preterm 

male lambs. Similarly, there were no sex differences in the survival of preterm lambs in the 

short-term cohort (previously described in Chapter 2, Section 2.3.3, page 51-52); 64% for 

preterm females and 60% for preterm males. However, the overall preterm survival rate in 

the first two days after birth was significantly higher (P=0.049, 86% vs. 62%) in the cohort 

studied in this chapter when compared to the survival of preterm lambs of the short-term 

cohort (Chapter 2, Section 2.3.3, page 50-51). This is likely due to the extra care given to the 

preterm lambs of the long-term cohort (in this chapter) in the immediate period following 

birth; all preterm lambs were administered a 0.5 - 0.7 ml intramuscular injection of Alamycin 

(which is a broad spectrum antibiotic) to prevent potential infections and also four of the 

preterm lambs received a single bolus dose of surfactant to further improve respiratory 

function. Furthermore, the level of experience in preterm deliveries and confidence of the 

team working with the animals was enhanced in this second series of experiments compared 



 

 
 

to the initial studies with the short-term cohort; by this stage our experimental protocols 

during immediate postnatal care were well-established. 

After the first two weeks of life, the survival rate dropped to 75% for both preterm male and 

female lambs. Deaths within this time were due to ongoing respiratory challenges even 

though a clinically relevant dose of betamethasone was administered to ewes delivering 

premature and an extra single bolus dose of surfactant administered postnatally to preterm 

lambs experiencing respiratory distress. At autopsies, these preterm lambs showed extremely 

unaerated lungs. Overall, the survival of preterm female lambs was similar to that reported by 

De Matteo et al. (2010) (76% after two weeks); hence, the higher dose of antenatal 

betamethasone administered to ewes that were to deliver preterm in the present studies (this 

chapter and Chapter 2) did not improve survival of preterm females compared to the earlier 

studies of De Matteo et al. (2010). In contrast, the survival of preterm male lambs in my study 

in the first two weeks of life was much higher than that reported by De Matteo et al. (2010) 

for moderately preterm male lambs delivered at a similar gestational age (75% compared to 

44%). Hence, it is likely that the higher dose of antenatal corticosteroids used in my studies 

has led to improved survival of male preterm lambs. Based on the differences in survival 

between the sexes between these studies, further studies are required to explore different 

dosages of antenatal corticosteroids. Indeed, my findings suggest that the current doses of 

antenatal corticosteroids administered to women at risk of preterm delivery may potentially 

be lowered if the woman is carrying a female fetus.  

Unexpectedly, in the first 5 months of life there were additional deaths in the sheep that were 

born preterm; during this time, the overall survival rate dropped further to 56% for preterm 

male sheep and 58% for preterm female sheep. As mentioned previously in Section 3.3.1 

(page 75-76), this was due to severe muscle wasting as a result of white muscle disease with 

pathology tests reporting low levels of Vitamin E and ionophore toxicity. White muscle disease 

is a degenerative muscle disease which is usually caused by deficiencies in Vitamin E and/or 

selenium (Oldfield et al., 1960, Hogue et al., 1962). Additionally, ionophore toxicity can 

contribute to muscle weakness by inhibiting sodium and potassium ion transport across cell 

membranes resulting in mitochondrial failure and decreased ATP activity; and this was 

thought to be attributed to the lambs eating ewe-specific pellets given to their mothers. The 

problem was first identified when lambs were observed walking stiffly and in obvious pain 

when walking; eventually they were not able to stand. After symptoms appeared, all lambs 

were treated with Vitamin E and given lamb-specific pellets to provide nutrients in their diet 



 

 
 

and avoid toxicity from ewe-specific pellets. Interestingly, the development of white muscle 

disease was only observed in lambs that were born preterm thus suggesting that preterm 

lambs were more vulnerable to developing this disease; likely due to the immaturity of muscle 

tissues and the gastrointestinal tract. Further studies would be required to elucidate this. At 

the termination of the experiment, we have collected and fixed pieces of muscle 

(semitendinosus, vastus and soleus) from the hind limbs of all surviving lambs so this can be 

tested in a future student project.  

My findings of an increased vulnerability to white muscle disease in preterm lambs supports 

the many studies in preterm human subjects with prematurity linked to the aetiology of many 

adverse health problems throughout the lives of those born preterm (Institute of Medicine 

(US) Committee on Understanding Premature Birth and Assuring Healthy Outcomes, 2007); 

the earlier an infant is born, the increased risk of developing adverse complications. Indeed, 

some of these problems may not even emerge for several years until childhood or even 

adulthood. For example, preterm birth has been linked to gastrointestinal problems such as 

necrotising enterocolitis (Neu, 2007, Ng, 2009, Sangild et al., 2013), infections such as 

pneumonia, sepsis and meningitis (Stoll et al., 2004), vision complications (Repka, 2002, 

Madan et al., 2005), hearing loss (Hintz et al., 2005, Vohr et al., 2005) and dental problems 

(Seow, 1997, Seow et al., 2005). Notably, the risk of developing these complications decreases 

with increasing gestational age and sometimes may be exacerbated by the treatments to the 

conditions following preterm birth (Committee on Understanding Premature Birth Assuring 

Healthy Outcomes, 2007). 

 

3.4.3 Lifelong growth attenuated following preterm birth 

 
Our findings show that preterm lambs were generally lighter and smaller in stature 

throughout life compared to term lambs, but body composition was not affected. At the time 

of necropsy, however, the difference in body weight between term and preterm sheep did not 

quite reach statistical significance (PG=0.076) when the body weight data was only compared 

at that time point. This indicates that the difference in body weight between preterm and 

term lambs was much less at 14.5 months of age compared to birth (7.65% compared to 

40.75%, respectively). Hence by adulthood, there was clearly evidence of catch up in body 

weight but not for body dimensions. However, it is important to note that preterm males did 

not fully catch up in body weight as they remained attenuated at 14.5 months of age 



 

 
 

(P=0.065); whereas there was no difference in the body weight of preterm females compared 

to term females at 14.5 months of age (P=0.464). 

As previously observed in Chapter 2, body growth of the preterm lambs in the immediate 

period following birth was different to that in human infants. Preterm lambs gained weight 

from the time of birth, albeit at a slower growth rate than the term lambs from birth until 

weaning. Overall, however, the long-term postnatal growth trajectory of our preterm sheep 

was comparable to that of humans born preterm. In this regard, it is well described in the 

literature that there is poor postnatal growth and slower growth rates in individuals that were 

born preterm (Dusick et al., 2003, Roggero et al., 2011, Leppänen et al., 2013). Preterm 

infants, including those born moderately preterm, generally have a marked reduction in 

weight during the first weeks of life compared to term infants (Niklasson et al., 2003); low 

weight gain is apparent from the start of life and becomes more prominent with higher 

degrees of prematurity (Clark et al., 2003). Additionally, preterm babies are significantly 

shorter at birth and there is attenuated growth during the first few years of life in relation to 

both weight and height. Throughout childhood and into late adolescence, preterm subjects 

remain lighter and shorter, however, differences in weight are reported to decrease over time 

with some catch up growth in body weight but height differences persist (Batista et al., 2012, 

Roberts et al., 2013).  

Interestingly in my studies, the preterm sheep showed no differences in body composition 

compared to term sheep in young adulthood. These findings are in contrast to human data of 

preterm subjects. Preterm babies are born with relatively low fat stores (Rigo et al., 1998), but 

as they grow they develop more visceral fat than peripheral fat (Uthaya et al., 2005). By one 

year corrected gestational age, preterm infants are reported to have increased fat mass and 

lower lean mass (Cooke et al., 1999), with fat mass in female preterm infants greater than 

preterm male infants (Pieltain et al., 2001). In adulthood, increases in fat mass and altered fat 

distribution remain in preterm subjects as indicated by DEXA scan analyses (Mathai et al., 

2013). It is interesting that in my sheep studies, the preterm sheep did not have an increase in 

fat distribution compared to term sheep in early adulthood. Given that an increase in fat 

deposition predisposes to metabolic syndrome, the apparent difference in fat deposition 

following preterm birth between species is an important finding which should be investigated 

in future studies.  



 

 
 

The only significant difference observed in body composition was between sexes, with female 

sheep exhibiting a higher fat mass but lower lean mass compared to male sheep. The 

differences in body composition between the sexes are also a common finding in human 

studies. It is well established in the literature that women generally have a higher amount of 

body fat mass but lower amount of lean body mass compared to men, with females having a 

high proportion of body fat in the upper leg region but males having more abdominal fat in 

adulthood (Lemieux et al., 1993, Blaak, 2001, Nindl et al., 2002, Wells, 2007, Kirchengast, 

2010). Interestingly, it has been reported that newborn girls have significantly higher relative 

fat mass and lower lean body mass compared to newborn boys, but by 6 months of age, these 

differences appeared to diminish (Fields et al., 2009). By puberty and adolescence, sexual 

dimorphism in body composition is apparent again, and ultimately most evident in adulthood 

(Wells, 2007, Kirchengast, 2010). Hormonal factors have been implicated in the difference in 

body composition; however, the exact mechanisms behind these sex differences in body fat 

distribution patterns are largely unknown. 

 

3.4.4 Growth relative to post-term equivalent age (PTEA) 

 
Given that body weight and the morphometric parameters were measured weekly in the first 

12 weeks of life, this provided the opportunity to assess growth relative to TEA. We asked the 

question: is growth of preterm lambs at TEA the same as for term lambs? Our findings have 

shown that preterm lambs at TEA were significantly heavier and had significantly longer CrL 

than lambs born at term. This demonstrates that preterm lambs had greater growth ex utero 

compared to that of term lambs in utero during the period equivalent to the last two weeks of 

gestation. This is likely due to the differences in nutrition in utero versus ex utero. During the 

two weeks ex utero, preterm lambs were bottle-fed milk expressed from the ewes at set 

intervals for the first two days of life; once strong enough the lambs suckled from the ewes ad 

libitum until weaning at 12 weeks of age. Indeed, given the difference in body growth 

compared to that in utero, it is conceivable that the preterm lambs may have been overfed 

during the bottle-feeding period. This situation is similar to that of human infants where 

carers may unintentionally feed preterm babies more than necessary. Alternatively, it may be 

due to the preterm lambs developing greater muscle mass simply by walking/running around 

ex utero as opposed to the minimal movement during the extra 2 weeks in utero. 



 

 
 

In contrast, it is important to note that in very preterm infants, body weight gain ex utero is 

actually less than in utero during the same gestational age period (Hay, 2008). Furthermore, 

preterm infants (born between 30 and 33 weeks of gestation) have been found to be 

significantly lighter compared to term counterparts at term-equivalent age, even though catch 

up growth was evident. This is likely to be due to the immaturity of the gastrointestinal tract 

which limits the absorption of necessary nutrients in the very preterm infant (Sangild, 2006). 

Interestingly, our moderately preterm lambs appear to have a sufficiently mature 

gastrointestinal system allowing for the greater rates of growth after birth.  

By 10 weeks post term-equivalent age, preterm lambs had similar body weights to term 

lambs, however, CrL, TG and HLL remained significantly reduced from TEA until 10 weeks post 

term-equivalent age compared to term lambs. This indicates that the ex utero growth rates of 

term lambs relating to body stature are greater than the ex utero growth rates of preterm 

lambs. 

3.4.5 Arterial pressure was not elevated in adulthood following 

preterm birth 

 
In my studies, there was an overall reduction in arterial pressure in preterm sheep compared 

to term sheep over the experimental period; however, by early adulthood, arterial pressure 

was similar between groups. There were no apparent differences in arterial pressure at 14 

months of age when measured via an indwelling catheter.  

These findings are in contrast to those reported in humans where there are now many studies 

reporting a significant elevation in arterial pressure in children, adolescents and adults born 

preterm (Johansson et al., 2005, Doyle, 2008, Keijzer-Veen et al., 2010, Kerkhof et al., 2012, 

Sutherland et al., 2014). The discrepancy in findings between our studies and those in humans 

may relate to the degree of prematurity. In my studies, the preterm lambs were delivered at 

132 ± 1 days of gestation, which is 0.9 of term and equivalent to 32 - 34 weeks of gestation in 

humans. Given the findings in humans, it is conceivable that if the preterm lambs were born 

earlier (that is, greater severity of prematurity) that an elevation in arterial pressure may have 

developed. Indeed, the observed increases in arterial pressure in human subjects born 

preterm is dependent on the age of delivery at birth; with increased severity of preterm birth 

associated with increasing levels of arterial pressure (Siewert-Delle and Ljungman, 1998, 

Lawlor et al., 2007, Cooper et al., 2009). For example, Johansson et al. (2005) showed in young 

adults that there was a 0.31 mmHg increase in systolic blood pressure for every week born 



 

 
 

less than 37 completed weeks in of gestation. Hence, given that the lambs were born 

moderately preterm, it is conceivable that hypertension may never develop or alternatively 

may not manifest until much later in life. In future studies, it would be interesting to monitor 

arterial pressure in moderately preterm sheep through to old age. 

Interestingly and in contrast to the findings in my studies, many studies have demonstrated an 

association between infants exposed to antenatal corticosteroids and the development of 

higher arterial pressures after birth (Demarini et al., 1999, Doyle et al., 2000, Smith et al., 

2000, Seckl and Holmes, 2007, Gwathmey et al., 2011). In my study, only ewes delivering 

preterm were administered betamethasone, but we did not find any evidence of significantly 

elevated arterial pressure in the preterm group after birth. To further investigate the effects 

of antenatal corticosteroids, it would be beneficial to study another cohort of term lambs that 

were also exposed to the same dose of betamethasone and another cohort of preterm lambs 

that were not exposed to betamethasone (however these preterm lambs may not be viable).  

 

3.4.6 Heart rate initially lower following preterm birth but 

normalises postnatally 

 
In my studies, heart rate was significantly lower in the preterm lambs compared to term 

lambs at birth, but after birth through to early adulthood, heart rate was similar between 

preterm and term sheep. Fluctuations in heart rate over the study period, however, were 

significantly different between preterm and term sheep.  

In general, heart rate is considered to be a significant clinical indicator of the health of an 

infant after birth (Apgar, 1953); with increases after birth believed to be a valuable guide of 

effective resuscitation and indicative of the newborn’s ability to transition from in utero to ex 

utero life (Wyllie, 2006). It has been reported that heart rate is lower in preterm babies 

immediately after birth and that it rises more slowly in preterm neonates, taking longer to 

reach a heart rate of 100 beats per minute (considered normal), than babies born at term 

(Dawson et al., 2010).  However, once preterm neonates are haemodynamically stabilised, it is 

reported that heart rate becomes elevated compared to term babies and this is linked to 

immaturity of the autonomic nervous system (Eiselt et al., 1993, Patural et al., 2008, Sweeney 

and Blackburn, 2013). Indeed, the autonomic nervous system plays a key role in the regulation 

of both heart rate and arterial pressure and it is made up of two components: the 

parasympathetic nervous system and the sympathetic nervous system. The parasympathetic 



 

 
 

component is responsible for reducing heart rate and arterial pressure, whilst the sympathetic 

component is responsible for increasing heart rate and arterial pressure (Saladin, 2012). It is 

known that as a fetus advances to birth, the autonomic nervous system increases its activity 

and complexity. The sympathetic nervous system develops quickly in the first trimester but 

slowly thereafter and often matures within the first year of life, however, the parasympathetic 

nervous system becomes more dominant around 25 to 30 weeks of gestation (Walker et al., 

1978, Gagnon et al., 1987, Wakai, 2004). Overall, significant maturation of the autonomic 

nervous system occurs between 31 and 38 weeks of gestation, when heart rate decreases and 

heart rate variability (fluctuation in time between heart beats) increases due to increasing 

parasympathetic influence (Sahni et al., 2000). Therefore, being born early, when the 

maturation of the parasympathetic nervous system is still ongoing, can directly impact heart 

rate in the neonatal period. For example, Patural et al. (2004) has reported that infants born 

preterm (born between 25 and 37 weeks of gestation) have lower parasympathetic activity at 

TEA compared to those born at full term, and the greater the prematurity the lower the 

parasympathetic activity. Similarly, Verklan and Padhye (2004) observed that preterm infants 

had less heart rate variability compared to term infants. This indicated that preterm birth may 

prevent maturation of the parasympathetic component therefore suggesting immaturity of 

the autonomic nervous system in preterm infants.  

Importantly, there have been a number of studies suggesting that the increases in heart rate 

that develop postnatally in preterm infants are the result of their immature autonomic 

nervous system at the time of birth (Fyfe et al., 2014). For example, it has been reported that 

preterm infants at TEA have higher resting heart rates which persist until 7 months of age 

compared to those born at term (Katona et al., 1980, Eiselt et al., 1993).  It has been proposed 

that this impaired autonomic control in preterm infants might contribute to cardiovascular 

complications in later life.  

 

3.4.7 Conclusion 

 
In conclusion, this study shows sexual dimorphism in body growth in preterm sheep; in 

females there was a catch up in body weight by adulthood, whereas there was persistent 

attenuation of body weight in males. All preterm sheep remained smaller in stature 

throughout the study period. Overall, there was no evidence of hypertension in adulthood as 

a result of moderate preterm birth. 



 

 
 

 

 

 

 

Chapter 4: 

The Effect of Moderate Preterm Birth on Heart and 

Cardiomyocyte Growth in the Immediate Period 

after Birth and in Early Adulthood 
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4.1 Introduction 

 
Over recent decades, there has been substantial improvement to the survival rates of infants 

born preterm. With the advancements in medical technology and knowledge, there is 

increased survival of babies born as early as 22 weeks (Rysavy et al., 2015) and current 

statistics show that neonates born at 25 weeks (extremely preterm) have an 80% survival rate 

(Kutz et al., 2009, Lorenz, 2011).  

Even so, infants born preterm continue to exhibit a higher risk of death and disability in the 

neonatal period (Christie, 2000, Lumley, 2003) and autopsies in neonates indicate that the 

majority of deaths after preterm birth are due to challenges in the respiratory, immune and 

cardiovascular systems (Barton et al., 1999, Elder and Zuccollo, 2005). In addition, survival 

past infancy does not guarantee that there will be no long-term health problems in subjects 

born preterm; it is common for neurological deficits and also complications in other organ 

systems to develop over time (Stoll et al., 2004, Vohr et al., 2005). 

To date, the majority of research has focused on the effect of preterm birth on an immature 

respiratory system, and the findings have been crucial for the development of strategies to 

facilitate survival in the neonatal period. However, to date the effects of preterm birth on 

other organ systems is not as well studied. The focus of this study is to investigate the effect 

of moderate preterm birth on the immature cardiovascular system and in particularly, this 

chapter focusses on the structure of the myocardium and cardiomyocyte growth.  

The heart is one of the first organs in vertebrates to form, thus allowing circulation of blood to 

the developing organs of the embryo/fetus in order to provide oxygen and nutrients for 

growth. Cardiomyocytes are the functional units of the heart. During early gestation, heart 

growth is achieved by hyperplasia (proliferation of cardiomyocytes), whereas in late gestation, 

cardiomyocytes undergo a process of maturation whereby they become terminally 

differentiated (Huttenbach et al., 2001, Burrell et al., 2003, Bubb et al., 2007). After birth, 

there is a reduced capacity for cardiomyocytes to proliferative (Mollova et al., 2013), with 

postnatal cardiac growth mainly due to hypertrophy of cardiomyocytes and extracellular 

matrix deposition. Sheep make an excellent model to study heart growth, as the timeline of 

cardiomyocyte maturation in the developing heart is very similar to the human (Huttenbach et 

al., 2001). In sheep, mature cardiomyocytes are easily identified as they are binucleated, 

whereas, immature cardiomyocytes are mononucleated (Burrell et al., 2003).  



C h a p t e r  4  

107 | P a g e  
 

It is now well established that adaptations within organ systems, in response to perturbations 

in growth, during early life can lead to the programming of diseases in adulthood (Barker, 

1995, Barker, 2007). Perturbations and interruptions in growth during critical times of 

development in utero have clearly been shown to lead to adverse effects on the growth and 

maturation of cardiomyocytes, which may in turn, be linked to long-term vulnerability to 

cardiovascular disease (Corstius et al., 2005, Bensley et al., 2010). In addition to this, recent 

experimental studies show maladaptive modifications of the myocardium in response to 

preterm birth, which are likely to have long-term consequences. We content that the heart is 

likely to be particularly vulnerable given the major haemodynamic transition at birth and the 

relative immaturity of the myocardium at the time; and decreasing gestational age at birth is 

likely to exacerbate the vulnerability.  

The haemodynamic transition at birth is the change from fetal to postnatal circulatory 

configuration, when a baby takes its first breath (Cuneo, 2013, Johnson et al., 2014). It 

involves the loss of the placenta, closure of shunts (foramen ovale, ductus arteriosus and 

ductus venosus) and alterations in cardiac output and blood flow (Blackburn, 2006). Before 

birth, the right ventricle is the dominant ventricle and is responsible for 66% of cardiac output, 

whereas after birth the left ventricle now pumps against a high pressure and high resistance 

while the RV pumps against a low resistance, low pressure (Rudolph, 1979). With removal of 

the placenta, the combination of these circulatory changes at birth and the steep changes to 

circulating hormone levels such as angiotensin II and catecholamines ultimately leads to an 

increase in heart rate and abrupt rise in systemic arterial pressure, thus increasing the load on 

the left ventricle (Louey et al., 2000, Hillman et al., 2012).  

As the first survivors of very and extremely preterm birth are now reaching adulthood, studies 

are emerging demonstrating long-term alterations in the structure and function of the heart in 

young adults born preterm. In a study by Lewandowski et al. (2013a), significant increases in 

left ventricular mass were observed in adults (aged between 20-39) born preterm; with 

greater prematurity at birth associated with greater left ventricular mass. In addition, the 

overall geometry of the left ventricle was found to be different in individuals born preterm, 

such that they exhibited shorter ventricles, displaced apexes and smaller chamber diameters. 

Furthermore, left ventricular function appeared to be altered with significant reductions in 

systolic function (peak strain, strain rate and velocity) and diastolic function (peak strain rate 

and velocity) and rotational movement. In a follow up study by these investigators, it was 

found that the effects were more pronounced in the right ventricle, with preterm adults 
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exhibiting smaller right ventricles (reduced right ventricular end-diastolic volume, end-

diastolic length and chamber diameter) but greater right ventricular mass compared to term 

born controls; again the severity of the cardiac changes were associated with decreasing 

gestational age at birth (Lewandowski et al., 2013b). Furthermore, the ejection fraction of the 

right ventricle was significantly lower in subjects born preterm illustrating impairment of right 

ventricular function. Hence, these clinical studies clearly demonstrate that preterm birth 

alters the way the heart grows after birth (Lewandowski and Leeson, 2014).  

The studies in this chapter aim to further characterise the structural differences in the heart in 

the immediate period following moderate preterm birth (2 days of age) and in adulthood 

(14.5 months of age), with particular emphasis on cardiomyocyte growth. To address the 

aims, I have used a sheep model which avoids the many confounding variables associated 

with studies in humans. The specific aims were to examine RV and LV+S wall and chamber 

volume, RV and LV wall thickness, cardiomyocyte number and nuclearity within the LV+S and 

also RV and LV collagen content between preterm (female and male) and term (female and 

male) sheep at 2 days after birth and 14.5 months of age.  

Due to time constraints, in this thesis I have only examined cardiomyocyte growth in the LV+S, 

as the LV is the dominant ventricle in postnatal life. The right ventricle was stored in 10% 

formalin for subsequent analyses; not a part of this thesis.  
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4.2 Methods 

 

4.2.1 Heart collection and perfusion fixation 

 
Hearts excised at necropsy, were weighed and placed in a container filled with physiological 

saline and papaverine hydrochloride (1.2 mg/ml; Sigma-Aldrich, Missouri, USA). Small cubes of 

tissue (approximately the area of 1 - 2 cm2) from the free walls of the RV and LV were carefully 

dissected from the heart; these samples were excised from the same anatomical site in each 

animal. These pieces of ventricular wall were cut into smaller pieces and placed in labelled 

cryovials, which were immediately snap frozen in liquid nitrogen and later stored in a -80oC 

freezer. The heart was then perfusion fixed via a catheter inserted into the aorta. Firstly, the 

heart was perfused with saline to clear the coronary vasculature. Papaverine hydrochloride 

(1.2 mg/ml; Sigma-Aldrich, Missouri, USA) was then administered via the catheter to dilate 

blood vessels and lastly 0.5 M potassium chloride (0.1 ml) (Merck, Germany) was 

administered to arrest the heart in diastole; saline was administered after both to ensure that 

they were flushed throughout the coronary vasculature. After blood was cleared from the 

coronary arteries, the heart was perfused with 4% paraformaldehyde at a perfusion pressure 

of approximately 60 mmHg in the 2 day old lambs (average mean arterial pressure recorded 

prior to necropsy) and 90 mmHg in the adult sheep (average mean arterial pressure measured 

during cardiovascular experiments) until the tissue appeared stiffer and lighter in colour. Once 

fixation was complete, hearts were stored in a container with 10% formalin until sampling 

(see later – Section 4.2.2). 

 

4.2.2 Ventricular sampling (Figure 4.1) 

 
Prior to sampling, the great vessels (aorta, pulmonary arteries and veins and vena cava) and 

connective tissues were dissected from the heart. The atria were also excised (Figure 4.1A-

4.1C). The great vessels and atria were stored in 10% formalin for possible future examination 

by researchers in our laboratory group. Using a large knife, transverse slices approximately 10 

mm thick for lambs hearts (short-term studies) and 17 mm thick for the adult hearts (long-

term studies), were cut across the ventricles commencing at the plane of the atrioventricular 

valves (Figure 4.1D-4.1G). Using these slices, the volume of the ventricular walls and chambers 

were estimated using the Cavalieri Principle (Gundersen et al., 1999) and the ventricular wall 

thickness was measured (see later – Section 4.2.3). 



C h a p t e r  4  

110 | P a g e  
 

In the transverse slices of the ventricles, the RV free wall was dissected away from the septum 

(keeping the septum intact with the LV) and the RV tissue was stored in 10% formalin (Figure 

4.1H). The slices of the left ventricle plus septum (LV+S) were cut into smaller pieces (usually 3 

- 4 pieces per slice in the lamb hearts and 12 - 14 pieces per slice for the adult hearts) and laid 

out in order of size from largest to smallest; 8 - 10 pieces were then sampled using a smooth 

fractionator approach (Figure 4.1I and 4.1J). This process involves choosing the first piece at a 

random point (between 1 and n) and then selecting every nth
 piece from there to give a total 

number of 8 - 10 pieces per LV+S. Every sampling fraction was carefully recorded as the n 

number was sometimes different between animals. 

If these selected tissue pieces were too large for direct embedding into glycolmethacrylate or 

paraffin (particularly for the larger animals of the long-term cohort), the selected pieces from 

the first sample were then further sliced at 2 mm thickness each using a custom made razor 

blade slicing device and again, using a smooth fractionator approach (as described previously), 

8 - 10 pieces were sampled. These samples of the LV+S were subsequently processed and 

embedded in glycolmethacrylate. Every adjacent piece was processed and embedded in 

paraffin wax (also 8 - 10 pieces per LV+S).  
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Figure 4.1. Sampling method of hearts showing whole heart with great vessels attached (A), 

removal of the great vessels and atria (B), top of the ventricles (C), ventricles in preparation of 

being sliced (D), long knife used to cut transverse slices of the ventricles (E), transverse slices of 

the ventricles (F), ventricular slices laid out from top to bottom (apex) (G), right ventricle free 

wall separated from left ventricle plus septum (H), cut pieces of left ventricle plus septum 

ordered from largest to smallest (I) and 8-10 pieces of left ventricle plus septum sampled 

(circled in yellow) using the smooth fractionator approach (J). 
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4.2.3 Measurement of wall volume, chamber volume and wall 

thickness 

 
As mentioned previously, with the initial transverse slices (when both ventricles are still 

attached), measurements of ventricular wall volume, chamber volume and wall thickness was 

conducted.  

For estimation of ventricular wall and chamber volume, the Cavalieri principle (Gundersen et 

al., 1999) was utilised. This involved superimposing an orthogonal grid onto every slice and 

counting the number of intersecting points which crossed the tissue or the open chamber 

area as seen in Figure 4.2. The total number of intersecting points for the RV free wall, LV+S 

and their respective chambers were added up from every slice. Total volume was estimated 

using this formula: 

aTPV   

where V  is the volume (in mm3); P  is the total number of grid points overlying heart tissue 

or chamber space; T  is the thickness of tissue (10 mm for lamb hearts and 17 mm for adult 

hearts) and a  is the area of the grid used (6.25 mm2 for lamb hearts and 25 mm2 for adult 

hearts).  

 

 

 
Figure 4.2. A transverse ventricular slice with an orthogonal grid superimposed to determine 

ventricular wall and chamber volume. 
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For measuring the ventricular and septum wall thickness, a digital photograph was taken of 

the base of the second transverse slice with a ruler placed below and another adjacent to the 

slice as shown in Figure 4.3. This photograph was digitally uploaded and examined using 

Image Pro-Plus Version 6.2 (Media Cybernetics, Bethesda, Maryland, United States). 

Calibration was performed for each image of the two rulers and the average calibration value 

was utilised. Using the image analysis software, ventricular and septum walls were traced 

manually and the average wall thickness measured.  

 

 

 
Figure 4.3. The base of the second transverse ventricular slice with a ruler placed below and 

adjacent was photographed and ventricular wall thickness measured in the digital image.  

 

4.2.4 Processing, embedding, sectioning and staining 

 

4.2.4.1 Glycolmethacrylate 

 
The processing and embedding of tissues in glycolmethacrylate were performed with the help 

of Monash Histology staff. To process tissues in glycolmethacrylate, sampled pieces of the 

LV+S were initially placed in 70% EtOH overnight. The following day they were dehydrated 

through fresh 70% EtOH (1 x 1 hour), 100% EtOH (3 x 1 hour), 100% butanol (1 x 1 hour) then 

overnight in 100% butanol whilst gently shaken. The tissues were then infiltrated in the 

‘infiltration solution’ overnight.  
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This ‘infiltration solution’ was prepared using a Technovit 7100 kit (Heraeus Kulzer, 

Wehrheim, Germany), which involves adding 1 g of Hardener I in 100 ml of Technovit 7100 

solution and stirring with a magnetic stirrer for 30 minutes until dissolved fully. After 

infiltration, the LV+S pieces were placed in plastic embedding moulds with the face to be cut 

facing the bottom of the mould. The moulds were then filled with the ‘embedding solution’. 

The embedding medium was prepared by adding 1 ml of Hardener II to 15 ml of the above 

‘infiltration solution’ and mixing it thoroughly with a wooden stick. Labels were added to the 

moulds approximately 20 minutes after filling as the embedding medium began to harden. 

The embedding solution was left to set at room temperature overnight or until set. Once the 

glycolmethacrylate embedding medium had hardened, the glycolmethacrylate blocks had 

backing blocks adhered to them. 

These backing blocks were made from Technovit 3040 resin using a 2:1 ratio of powder to 

liquid. Backing blocks were attached by placing a couple of drops of this solution onto the 

back of the glycolmethacrylate block and quickly placing the backing block and allowing it to 

set.  

Using a Leica 2165 microtome (Leica Systems, Nusloch, Germany), the glycolmethacrylate 

blocks were sectioned at 20 µm thickness, with every 40th section collected, beginning with a 

random number between 1 and 40. This type of microtome uses a glass knife and an 

automated machine attached to count the number of sections taken. Once cut, sections were 

placed in a water bath for ease of picking up the sections and mounted carefully onto glass 

slides. The slides were then placed onto a hot plate to dry the section and ensure adherence 

to the slide.  

All sections were stained with Harris’s Haematoxylin (Amber Scientific, Queensland, Australia). 

This protocol involved placing the slides into a slide holder and submerging in filtered 

haematoxylin in a plastic microwaveable container. After covering with a lid, the container 

was put in the microwave (Samsung M945 (1000W output), South Korea) and heated for 4 

minutes at 50% power. If the solution started bubbling, the microwave was paused for 30 

seconds and then heating was resumed. The slides were allowed to stand in the heated 

haematoxylin for 2 - 3 minutes before rinsing the slides in a container of lukewarm tap water 

to wash away excess stain for 5 minutes. Each slide was carefully inspected to ensure no 

bubbles of haematoxylin were trapped under the sections. If so, these were gently removed. 

The slides were left to air dry overnight or alternatively in a 40oC oven for at least 2 hours. The 
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haematoxylin was reused in the same staining session for subsequent slides. For staining 

subsequent slides, as the haematoxylin was already heated, the time in the microwave was 

decreased by 30 - 60 seconds; for example, the second slide holder to be stained was heated 

in the microwave for 3 minutes and 30 seconds and the subsequent slide holder 3 minutes. 

Sections were continuously monitored to see how the staining was progressing. After staining 

4 - 5 slide holders, a fresh solution of filtered haematoxylin was prepared.  Once slides dried 

completely, they were coverslipped with glass coverslips using DPX (Di-n-butyl 

phthalate in Xylene) as the mounting media.  

 

4.2.4.2 Paraffin 

 
Processing of the tissue for paraffin embedding was performed by an automatic processing 

machine (Leica Peloris II, Leica, New South Wales, Australia) located at Monash Histology. An 

automated processing protocol was chosen for the heart tissue samples, as described in the 

Table 4.1. 

  

http://en.wikipedia.org/wiki/Dibutyl_phthalate
http://en.wikipedia.org/wiki/Dibutyl_phthalate
http://en.wikipedia.org/wiki/Xylene
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Step Reagent Step time (minutes) Temperature (OC) 

1 10% buffered formalin 10 45 

2 80% Ethanol 1 Ambient 

3 Ethanol 1 Ambient 

4 Ethanol 1 Ambient 

5 Ethanol 20 45 

6 Ethanol 20 45 

7 Ethanol 45 45 

8 Xylene 1 Ambient 

9 Xylene 10 45 

10 Xylene 45 45 

11 Wax 10 65 

12 Wax 10 65 

13 Wax 40 65 

 

Table 4.1. Automated processing protocol performed on the samples of the left ventricle plus 

septum. 

  
Once processed, tissues were embedded in paraffin wax. To do this, processed tissues were 

placed flat on the bottom of the mould with the face to cut facing downwards. The mould was 

filled with paraffin wax, with a processing cassette placed onto the mould as the backing block 

and topped with wax to keep it in place. This mould was then moved to a cold plate so that 

the paraffin could solidify and when hardened the moulds were removed. 

Sectioning was performed on a microtome. Initially, several sections at 4 µm were cut from 

each block and stained with Haematoxylin and Eosin. This was conducted in order to check 
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that the cardiomyocytes within the tissue sections were in the required orientation for 

measurement of nuclearity. Cardiomyocytes orientated in the long axis allowed for analysis of 

cardiomyocyte nuclearity. If necessary, the tissues were re-embedded at a 90 degree angle 

from the original plane to get the correct tissue orientation.  

Once orientation was appropriate, blocks were sectioned at 3 µm thickness, with 2-3 sections 

collected (to ensure 1 good section), and mounted onto SuperFrost Plus slides. Sections were 

dewaxed with 3 changes of xylene at 10 minutes, 3 changes of EtOH at 10 minutes each and 

then washed in running water for 20 minutes. Slides were dipped in 70% EtOH with 1% 

ammonia for 10 minutes and then re-washed for a further 20 minutes with running water. 

Antigen retrieval was performed on the slides at 98oC, for 1 hour, in Dako Target Retrieval 

solution (Dako, Denmark) then afterwards allowed to cool to room temperature. Dako 

Peroxidase Blocking Reagent (Dako, Denmark) was applied onto the slides for 10 minutes at 

room temperature. For the staining of the cell boundaries, anti-Laminin antibody at 1:40 

(Raised in Rabbit, ab11575, Abcam, USA) was applied for 1 hour, then the secondary antibody, 

Dako anti-Rabbit EnVision+ FLEX (Dako, Denmark) was applied for 30 minutes. Following, 

wheat germ agglutinin-horseradish peroxidase (WGA-HRP) was applied at 1:20, diluted in 

Hank’s Balanced Salt Solution (HBSS) for 45 minutes. Afterwards, diaminobenzidine (DAB, 

Dako DAB system, Denmark) was applied for 10 minutes. Lastly, for the staining of the nuclei, 

Harris’ Haematoxylin (Amber Scientific, Queensland, Australia) was applied for 10 minutes, 

blued in Scott’s tap water, dehydrated, cleared in xylene and coverslipped with DPX. This 

immunostaining protocol was performed on the Dako Autostainer Plus (DakoCytomation, Fort 

Collins, Colorado, USA) and Dako Automation Wash Buffer was the wash buffer used in 

between stains.  

 

4.2.5 Estimating cardiomyocyte number - optical 

disector/smooth fractionator approach  

 
Total cardiomyocyte number within the LV+S was estimated using an optical 

disector/fractionator approach (Bruel and Nyengaard, 2005) in haematoxylin-stained 

glycolmethacrylate sections. This involved the use of an Olympus BX51 microscope (Olympus, 

Tokyo, Japan), fitted with a 1.25x Olympus ApoE lens and a 100x Olympus ApoE oil immersion 

lens. The microscope was combined with a motorised stage which was controlled by a joystick 
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for movement in the x and y directions. The stage was also fitted with a z axis sensor which 

enabled the depth of focus to be measured.  

C.A.S.T (Computer Aided Stereological Toolbox) software (Olympus, Denmark) was used to 

count the number of nuclei. Every time this software was launched, a calibration of the stage 

was performed automatically. Using the lowest magnification (1.25x), the outline of the tissue 

was traced using the C.A.S.T define feature tool to ensure only that area was to be scanned by 

the microscope. Then at 100x magnification, an unbiased counting frame (area of 544.5 µm2) 

was superimposed over the field of view. Tissue sections were systematically sampled 

(uniform along the x and y axis, beginning from a random starting point with a step length of 

2000 µm for lamb hearts and 1000 µm for adult hearts in both the x and y directions).  

Cardiomyocyte nuclei could be easily identified as lightly stained and oval-shaped, with the 

presence of a dense nucleoli and chromatin. Nuclei were only counted if they came into focus 

within a 10 µm range in the middle of the 20 µm section (in the z plane). Only the middle 10 

µm was counted to ensure that uneven cutting surfaces of the section were excluded from 

counting. An unbiased counting frame was used; as seen in Figure 4.4, cardiomyocyte nuclei 

were counted only if they came into focus within the counting frame but not crossing the 

forbidden lines (two lines in red of the counting frame were forbidden, the other two green 

lines were inclusion lines). 
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Figure 4.4. Counting frame is superimposed over the field of view. The red lines are forbidden 

lines, whereas the green lines are the inclusion lines. Therefore, cardiomyocyte were only 

counted if whole or part of the nucleus was in the counting frame and not touching the red 

forbidden lines. In this image, both the nuclei marked with yellow arrows would be counted. 

 
The number of cardiomyocytes in the LV+S was subsequently calculated according to the 

formula:  

Cardiomyocyte number 
5

1

4

1

3

1

2

1

1

1

FFFFF
Q    

where, 
Q  is the number of nuclei counted using the optical disector/fractionator approach; 

1F  is the first sampling fraction using the smooth fractionator; 2F  is the second sampling 

fraction also using the smooth fractionator (if further cut with the custom made razor blade 

device); 3F  is the sampling fraction selected from the glycolmethacrylate sections (40, since 

every 40th slide was selected for counting analysis); 4F  is the field of view on the section that 

is examined, calculated by multiplying the step length (1000 µm or 2000 µm) in the x and y 

axis by itself and dividing it by the counting frame (which was found on the C.A.S.T program; 
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area of 544.5 µm2) and lastly 5F  accounts for the fraction within the section where nuclei 

were counted (only the middle 10 µm  of the section was used out of 20 µm therefore 5F

equals 2).  

In the haematoxylin-stained sections, only nuclei were visible and cell boundaries were not 

visible. Hence, in order to determine the total number of cardiomyocytes in the LV+S, 

adjustments were required based on the proportion of mono-, bi-, tri- and tetra- nucleated 

cardiomyocytes (see next section – Section 4.2.6).  

 

4.2.6 Estimating cardiomyocyte nuclearity – image analysis 

 
To determine cardiomyocyte nuclearity (proportion of mono-, bi-, tri- and tetra-nucleated 

cells) in the LV+S, image analysis was utilised.  

In tissue sections stained with anti-Laminin antibody for cell boundaries and Harris’ 

Haematoxylin for cell nuclei (see previous section – Section 4.2.4.2, page 114), 

cardiomyocytes were visualised using Image Pro-Plus Version 6.2 software (Media 

Cybernetics, Bethesda, Maryland, USA). Images of cardiomyocytes were captured in the long 

axis for analysis.  

The number of nuclei per cell was counted within approximately 150 to 200 cardiomyocytes 

per animal. Nuclei were only counted within cardiomyocytes which had a fully intact and 

visible cell membrane and the nuclei were centrally located. Figure 4.5 illustrates the 

representations of mononucleated (Figure 4.5A), binucleated (Figure 4.5B), trinucleated 

(Figure 4.5C) and tetranucleated (Figure 4.5D) cardiomyocytes. 
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Figure 4.5. Representative images of mononucleated (A), binucleated (B), trinucleated (C) and 

tetranucleated (D) cardiomyocytes in a LV+S section stained with anti-Laminin antibody 

(staining cell boundaries brown) and Harris’ Haematoxylin (staining nuclei dark blue/purple). 

Cell boundaries are outlined in yellow.  

 
After assessing the percentage of mono-, bi-, tri- and tetra-nucleated cardiomyocytes present 

within the LV+S, the total number of cardiomyocytes was calculated by correcting for 

nucleation. Total number of nuclei was divided by the average number of nuclei for each 

cardiomyocyte per animal to give the total number of cardiomyocytes within the LV+S. This 

was only performed on hearts of the 2 day old lambs, as it is expected that by 14.5 months of 

age, all cardiomyocytes are mature and therefore binucleated. 
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4.2.7 Myocardial collagen content - hydroxyproline assay 

 
In collaboration with A/Prof. Chrishan Samuel from the Department of Pharmacology at 

Monash University, the total collagen content (and therefore collagen concentration) was 

estimated in the RV and LV of the hearts of both short-term lambs and long-term sheep using 

a colorimetric-based hydroxyproline assay as previously described (Samuel, 2009). This assay 

determines the total amount of collagen by measuring the hydroxyproline content in the 

tissues, since collagen is one of the few proteins that contain the amino acid hydroxyproline.  

Snap frozen tissues (collected at necropsy) were transferred into individual labelled Eppendorf 

tubes with holes pierced through the lid. The tissue was freeze-dried overnight in a lyophiliser 

down to dry weight and the dry weights recorded. These dried tissues were rehydrated by 

adding citrate buffer for approximately four hours in a cool room (4oC). The rehydrated tissue 

was transferred to labelled KimaxTM screw-capped glass tubes (Kimble/Kontes, Vineland, New 

Jersey, USA), making sure that the tissue was lying at the bottom of the tube. Approximately 

0.5 - 1 ml of 6 M hydrochloric acid (HCl) was added to the tubes ensuring that the tissue was 

completely submerged. Tubes were tightly capped and placed in a heating block to hydrolyse 

tissue at 110oC overnight. Once hydrolysed, the tubes were cooled at 4oC before adding 

distilled water (or a strong base to neutralize the acid) and freeze-dried again in the lyophiliser 

overnight to evaporate all liquid. The following day, the dried tissues were dissolved in 0.1 M 

HCl according to the original dry weights, such that any weight less than 6 mg received 0.25 

ml, between 6.001 - 12.500 mg received 0.5 ml and any higher received 1 ml. Samples were 

now ready for the hydroxyproline assay.  

Each sample was assayed in duplicate by adding 10 µL of heart tissue hydrolyzate (in 0.1 M 

HCl) to 90 µL of distilled water into new glass tubes (separate glass tube per sample and 

replicate). In four separate tubes, labelled 0, 1, 2 and 3, aliquots of 0, 2, 4 and 6 µL of the 1 

mg/ml hydroxyproline standard (in 0.1 M HCl) were added respectively. Distilled water was 

subsequently added to bring the volume to 100 µL. To all tubes (samples and standards), 200 

µL of isopropanol was added, followed by 100 µL of oxidation buffer resulting in a total 

volume of 400 µL. Immediately all samples were vortexed thoroughly and left to stand at 

room temperature for 4 minutes. A further 1.3 ml of isopropanol was added to each tube and 

vortexed roughly. The tubes in the rack were covered with a large piece of foil and placed in a 

shaking water bath set at 60oC for 25 minutes. After this, the samples were cooled at 4oC for 

approximately 5 minutes. A further 3.3 ml of isopropanol was added to the cool tubes to give 
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a total volume of 5 ml per tube and again vortexed thoroughly. Once this was done, sample 

mixtures were transferred into disposable curvettes (Lake Charles Manufacturing, Lake 

Charles, Los Angeles, USA) and the absorbance of each sample was measured at 558 nm in a 

spectrophotometer, using the "blank" (tube labelled "0") to calibrate each assay.  

From the absorbance readings, determination of hydroxyproline content and therefore 

collagen concentration was conducted. Using Microsoft Excel software, a standard curve was 

generated by plotting the absorbance levels (y-axis) vs. the amount of hydroxyproline 

standard added per tube (x-axis). A line of best fit, equation and R squared value was 

obtained. This generated equation from the standard curve in each assay was used to 

determine the amount of hydroxyproline in each sample. The duplicate hydroxyproline values 

were averaged out then multiplied by the total amount of 0.1 M HCl added to the 

hydrolyzates divided by 10 µL. For example if 0.5 ml was added, then multiplication is by 50 to 

calculate the total amount of hydroxyproline for each sample. The total amount of collagen 

content is then extrapolated by further multiplying the amount of hydroxyproline by 6.94 

which is derived from the knowledge that hydroxyproline makes up 14.4% of the amino acid 

composition in most mammalian tissues (Gallop and Paz, 1975). Collagen concentration 

(expressed as a percentage) within the ventricular samples was then calculated by dividing the 

total collagen content by the dry weight of the tissues.  

It should also be noted that some tissue samples were accidentally thawed after being left out 

of the freezer; therefore for the short-term cohort, analysis of preterm males and term males 

was unable to be completed. Therefore, only preterm females and term females were 

compared (student’s t test) in the hearts of 2 day old lambs.  

 

4.2.8 Statistical analysis 

 
For statistical analysis, data was analysed using IBM SPSS Statistics Version 21 (IBM SPSS, 

Illinois, USA) and graphed using GraphPad Prism Version 6.0 (GraphPad Software, California, 

USA).  

A student’s t-test was used to analyse the hydroxyproline assay data; where by a comparison 

of the total collagen content within the LV and RV was compared between preterm and term 

female lambs at 2 days of age. Males were not analysed (see Section 4.2.7). All remaining data 

for the short-term cohort and long-term cohort were analysed using a two-way ANOVA, with 

gestational age at birth (PG; preterm or term) and sex (PS; female or male) as factors. 
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Significant interaction effects detected in the 2-way ANOVA were further analysed by a 

Tukey’s post-hoc test. Similarly, to compare the differences between the short-term cohort 

and long-term cohort, a two-way ANOVA was used for each preterm group and term group 

separately, with time (PT; short-term or long-term) and sex (PG; female or male) as factors.  

Data are represented as means ± SEM and statistical significance was accepted at the level of 

P<0.05.  
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4.3 Results 

 

4.3.1 Immediate period after birth (2 days of age) 

 

4.3.1.1 Body weights and absolute and relative heart weights (Table 

4.2) 

 
The body weights of preterm lambs 2 days after birth were significantly reduced (PG<0.0001) 

compared to term lambs (Table 4.2 and previously shown in Figure 2.6, Chapter 2, Section 

2.3.4, page 51-52). Heart weights in preterm lambs were significantly lighter (PG<0.0001) than 

term lambs (Table 4.2 and previously shown in Table 2.1, Chapter 2, Section 2.3.5, page 52-

53), however, when adjusted for body weight, there was no longer a difference between the 

groups.  

There were no significant differences between the sexes in body weight, absolute heart 

weight or relative heart weight. 

In examining the hearts after necropsy, there were no gross congenital abnormalities 

observed in the hearts of the preterm and term lambs at 2 days of age. Furthermore, during 

the slicing of the hearts and separation of ventricles, no irregularities were seen in the valves, 

or in the septation of the atria and ventricles.  

 

 
Preterm Term 

P-values 
Females n=7 Males n=6 Females n=10 Males n=5 

Body weight       

(kg) 
4.19 ± 0.21 4.15 ± 0.23 6.34 ± 0.18 6.22 ± 0.25 PG<0.0001 

Absolute heart 

weight (g) 
39.43 ± 2.40 35.86 ± 2.59 54.70 ± 2.00 53.48 ± 2.83 PG<0.0001 

Relative heart 

weight (g/kg) 
9.49 ± 0.42 8.62 ± 0.45 8.63 ± 0.35 8.68 ± 0.49 NS 

 
Table 4.2. Body weights and absolute and relative heart weights of preterm (female and male) 

and term (female and male) lambs at necropsy 2 days after birth. Data were analysed using a 

2-way ANOVA with gestational age at birth (PG; preterm or term), sex (PS; male or female) and 

their interaction (PS*G) as factors. Values are means ± SEM. Abbreviations: NS – not significant. 
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4.3.1.2 Ventricular wall volume (Figure 4.6) 

 

Right ventricle 

 
The RV wall volume was significantly reduced (PG<0.0001) in preterm lambs compared to term 

lambs (Figure 4.6A); however, RV wall volume relative to body weight and heart weight was 

not significantly different between preterm and term lambs (Figure 4.6B and 4.6C).  

There was no difference between females and males in absolute RV wall volume, or when 

adjusted for body weight or heart weight in lambs 2 days after birth.  

 

Left ventricle plus septum  

 
Similarly, preterm lambs also exhibited significantly reduced (PG<0.0001) LV+S wall volume 

when compared to term lambs (Figure 4.6D); however when adjusted to body weight and 

heart weight, there was no longer a significant difference between preterm and term lambs 

(Figure 4.6E and 4.6F). 

There was no significant difference between female and male lambs in absolute LV+S wall 

volume, or when adjusted for body weight or heart weight. 
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Figure 4.6.  Average absolute wall volumes and wall volumes relative to body weight and 

heart weight of the right ventricle (RV) free wall (A, B and C) and left ventricle plus septum 

(LV+S) (D, E and F) in preterm (n=7 female, n=6 male) and term (n=10 female, n=5 male) lambs 

2 days after birth. Pink shading represents females and blue shading represents males. Data 

were analysed using a 2-way ANOVA with gestational age at birth (PG; preterm or term) and 

sex (PS; male or female) as factors. Values are means ± SEM. 
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4.3.1.3 Ventricular chamber volume (Figure 4.7) 

 

Right ventricle 

 
Preterm lambs exhibited a significantly smaller (PG=0.0001) RV chamber volume compared to 

term lambs (Figure 4.7A). When adjusted to body weight and heart weight, the RV chamber 

volume remained significantly smaller (PG=0.029 and PG=0.019, respectively) in preterm lambs 

compared to term controls (Figure 4.7B and 4.7C).  

There were no significant differences between females and males in absolute RV chamber 

volume or when adjusted for body weight and heart weight at 2 days after birth. 

 

Left ventricle 

 
Similar to the RV chamber volume, the LV chamber volume of preterm lambs was significantly 

smaller (PG=0.002) compared to term controls (Figure 4.7D). However, LV chamber volume 

relative to body weight and heart weight was not significantly different (Figure 4.7E and 4.7 F).  

There were no significant differences in absolute LV chamber volume or when adjusted for 

body weight and heart weight between females and males.  
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Figure 4.7. Average absolute chamber volumes and chamber volumes relative to body weight 

and heart weight of the right ventricle (RV) (A, B and C) and left ventricle (LV) (D, E and F) in 

preterm (n=7 female, n=6 male) and term (n=10 female, n=5 male) lambs 2 days after birth. 

Pink shading represents females and blue shading represents males. Data were analysed using 

a 2-way ANOVA with gestational age at birth (PG; preterm or term) and sex (PS; male or 

female) as factors. Values are means ± SEM. 

 

4.3.1.4 Ventricular wall thickness (Table 4.3) 

 
As reported in Table 4.3, the mean wall thickness of the RV and LV free walls and 

interventricular septum were all significantly thinner in preterm lambs compared to term 
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lambs at 2 days after birth. However, when adjusted for body weight and heart weight, the 

relative RV, LV and interventricular septum thickness were all significantly thicker in the 

preterm lambs compared to term controls. Furthermore, female lambs had significantly 

thinner septum walls compared to male lambs when adjusted for heart weight (PG=0.046).  

 
 

Preterm Term 

P values 

Females n=7 Males n=6 Females n=10 Males n=5 

Absolute (mm) 

RV wall thickness  5.16 ± 0.19 5.01 ± 0.32 5.85 ± 0.18 6.02 ± 0.34 PG=0.002 

LV wall thickness  7.29 ± 0.26 7.17 ± 0.29 8.28 ± 0.26 8.28 ± 0.25 PG<0.001 

Interventricular 

septum wall 
7.28 ± 0.29 7.20 ± 0.58 7.57 ± 0.27 8.64 ± 0.30 PG=0.030 

Relative to body weight (mm/kg) 

RV wall thickness  1.25 ± 0.055 1.21 ± 0.06 0.93 ± 0.05 0.97 ± 0.07 PG<0.0001 

LV wall thickness  1.76 ± 0.07 1.73 ± 0.07 1.31 ± 0.06 1.35 ± 0.08 PG<0.0001 

Interventricular 

septum wall 
1.76 ± 0.08 1.73 ± 0.09 1.20 ± 0.07 1.40 ± 0.09 PG<0.001 

Relative to heart weight (mm/g) 

RV wall thickness  0.13 ± 0.007 0.14 ± 0.008 0.11 ± 0.006 0.12 ± 0.008 PG=0.002 

LV wall thickness  0.19 ± 0.009 0.20 ± 0.009 0.15 ± 0.007 0.16 ± 0.01 PG<0.0001 

Interventricular 

septum wall 
0.19 ± 0.009 0.20 ± 0.01 0.14 ± 0.008 0.16 ± 0.01 

PG<0.0001 

PS=0.046 

 
Table 4.3. Average absolute wall thickness and wall thickness relative to body weight and 

heart weight of the right ventricle (RV) free wall; left ventricle (LV) free wall; and 

interventricular septum wall in preterm (female and male) and term (female and male) lambs 

2 days after birth. Data were analysed using a 2-way ANOVA with gestational age at birth (PG; 

preterm or term) and sex (PS; male or female) as factors. Values are means ± SEM. 
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4.3.1.5 Cardiomyocyte number 

 
In order to determine the total number of cardiomyocytes within the LV+S, the total number 

of cardiomyocyte nuclei were initially determined (using an optical disector/fractionator 

approach) and then adjusted for the proportion of mono-, bi-, tri- and tetra-nucleated 

cardiomyocytes.  

 

4.3.1.5.1 Nuclearity (Figure 4.8) 

 
Figure 4.8 shows the proportion of mono-, bi-, tri- and tetra-nucleated cardiomyocytes in the 

preterm and term hearts. Hearts of preterm lambs exhibited a significantly higher (PG<0.0001) 

proportion of mononucleated cardiomyocytes but a significantly lower (PG<0.0001) proportion 

of binucleated cardiomyocytes compared to term lambs. The proportion of trinucleated and 

tetranucleated cardiomyocytes was similar between the groups.  

There were no significant differences in the percentages of mono-, bi-, tri- and tetra-nucleated 

cardiomyocytes between female and male lambs.  

P ro p o r tio n  o f m o n o -, b i- ,  tr i-  a n d  te tra -

n u c le a te d  c a r d io m y o c y te s  in  th e  L V + S
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Figure 4.8. Proportion of mono-, bi-, tri- and tetra-nucleated cardiomyocytes in the LV+S of 

preterm (n=7 female, n=6 male) and term (n=7 female, n=5 male) lambs at 2 days of age. Pink 

shading represents preterm females, blue shading represents preterm males, pink hashed 

represents term females and blue hashed represents term males. Values are means ± SEM. 
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4.3.1.5.2 Total number of cardiomyocytes in the left ventricle plus septum 

(Figure 4.9) 

 
At 2 days after birth, the total number of cardiomyocytes within the LV+S was not significantly 

different between preterm and term lambs (Figure 4.9A). When adjusted for body weight and 

heart weight, the preterm lambs had significantly more cardiomyocytes per kg of body and 

heart weight in the LV+S compared to term lambs (PG<0.0001) (Figure 4.9B and 4.9C). 

Furthermore, there was also a trend for an interaction effect (PS*G=0.052), with preterm males 

appearing to have significantly more cardiomyocytes compared to term males when adjusted 

for heart weight. There was no difference in total cardiomyocyte number in the LV+S between 

females and males.  
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Figure 4.9. The total number of cardiomyocytes (A) and number of cardiomyocytes relative to 

body weight (B) and heart weight (C) in the left ventricle plus septum (LV+S) in preterm (n=7 

female, n=6 male) and term (n=7 female, n=5 male) lambs at 2 days of age. Pink shading 

represents females and blue shading represents males. Data were analysed using a 2-way 

ANOVA with gestational age at birth (PG; preterm or term) and sex (PS; male or female) as 

factors, followed by a Tukey’s post-hoc test. *P<0.05 between preterm vs. term within the 

same sex. Values are means ± SEM. 
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4.3.1.6 Total collagen content (Figure 4.10) 

 
As previously mentioned (Section 4.2.7, page 123), some tissue samples were accidentally left 

out of the freezer and subsequently thawed. As a consequence, there were insufficient 

samples for analyses to be conducted in males. Hence, only data from female preterm lambs 

and female term lambs were compared using a student’s t test.  

 

Right ventricle 

 
When assessed by hydroxyproline assay, the total collagen content (expressed as a 

percentage) in the RV free wall was not significantly different between female preterm and 

term lambs at 2 days of age (Figure 4.10A). 

 

Left ventricle 

 
Similar to the RV free wall, there was no significant difference in the total collagen content in 

the LV free wall between female preterm and term lambs at 2 days of age (Figure 4.10B). 
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Figure 4.10. Percentage of collagen in the right ventricle (A) and left ventricle (A) free walls of 

preterm female (n=6, pink) and term female (n=7, pink hashed) lambs at 2 days of age. Using a 

student’s t-test, no statistical differences were observed. Values are means ± SEM. 
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4.3.2 In adulthood (14.5 months of age) 

 

4.3.2.1 Body weights and absolute and relative heart weights (Table 

4.4) 

 
In adulthood, there was a trend for preterm sheep to be lighter than term sheep (PG=0.076); 

with preterm males lighter than term males (this did not quite reach statistical significance; 

P=0.065) but no difference between females (Table 4.4 and previously shown in Table 3.2, 

Chapter 3, Section 3.3.4.1, page 88). Heart weights were significantly reduced (PG=0.014) in 

the preterm group compared to those born at term; this was also particularly evident 

between males whereas female heart weights were similar (Table 4.4 and previously shown in 

Table 3.4, Chapter 3, Section 3.3.4.4, page 93). However, when adjusted for body weight there 

was no significant difference between the groups (Table 4.4 and previously shown in Table 

3.4, Chapter 3, Section 3.3.4.4, page 93).  

There were no significant differences between sexes in body weights, absolute heart weights 

and relative heart weights. 

Examination of the freshly excised hearts at necropsy, showed no evidence of gross structural 

abnormalities. Likewise, when the ventricles were sliced and sampled for analysis, there were 

no observable structural defects in the ventricles or valves.  

 

Preterm Term 
P-values 

Females n=7 Males n=9 Females n=6 Males n=11 

Body weight (kg) 54.36 ± 1.22 53.11 ± 2.92 55.75 ± 1.37 60.27 ± 2.11 PG=0.076 

Absolute heart 

weight (g) 
265.75 ± 6.78 265.42 ± 14.95* 273.96 ± 2.98 318.95 ± 8.90 

PG=0.014 

PS=0.069 

PS*G=0.066 

Relative heart 

weight (g/kg) 
4.89 ± 0.08 5.02 ± 0.16 4.90 ± 0.12 5.35 ± 0.22 NS 

 
Table 4.4. Body weights and absolute and relative heart weights of preterm (female and male) 

and term (female and male) sheep at 14.5 months of age. Data were analysed using a 2-way 

ANOVA with gestational age at birth (PG; preterm or term), sex (PS; male or female) and their 

interaction (PS*G) as factors, followed by a Tukey’s post-hoc test. *P<0.05 between preterm vs. 

term within the same sex. Values are means ± SEM. Abbreviations: NS – not significant. 
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4.3.2.2 Ventricular measurements (Table 4.5) 

 
Table 4.5 shows the mean absolute and relative LV+S and RV wall volumes, LV and RV 

chamber volumes and LV, RV and interventricular septum wall thickness of preterm and term 

sheep at 14.5 months of age. 

Right ventricle 

 
Absolute RV wall volumes were significantly reduced (PG=0.023) in preterm sheep when 

compared to term sheep. This was mainly attributed to preterm male sheep exhibiting 

reduced (P=0.050) RV wall volume compared to term male sheep, whereas there were no 

differences between female preterm and term sheep. There were also no significant 

differences in absolute RV chamber volume or RV wall thickness between preterm and term 

sheep. However, when examining only males, preterm male sheep had significantly thinner 

(P=0.038) RV walls compared to term males, but no differences were observed in females. 

When adjusting for body weight, none of the RV parameters were found to be significantly 

different between the preterm and term sheep.  

There were no significant differences between females and males in any of the absolute or 

relative to body weight RV measurements at 14.5 months of age. However, when adjusted to 

heart weight, female sheep exhibited thicker RV walls when compared to male sheep 

(PS=0.002). All other RV measurements relative to heart weight were not significantly different 

between sexes. 

 

Left ventricle 

 
There was a trend for a smaller LV chamber volume (PG=0.059) in preterm sheep compared 

with term sheep. Preterm sheep exhibited a significantly reduced LV+S wall volume (PG<0.050) 

compared to terms; this was attributed to a marked reduction in LV+S wall volume in the 

preterm males compared to term males, but this difference between preterm and term sheep 

was not observed in females, such that there was a significant interaction effect (PS*G=0.018). 

The interaction effect in LV+S wall volume persisted when adjusted for body weight 

(PS*G=0.036). Preterm males also exhibited marked reductions in LV wall thickness compared 

to term male sheep, which was not seen between preterm female and term female sheep, 

hence there was a significant interaction effect (PS*G=0.007). There were no significant 
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differences between preterm and term sheep in any of the LV parameters measured relative 

to body weight. However, when adjusted to heart weight, preterm sheep had significantly 

thicker LV walls compared to term sheep (PG=0.003). 

Absolute LV+S wall volume (P=0.007) was significantly increased in male sheep when 

compared to female sheep; no sex differences were observed in any of the other absolute or 

relative to body weight LV parameters measured. However, similar to the RV wall thickness, 

female sheep had significantly thicker LV walls compared to male sheep when adjusted for 

heart weight (PS=0.020).  

 

Interventricular septum 

 
There were no significant differences observed in absolute interventricular septum thickness 

or when adjusted to body weight between preterm and term sheep or between female and 

male sheep. However, similar to the LV, when adjusted to heart weight, preterm sheep had 

significantly thicker septal walls compared to term sheep (PG=0.012). 
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  Preterm Term 
P values 

Females n=7 Males n=7 Females n=6 Males n=7 

Absolute: (volume – cm3; thickness – mm) 

RV wall 

volume  
33.88 ± 1.89 33.88 ± 1.71* 37.10 ± 1.79 44.75 ± 4.69 P

G
=0.023 

LV+S wall 

volume 
135.33 ± 5.10 137.82 ± 5.42* 132.18 ± 5.89 168.06 ± 8.76 

P
G
<0.050 

PS
 =0.007 

PS*G=0.018 

RV chamber 

volume  
32.42 ± 2.10 35.70 ± 0.07 31.11 ± 3.46 37.83 ± 2.93 PS

 =0.080 

LV chamber 

volume  
32.73 ± 1.69 38.75 ± 2.31 41.15 ± 1.34 40.01 ± 3.24 P

G
=0.059 

RV wall 

thickness  
7.21 ± 0.56 5.67 ± 0.56* 7.06 ± 0.61 7.39 ± 0.56 NS 

LV wall 

thickness  
15.70 ± 0.40 14.82 ± 0.43* 14.65 ± 0.43 16.23 ± 0.40 PS*G=0.007 

Septum 

thickness  
7.28 ± 0.29 7.20 ± 0.58 7.57 ± 0.27 8.64 ± 0.30 PS*G=0.089 

 

Relative to body weight: (volume - cm3/kg; thickness - mm/kg) 

RV wall 

volume  
0.63 ± 0.04 0.62 ± 0.05 0.67 ± 0.03 0.73 ± 0.08 NS 

LV+S wall 

volume  
2.58 ± 0.04 2.38 ± 0.05* 2.37 ± 0.09 2.75 ± 0.21 PS*G=0.036 

RV chamber 

volume  
0.60 ± 0.05 0.60 ± 0.05 0.57 ± 0.05 0.61 ± 0.05 NS 

LV chamber 

volume  
0.61 ± 0.05 0.67 ± 0.06 0.75 ± 0.06 0.66 ± 0.05 NS 

RV wall 

thickness 
0.13 ± 0.01 0.13 ± 0.01 0.13 ± 0.01 0.12 ± 0.01 NS 

LV wall 

thickness  
0.29 ± 0.01 0.28 ± 0.01 0.26 ± 0.01 0.27 ± 0.01 P

G
=0.081 

Septum 

thickness  
0.29 ± 0.01 0.29 ± 0.01 0.26 ± 0.01 0.27 ± 0.01 P

G
=0.088 

 

Relative to heart weight: (volume - cm3/g; thickness - mm/g) 

RV wall 

volume  
0.13 ± 0.007 0.12 ± 0.008 0.14 ± 0.008 0.14 ± 0.01 NS 

LV+S wall 

volume  
0.51 ± 0.02 0.49 ± 0.02 0.49 ± 0.02 0.52 ± 0.02 NS 

RV chamber 

volume  
0.12 ± 0.009 0.13 ± 0.009 0.11 ± 0.02 0.12 ± 0.01 NS 

LV chamber 

volume  
0.12 ± 0.008 0.13 ± 0.02 0.14 ± 0.02 0.12 ± 0.008 NS 
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Relative to heart weight: (volume - cm3/g; thickness - mm/g) continued. 

RV wall 

thickness 
0.03 ± 0.001 0.02 ± 0.001 0.03 ± 0.001 0.02 ± 0.0005 PS=0.002 

LV wall 

thickness  
0.06 ± 0.001 0.06 ± 0.002 0.05 ± 0.002 0.05 ± 0.002 

P
G
=0.003 

PS=0.020 

Septum 

thickness  
0.06 ± 0.002 0.06 ± 0.002 0.05 ± 0.001 0.05 ± 0.002 P

G
=0.012 

 
Table 4.5. Average absolute ventricular measurements of wall volume, chamber volume and wall 

thicknesses of the right ventricle (RV), left ventricle (LV) and interventricular septum and when 

adjusted to body weight and heart weight in preterm (male and female) and term (female and 

male) sheep at 14.5 months of age. Data were analysed using a 2-way ANOVA with gestational 

age at birth (PG; preterm or term) and sex (PS; male or female) as factors, followed by a Tukey’s 

post-hoc test. *P<0.05 between preterm vs. term within the same sex. Values are means ± SEM. 

 

4.3.2.3 Cardiomyocyte number in the LV+S (Figure 4.11 and 4.12) 

 
At 14.5 months of age, it appears that preterm birth does affect the total number of LV+S 

cardiomyocytes. Figure 4.11A illustrates that preterm sheep had significantly fewer 

cardiomyocytes (PG=0.039) in the LV+S when compared to those born at term. A significant 

interaction effect (PS*G=0.047) shows that this is mostly attributed to the significant reduced 

number of cardiomyocytes in preterm male sheep compared to term male sheep, whereas 

there were no differences between female preterm and term sheep. However, when adjusted 

to body weight and heart weight, this reduction of cardiomyocytes within the preterm group 

was no longer evident.  

Additionally, there were no significant differences in the absolute cardiomyocyte number and 

cardiomyocyte number relative to body weight or heart weight in the LV+S of female and 

male sheep as seen in Figure 4.11B and 4.11C. 
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Figure 4.11. The total number of cardiomyocytes (A) and number of cardiomyocytes relative to 

body weight (B) and heart weight (C) in the left ventricle plus septum (LV+S) in preterm (n=7 

female, n=6 male) and term (n=7 female, n=7 male) lambs at 14.5 months of age. Pink shading 

represents females and blue shading represents males. Data were analysed using a 2-way 

ANOVA with gestational age at birth (PG; preterm or term) and sex (PS; male or female) as 

factors, followed by a Tukey’s post-hoc test. *P<0.05 between preterm vs. term within the same 

sex. Values are means ± SEM. 
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Furthermore, the total number of cardiomyocytes estimated at 14.5 months of age was found 

to be positively correlated with birth weight (regression analysis: P=0.0003, R2=0.425) and 

heart weight at necropsy (regression analysis: P=0.0004, R2=0.415), but not with body weight 

at necropsy (regression analysis: P=0.126, R2=0.095) (Figure 4.12).  
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Figure 4.12. The relationship between total number of cardiomyocytes in the left ventricle plus 

septum of all sheep at 14.5 months of age with birth weight (A), necropsy weight (B) and heart 

weight (C).  

 



C h a p t e r  4  

143 | P a g e  
 

4.3.2.4 Collagen content (Figure 4.13) 

 

Right ventricle 

 
The collagen content (expressed as a percentage) in the RV free wall was not significantly 

different between preterm and term sheep (Figure 4.13A). 

There were also no significant differences in collagen content in the RV free wall between 

female and male sheep.  

 

Left ventricle 

 
Likewise, the percentage collagen content in the LV free wall was not significantly different 

between preterm and term sheep (Figure 4.13B). However, there was a trend for preterm 

males to have reduced collagen content compared to term males (P=0.071). 

However, a sex difference was observed with male sheep exhibiting a significantly higher 

collagen content (PS=0.010) in the LV free wall compared to females.  
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Figure 4.13. Percentage of collagen in the RV (A) and LV (B) free walls of preterm (n=7 female, 

n=6 male) and term (n=9 female, n=11 male) sheep at 14.5 months of age. Pink represents 

females while blue represents males. Data were analysed using a 2-way ANOVA with gestational 

age at birth (PG; preterm or term) and sex (PS; male or female) as factors. Values are means ± 

SEM. 
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4.4 Discussion 

 
Using a sheep model, this study aimed to determine the effect of moderate preterm birth on 

heart structure and cardiomyocyte growth in the immediate period after birth and in early 

adulthood. In this study, hearts of preterm lambs were significantly lighter and smaller (in 

terms of RV and LV wall volume, chamber volume and wall thickness) compared to term 

lambs, in the immediate period after birth. However, when adjusted for body weight and 

heart weight, these reductions were no longer apparent; except for RV chamber volume; 

relative RV, LV and interventricular septum wall thickness were significantly increased in 

preterm lambs compared to term controls. The total number of cardiomyocytes in the LV+S of 

neonates was not different between groups; however, when adjusted for body weight and 

heart weight, preterm lambs had significantly more cardiomyocytes compared to term lambs. 

The LV+S of preterm lambs also had a higher proportion of mononucleated cardiomyocytes 

and lower proportion of binucleated cardiomyocytes compared to term lambs; thus, 

indicating immaturity of cardiomyocytes in the preterm hearts.  

In adulthood, there was sexual dimorphism in the response to preterm birth with LV+S wall 

volume, LV wall thickness and total cardiomyocyte number in the LV+S of preterm males 

significantly reduced compared to terms; these differences in preterm and term adult hearts 

were not observed in females. The sex specific effects in males may relate to the greater 

impact of preterm birth on long-term body growth in males. Given that there was no 

difference in the absolute number of cardiomyocytes at 2 days of age in all groups, the 

observed reduction in cardiomyocyte number in the LV+S of male preterm sheep compared to 

male term sheep is likely due to their long-term attenuated body and/or heart size (as there 

was no differences relative to body weight or heart weight in adulthood). 

In this study, I have chosen to include the IVS when analysing the effects on the left 

ventricular wall. After birth, the growth of the IVS matches the growth of the LV free wall, 

such that they are of a similar thickness. It is to be noted however, that the IVS is composed of 

a RV component and a LV component; these have different developmental origins and 

different postnatal growth patterns (Zaffran et al., 2004). Given that the measurements of 

cardiomyocyte number were based on a fractionator/optical disector approach, this does not 

affect the total number of cardiomyocytes in the LV+S. Therefore, comparisons can be 

legitimately made between different animals. 



C h a p t e r  4  

145 | P a g e  
 

Prior to the commencement of this thesis, little was known of the effects of being born 

moderately preterm on the structure of the heart or cardiomyocyte growth. The final weeks 

of gestation are a critical period, whereby, the cardiomyocytes undergo a process of 

maturation in preparation for the haemodynamic transition at birth. Hence, it was considered 

imperative in this thesis, to gain an understanding of the effect of being born moderately 

preterm during this critical period of cardiomyocyte maturation; especially given that the 

majority of preterm infants are born moderately preterm. In my studies, it appears that there 

is greater heart growth relative to body weight in the preterm lambs compared to term lambs 

in the short-term cohort. It is unlikely that there was accelerated heart growth in the 2 days 

after birth in the preterm lambs, and so, it is likely to be a late gestation phenomenon where 

heart growth appears to be greater than body growth whilst in utero. This is also reflected in 

cardiomyocyte number where preterm lambs had significantly more cardiomyocytes when 

adjusted for body weight and heart weight. In addition, heart structure is likely to be different 

in the preterm lambs, given that wall thickness of the RV and LV+S is significantly thicker and 

RV chamber volume is significantly smaller, when adjusted for heart weight. In future studies, 

it would be of interest to further examine structural components of the heart wall at different 

gestational time points compared to term and postnatally. It is well known that heart growth 

is achieved in early gestation by hyperplasia of cardiomyocytes (Huttenbach et al., 2001), 

whereas in late gestation, cardiomyocytes undergo a process of maturation whereby they 

become mature and differentiated in preparation for the marked changes in haemodynamics 

at birth (Bubb et al., 2007). Sheep were considered an excellent model to use in my studies, 

given that the prenatal and postnatal cardiomyocyte growth trajectory closely resembles 

humans and immature and mature cardiomyocytes are readily identified; mature 

cardiomyocytes are binucleated and immature cardiomyocytes are mononucleated (Burrell et 

al., 2003, Jonker et al., 2007). 

Interestingly, my findings suggest that there may have been enhanced cardiomyocyte 

proliferation in the preterm hearts in the perinatal period, given that postconceptionally the 

preterm lambs had 14 days less for cardiomyocyte proliferation to occur and when adjusted 

for body weight, there was a significant increase in cardiomyocyte number per kg body weight 

when compared to term hearts. This apparent increase in cardiomyocyte proliferation in the 

preterm hearts may be the result of exposure to betamethasone in utero. Indeed, it has been 

previously shown that cortisol chronically infused into the coronary artery of fetal sheep 

stimulates cell cycle activity of cardiomyocytes, thereby accelerating the proliferation of 
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cardiomyocytes and leading to an increase in fetal heart mass (Giraud et al., 2006). In contrast 

to these findings, however, other studies suggest that corticosteroid exposure leads to 

accelerated maturation of cardiomyocytes. For example, Kim et al. (2014) showed that a 

clinical dose of antenatal corticosteroids resulted in advanced cardiomyocyte maturation and 

improved cardiac function in very preterm piglets after birth. Indeed, the findings of my study 

do not support the concept that in utero exposure to betamethasone leads to accelerated 

maturation of cardiomyocytes in preterm hearts compared to term hearts, but instead 

support the concept that in utero exposure to betamethasone leads to enhanced 

cardiomyocyte proliferation.  

In this regard, at 2 days of age, my findings clearly show that the myocardium of the 

moderately preterm lambs was more immature compared to terms, with a significant increase 

in the proportion of immature mononucleated cardiomyocytes (47 ± 1% in preterms and 29 ± 

1% in terms) and a reduced proportion of mature binucleated cardiomyocytes (51 ± 1% in 

preterms and 69 ± 1% in terms) within the LV+S 2 days after birth. Overall, there was no 

evidence of an altered process of maturation in the preterm hearts. Based on previous 

studies, the relative proportion of mononucleated and binucleated cardiomyocytes in the 

hearts of preterm lambs in my study were at the levels expected for their postconceptional 

age. For instance, studies in fetal sheep, by Burrell et al. (2003) and Jonker et al. (2007), have 

demonstrated that at 135 days of gestation (the postconceptional age of the preterm lambs), 

approximately 50% of cardiomyocytes in the fetal lamb heart are mononucleated (immature); 

this is similar to the proportion of immature mononucleated cardiomyocytes observed in our 

preterm hearts.  

It has been well described that males are more vulnerable to preterm birth, exhibiting both a 

higher morbidity and mortality compared to female infants in the neonatal period (Stevenson 

et al., 2000, Zisk et al., 2011). It is proposed that this male disadvantage may be the 

consequence of a developmental delay in males versus females (Peacock et al., 2012). 

Notably, a study by Lumbers et al. (2009) suggests that maturation of cardiomyocytes occurs 

earlier in females than in males; with a significantly increased proportion of binucleated 

cardiomyocytes in hearts of female sheep fetuses at 128 days of gestation compared to male 

fetuses. Interestingly, in my study, there was no evidence of this developmental delay of 

cardiomyocytes in the male neonatal heart; there was no difference in the total number of 

cardiomyocytes within the LV+S between preterm male and female lambs nor in the 

proportion of mononucleated (immature) or binucleated (mature) cardiomyocytes. Therefore, 
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there remains the possibility that there may have been accelerated maturation of 

cardiomyocytes in the male preterm lambs following exposure to betamethasone (although 

my findings in relation to cardiomyocyte number do not support this). Hence, in future 

studies, it is important to further clarify the role of antenatal corticosteroid exposure on 

cardiomyocyte proliferation and maturation. A good approach may be to examine a cohort of 

term lambs that are exposed to the same dose of antenatal betamethasone, in order to help 

distinguish the effects of preterm birth and corticosteroid exposure; however, interpretation 

of such studies would be confounded by the natural cortisol surge that occurs in term infants 

in the period prior to birth. Additionally, studies of preterm lambs that are not exposed to 

antenatal betamethasone would exclude the factor of antenatal corticosteroid exposure; 

however, these preterm lambs would require significantly greater neonatal intensive care, 

including greater ventilatory support, which would confound the findings. Alternatively, the 

effects on cardiomyocyte proliferation and maturation could be examined immediately at 

delivery.  

Generally, infants born moderately preterm do not experience cardiovascular complications in 

the neonatal period; however, my findings clearly demonstrate that the myocardium is 

immature when compared to term lambs. In addition, the RV and LV walls were thinner and 

the ventricular chambers were smaller in preterm lambs compared to term lambs and this 

was attributed to the smaller body size of preterm lambs. Given that the preterm lambs 

exhibited a thinner and more immature LV wall, yet were exposed to the same increases in LV 

pressure as term lambs at birth, it is likely that this may lead to cardiac injury and to structural 

adaptations in the heart. The structural changes may be beneficial in the short-term but may 

lead to long-term deleterious consequences. In support of this idea, previous findings in our 

laboratory have shown that there are maladaptive changes in cardiac structure and 

cardiomyocyte growth in the postnatal period following moderate preterm birth at 9 weeks 

PTEA (Bensley et al., 2010). There was cardiomyocyte hypertrophy, altered cardiomyocyte 

nuclearity, induction of tetraploidy in mononucleated cardiomyocytes and increased collagen 

deposition within the myocardium of lambs born moderately preterm when compared to 

term lambs. In addition, in some preterm hearts, there was also infiltration of inflammatory 

cells into the myocardium, indicative of cardiac injury.  

Although, cardiac remodelling was observed in these previous studies of moderately preterm 

lambs (at 9 weeks PTEA), the overall gross anatomical structure in the hearts of preterm 

females of my study appeared to have normalised by early adulthood; whereas there were 
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persistent long-term differences in preterm males compared to term males, such as 

reductions in LV wall volume and thickness and a concomitant reduction in total 

cardiomyocyte number within the LV+S. These long-term differences in cardiac growth in 

preterm males were likely attributed to the long-term attenuation of growth in preterm 

males, since these differences in heart growth were no longer evident when adjusted for body 

weight. Interestingly however, there was a significant difference in the LV+S wall thickness 

when adjusted for heart weight, with preterm sheep having thicker LV+S walls compared to 

term sheep; this is indicative of enhanced growth of the LV+S walls relative to size of the 

heart.  

Of major concern, the overall reduction in absolute LV growth in preterm sheep was 

accompanied by a reduction in the number of cardiomyocytes within the LV+S compared to 

term male sheep. This is of major clinical significance, given the reduced proliferative capacity 

of cardiomyocytes postnatally; a reduced complement of cardiomyocytes is likely to impact on 

lifelong cardiac functional reserve and on the adaptive capabilities of the heart. Although the 

preterm adult male sheep were not hypertensive in my study, many studies have shown an 

association with preterm birth and hypertension in adulthood (Bonamy et al., 2005, Johansson 

et al., 2005, Doyle, 2008, Kerkhof et al., 2012). Hence, if these preterm male sheep do go on to 

develop elevated arterial pressure in later life, there may be deleterious consequences. 

Hypertension leads to left ventricular hypertrophy and the potential for physiological cardiac 

growth will be impaired when cardiomyocyte endowment is reduced. In future studies, it 

would be interesting to allow the moderately preterm sheep to reach old age to see if 

hypertension does ensue. Alternatively, it would be interesting to challenge the hearts of our 

preterm sheep in early adulthood by inducing hypertension and subsequently examine the 

cardiac pathological response. 

In contrast to my findings, recent MRI studies in humans showed that individuals born very 

preterm (mean gestational age of 30.3 ± 2.5 weeks) had a significant increase in LV mass in 

adulthood compared to adults born at term (Lewandowski et al., 2013a). In these longitudinal 

imaging studies, these preterm individuals also exhibited an altered shape of the LV, such that 

the ventricle was shorter with a reduced internal diameter and a displaced apex when 

compared to adults born at term. In addition, preterm birth was associated with a smaller RV 

chamber and an increased RV mass in adulthood (Lewandowski et al., 2013b). The differences 

in the long-term cardiac growth described in these studies of human subjects compared to my 

studies in moderately preterm sheep are yet to be elucidated. Indeed, levels of adult arterial 
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pressure and the degrees of prematurity at birth are likely to be contributing factors. In the 

studies by Lewandowski and Leeson (2014), the long-term structural effects on the heart were 

increased by the severity of prematurity at birth; with decreases in gestational age at birth 

associated with a higher LV mass. In addition, these preterm subjects displayed elevated 

arterial pressure compared to those born at term and this may therefore account for the 

increased LV mass (Lewandowski et al., 2015). 

In conclusion, this study gives insight to structural changes in the myocardium in the 

immediate period following moderate preterm birth and whether these differences persist 

into young adulthood. The findings of my thesis have shown that hearts of lambs born 

moderately preterm are significantly immature compared to term hearts 2 days after birth. By 

early adulthood, sheep born moderately preterm showed reduced cardiac growth 

proportional to body weight, which was most evident in males, such that preterm male sheep 

exhibited a reduction in cardiomyocyte number within the LV+S compared to term male 

sheep, whereas there were no differences between females. This may impact on the lifelong 

reserve of cardiomyocytes in preterm males and thus the functional capabilities of the heart. 

Therefore, it is envisaged that hearts of adult preterm males will be vulnerable, if exposed to 

secondary insults such as hypertension, and this may lead to further adverse cardiac 

complications. Further studies are required to elucidate this.  



 

 
 

 

 

 

 

Chapter 5: 

The Effect of Moderate Preterm Birth on the Large 

Conduit Arteries (Thoracic Aorta and Left Carotid 

Artery) in the Immediate Period after Birth and in 

Early Adulthood 
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5.1 Introduction 

 
Preterm birth affects 9 - 12% of all live births worldwide (Beck et al., 2010). At the time of 

preterm birth, many organ systems are still immature, including the cardiovascular system. 

This is important because the immature cardiovascular system is exposed prematurely to the 

haemodynamic changes which accompany birth.  

The haemodynamic transition at birth occurs as a result of the change from the fetal to 

postnatal circulatory configuration, when a baby takes it first breath and uses its lungs for the 

first time (Cuneo, 2013, Johnson et al., 2014). The transition involves the loss of the placenta, 

closure of shunts (i.e. ductus arteriosus, ductus venosus and foramen ovale) and alterations in 

cardiac output and blood flow and steep changes in circulating hormone levels, which in 

combination result in increased systemic arterial pressure and heart rate immediately 

following birth (Louey et al., 2000, Blackburn, 2006, Hillman et al., 2012).  The conduit arteries 

close to the heart, particularly the aorta, are the first to be exposed to these very high systolic 

pressures immediately after birth. Hence, when birth comes early, vascular adaptions in 

immature arteries may occur in response to the premature haemodynamic transition; this 

may lead to maladaptive remodelling of arterial walls and lead to long-term vulnerability to 

cardiovascular disease.  

There are three major components of the walls of the large conduit arteries: (1) elastin, (2) 

collagen and (3) smooth muscle. It is known that during the perinatal period, blood vessels 

undergo significant remodelling in dimensions and in the relative composition of the blood 

vessel wall to prepare for the haemodynamic transition (Langille, 1996). Normally, there is 

rapid laying down of elastin layers and collagen deposition in late gestation; so that blood 

vessels are prepared for the increased pressures at birth (Bendeck and Langille, 1991, Martyn 

and Greenwald, 1997). Of concern, preterm birth occurs during the critical period when the 

conduit arteries are undergoing the rapid laying down of elastin and collagen in the arterial 

wall. Hence, it is hypothesised that these immature blood vessels are ill-prepared for the 

haemodynamic transition at birth leading to maladaptive remodelling of the vasculature in the 

first days to months after birth and throughout life.  

Maladaptive structural changes in the great vessels (aorta and pulmonary artery) have been 

previously reported in 9 week old sheep born moderately preterm (Bensley et al., 2012). In 

these studies, elastin deposition was significantly increased in the aorta and pulmonary artery, 

and smooth muscle content was significantly reduced in the aorta of preterm sheep compared 
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with term controls. In addition, and of major concern, there was also evidence of severe injury 

observed in the aortic walls of preterm lambs, along with thicker arterial walls and narrower 

lumen areas. The aortic injury and altered structure of the aorta and pulmonary artery are 

likely to be related to the marked rise in arterial pressure at the time of birth.  

Additionally, studies in human subjects demonstrate altered vascular structure throughout life 

in individuals born preterm. For example, aortic and carotid artery growth was found to be 

altered after preterm birth, leading to arterial narrowing in the three-month follow up period 

of normotensive infants born very preterm (Schubert et al., 2011). In addition, imaging studies 

taken at rest, using MRI, conducted in hypertensive adolescents and adults born very preterm 

observed reductions in aortic size, such that there was a narrower lumen area in the thoracic 

and abdominal aorta, compared with those born at term (Bonamy et al., 2005, Edstedt 

Bonamy et al., 2008). Furthermore, an increased carotid artery intima-media wall thickness 

has been reported in hypertensive middle-aged adults born preterm; such that higher intima-

media thickness was associated with higher systolic blood pressure (Lazdam et al., 2010, Hovi 

et al., 2011). Overall, these combined effects on the macrovasculature following preterm birth 

are likely to contribute to an increased risk for cardiovascular disease in later life (Simon et al., 

2002).   

In this chapter, the structure and composition of the thoracic aorta and left carotid artery, 

collected at necropsy in Chapters 2 and 3, are compared between moderately preterm 

(female and male) and term (female and male) sheep in the immediate period after birth and 

in young adulthood. At 2 days of age and 14.5 months of age, lumen area, media area, wall 

thickness, number of elastin layers and biochemical composition of the arterial wall 

(percentage of elastin, collagen and smooth muscle tissue area) were examined in the 

thoracic aorta and left carotid artery.  
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5.2 Methods 

 

5.2.1 Vessel collection and fixation 

 
At necropsy, several blood vessels were excised from the preterm and term sheep at 2 days of 

age (Chapter 2) and 14.5 months of age (Chapter 3).  These included the left and right renal 

arteries, left and right carotid arteries, lower thoracic aorta (above the diaphragm), abdominal 

aorta (directly below where the left renal artery was attached), third-order mesenteric 

arteries and ascending aortic arch (attached to the heart when removing the heart). As 

described  previously (Chapter 2, Section 2.2.6, page 48), once dissected, all vessels were 

placed in physiological saline with 1 ml of papaverine hydrochloride (1.2 mg/ml; Sigma-

Aldrich, Missouri, USA)  added for every 100 ml of saline to clear blood vessels of blood and to 

maximally dilate the blood vessels. Portions of the blood vessels were snap frozen in liquid 

nitrogen for Real-time Polymerase Chain Reaction and hydroxyproline analysis, or immersion 

fixed in 10% formalin for structural analysis. Frozen tissues were stored at -80oC and fixed 

tissues were stored at 4oC in 10% formalin. Due to time constraints, I have only conducted 

histological and hydroxyproline analysis on the thoracic aorta and left carotid artery, which 

will be presented in this thesis. Gene expression studies on the thoracic aorta and left carotid 

artery were performed concomitantly by research assistant, Ms. Tracey Flores; the other 

blood vessels will be analysed by other members of my laboratory at a later date. 

 

5.2.2 Hydroxyproline assay 

 
Collagen content (expressed as a percentage) was determined in the same manner as 

described in Chapter 4 (when myocardial collagen was measured; Section 4.2.7, page 119-

120) in snap frozen tissues of the thoracic aorta and left carotid arteries of both short term 

and long term animals. These analyses were performed under the guidance of A/Prof. 

Chrishan Samuel from the Department of Pharmacology at Monash University. This assay 

determines the amount of collagen by measuring the hydroxyproline content in tissues 

(Samuel, 2009), since collagen is one of the few proteins that contain the amino acid 

hydroxyproline. Using a colorimetric-based assay and generating a standard curve against 

known hydroxyproline standards, the amount of hydroxyproline was determined in each 

sample and the total amount of collagen content was extrapolated from the standard curve. 
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Collagen content was then calculated by dividing the total collagen content by the dry weight 

of the tissues.  

As mentioned in Chapter 4 (Section 4.2.7, page 120), some of the stored tissue samples from 

the short-term cohort were accidently left out of the freezer and subsequently thawed; the 

majority of the thawed samples were from male lambs and therefore analysis of males in the 

short term cohort was unable to be performed. Hence, only data from preterm and term 

females were compared (student’s t test) for blood vessels collected at 2 days of age, whereas 

both sexes were able to be analysed in the long-term cohort. 

 

5.2.3 Vessel preparation: processing, embedding, sectioning 

and staining 

 
Fixed segments of the thoracic aorta and left carotid artery from preterm and term sheep 

from both the short term and long term cohorts were processed and embedded in paraffin 

wax for analysis of blood vessel wall structure. The processing of tissues to be embedded in 

paraffin was performed using an automated processing protocol (Leica Peloris II, Leica, New 

South Wales, Australia). An automated processing cycle was utilised, as described in Table 5.1.  
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Step Reagent Step time (minutes) Temperature (OC) 

1 10% buffered formalin 10 45 

2 80% Ethanol 1 Ambient 

3 Ethanol 1 Ambient 

4 Ethanol 1 Ambient 

5 Ethanol 10 45 

6 Ethanol 20 45 

7 Ethanol 30 45 

8 Xylene 1 Ambient 

9 Xylene 10 45 

10 Xylene 45 45 

11 Wax 10 65 

12 Wax 10 65 

13 Wax 40 65 

 
Table 5.1. Automated processing protocol performed on the thoracic aorta and left carotid 

artery. 

 
Once processed, the blood vessels were embedded in paraffin. The blood vessels were placed 

flat at the bottom of the mould ensuring the lumen of the vessel was open and oriented in 

such a way that the blood vessels could be sectioned in a cross-sectional plane. The mould 

was then filled with wax and a processing cassette placed on top as a backing block. The 

moulds were left on a cold plate so the paraffin could harden.  

When the wax was set, the blocks were sectioned at 5 µm and 3 sections per block collected 

and mounted onto SuperFrost Plus slides. Prior to staining, sections were dewaxed with 3 

changes of xylene at 2 minutes each and 2 changes of EtOH at 2 minutes each before placing 
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in water. All sections were stained with Verhoeff van Gieson’s stain in order to differentiate 

elastin, collagen and smooth muscle within the blood vessel walls; elastic fibers stained dark 

purple, collagen stained pink and smooth muscle stained brown. The staining reagents were 

prepared and applied according to the protocol (shown in Appendix, page 202).  

This stain required careful assessment in the differentiating step in order to show the finest 

elastic fibres; therefore, only a small number of slides (approximately 5 slides) could be 

stained simultaneously. Additionally, fresh reagents had to be prepared for every staining 

session.  

 

5.2.4 Capturing of images 

 
Images of the stained sections of aortae and carotid arteries were digitally captured using 

Image Pro-Plus Version 6.2 software (Media Cybernetics, Bethesda, Maryland, USA).  Sections 

of the blood vessel walls for analysis of the number of elastin layers and composition in the 

arterial wall (see Section 5.2.5) were captured at 10x, 20x and 40x magnifications, depending 

on the size of the blood vessel. Images of the whole cross-sectional view of the blood vessels 

for analysis of lumen area, medial area and wall thickness (see next section) were also 

captured at 10x and 20x magnifications, depending on the size of the blood vessel. For blood 

vessels that were too large, particularly those from adult animals, capturing of these sections 

required the entire slide to be scanned at 20x magnification using Aperio® ScanScope® AT 

Turbo (Leica Biosystems, New South Wales, Australia).  

 

5.2.5 Image analysis measurements 

 
Using a whole cross-sectional captured view of the vessels, lumen area, medial area and wall 

thickness were measured using Image Pro-Plus Version 6.2 as shown in Figure 5.1A, 5.1B and 

5.1C. The lumenal area measurements were determined by measuring the internal perimeter 

to avoid any distortion of the lumen during embedding.  

For the measurement of the number of elastin layers and analysis of arterial wall composition, 

images were captured at higher magnification (40x) and sampled across four areas (north, 

south, east and west) of the blood vessel wall (Figure 5.1D). To estimate the number of elastin 

layers, the layers were counted at each of the sampled areas and then averaged. Similarly, 
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when analysing the composition of the arterial wall, the percentages of collagen, elastin and 

smooth muscle were measured for each sampled area and then averaged. 

 

 

 
Figure 5.1. Captured images of the thoracic aorta and left carotid artery to depict how the 

measurements of lumen area (A), media area (B), intima-media wall thickness (C) and number 

of elastin layers/composition of arterial wall (D) were investigated.  

 

5.2.6 Statistical analysis 

 
Statistical analyses were performed using IBM SPSS Statistics Version 21 (IBM SPSS, Illinois, 

USA) and graphed using GraphPad Prism Version 6.0 (GraphPad Software, California, USA). 

A student’s t-test was used to analyse the hydroxyproline assay data; whereby a comparison 

of the percentage of collagen within the thoracic aorta and left carotid artery was compared 

between preterm and term female lambs at 2 days of age. Males were not analysed (see 

Section 5.2.2, page 147). All other parameters were analysed using a two-way ANOVA, with 

gestational age at birth (PG; preterm or term) and sex (PS; male or female) as factors. 
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Significant interaction effects detected in the 2-way ANOVA were further analysed by a 

Tukey’s post-hoc test. Data is represented as the means ± SEM. 
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5.3 Results 

 

5.3.1 Immediate period after birth (2 days of age) 

 
When observed microscopically, there was no evidence of overt injury, such as evidence of 

breaks in the internal elastic lamina and/or infiltration of inflammatory cells in the blood 

vessel wall of the thoracic aorta or the left carotid artery.  

 

5.3.1.1 Lumen area (Figure 5.2) 

 

Thoracic aorta 

 
The lumen area of the thoracic aorta was found to be significantly narrower (24.3% reduction; 

PG<0.0005) in preterm lambs compared to term controls (Figure 5.2A). However, when 

adjusted to body weight, preterm lambs had a significantly larger lumen area (19.6% increase; 

PG=0.03) compared to term lambs (Figure 5.2B).  

There were no differences between the sexes in the absolute and relative lumen area 

measurements in the thoracic aorta. 

 

Left carotid artery 

 
Similar to that observed in the aorta, there was also a significant narrowing in the lumenal 

area of the left carotid artery (48.0% reduction; PG<0.0001) in preterm lambs compared to 

term lambs (particularly in males), but not when expressed relative to body weight (Figure 

5.2C).  

Female lambs exhibited a significantly narrower lumen area in the left carotid artery 

compared to male lambs (28% reduction; PS<0.004) and this remained when adjusted to body 

weight (Figure 5.2D).  
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Figure 5.2. Absolute (top panel) and relative (bottom panel) lumen area measurements for the 

thoracic aorta (A and B) and left carotid artery (C and D) in preterm (n= 7 female, n=6 male) and 

term (n=7 female, n=5 male) lambs 2 days after birth. Pink shading represents females and blue 

shading represents males. Data were analysed using a 2-way ANOVA with gestational age at 

birth (PG; preterm or term), sex (PS; male or female) and their interaction (PS*G) as factors. Values 

are means ± SEM. 

 

5.3.1.2 Media area and media-to-lumen ratio (Figure 5.3) 

 

Thoracic aorta 

 
There were no significant differences observed in the medial cross-sectional area of the aorta 

in preterm lambs compared to term lambs, nor when adjusted to body weight (Figure 5.3A 

and 5.3B). Media-to-lumen ratio was also found to be similar between preterm and term 

lambs (Figure 5.3C). 

There were also no differences found between sexes for absolute or relative medial area and 

media-to-lumen ratio in the thoracic aorta of female and male lambs at 2 days of age. 
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Left carotid artery 

 
Absolute and relative medial area measurements of the left carotid artery were not 

significantly different between preterm and term lambs (Figure 5.3D and 5.3E). There was also 

no difference observed in media-to-lumen ratio of the left carotid artery between preterm 

and term lambs (Figure 5.3F).  

Similarly, female and males lambs showed no differences in the absolute and relative medial 

area or media-to-lumen ratio of the left carotid artery at 2 days of age. 
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Figure 5.3. Absolute (top panel) and relative (middle panel) medial area measurements and 

media-to-lumen ratio (bottom panel) of the thoracic aorta (A, B and C) and left carotid artery (D, 

E and F) in preterm (n=7 female, n=6 male) and term (n=7 female, n=5 male) lambs 2 days after 

birth. Pink shading represents females and blue shading represents males. Data were analysed 

using a 2-way ANOVA with gestational age at birth (PG; preterm or term), sex (PS; male or 

female) and their interaction (PS*G) as factors. Values are means ± SEM. 
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5.3.1.3 Wall thickness (Figure 5.4) 

 

Thoracic aorta 

 
Wall thickness of the thoracic aorta was found to be similar between preterm and term lambs 

at 2 days of age (Figure 5.4A). However, when adjusted to body weight, aortic walls were 

significantly thicker (PG=0.005) in preterm lambs compared to term controls (Figure 5.4B).  

There were no differences observed between female and male lambs. 

 

Left carotid artery 

 
The left carotid arterial wall was significantly thinner (31% reduction; PG=0.049) in preterm 

lambs compared to term lambs (Figure 5.4C). When adjusted to body weight, this difference 

was no longer significant with preterm and term lambs having similar wall thicknesses in the 

left carotid artery (Figure 5.4D). 

There were no differences in the wall thicknesses between female and male lambs.  
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Figure 5.4. Absolute (top panel) and relative (bottom panel) wall thickness measurements for the 

thoracic aorta (A and B) and left carotid artery (C and D) in preterm (n=7 female, n=6 male) and 

term (n=7 female, n=5 male) lambs 2 days after birth. Pink shading represents females and blue 

shading represents males. Data were analysed using a 2-way ANOVA with gestational age at 

birth (PG; preterm or term), sex (PS; male or female) and their interaction (PS*G) as factors. Values 

are means ± SEM. 

 

5.3.1.4 Layers of elastin (Figure 5.5) 

 

Thoracic aorta 

 
There was no significant difference in the number of elastin layers within wall of the thoracic 

aorta between preterm and term lambs.  

Similarly, there was no difference in the number of elastin layers between the sexes. The 

average number of elastin layers within the thoracic aorta for all groups was similar and 

ranged from 55 to 60 layers as seen in (Figure 5.5A). 
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Left carotid artery 

 
The number of elastin layers in the left carotid artery between preterm and term lambs was 

not significantly different. 

In comparing between males and females, there was also no significant difference in the 

number of elastin layers at 2 days of age. As seen in Figure 5.5B, there was much variation in 

the average number of layers for preterm and term female and male lambs.  
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Figure 5.5. Number of elastin layers in the arterial walls of the thoracic aorta (A) and left carotid 

artery (B) in preterm (n=7 female, n=6 male) and term (n=7 female, n=5 male) lambs 2 days after 

birth. Pink shading represents females and blue shading represents males. Data were analysed 

using a 2-way ANOVA with gestational age at birth (PG; preterm or term), sex (PS; male or 

female) and their interaction (PS*G) as factors. Values are means ± SEM. 
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5.3.1.5 Composition of arterial wall (Figure 5.6) 

 

Thoracic aorta 

 
The percentage of elastin and smooth muscle content in the thoracic aortic wall was not 

significantly different between preterm and term lambs (Figure 5.6A and 5.6C). However, 

there was a significantly lower amount of total collagen (PG=0.048) in the preterm lambs 

compared to term controls; this was found to be particularly in males (Figure 5.6B). 

Female lambs showed a strong trend (PS=0.058) for lower total collagen deposition in the 

thoracic aortic wall compared to male lambs. However, elastin deposition and smooth muscle 

content were similar between female and male lambs.  

 

Left carotid artery 

 
The components of elastin, collagen and smooth muscle content in the left carotid arterial 

wall were not significantly different amongst preterm and term lambs (Figure 5.6D, 5.6E and 

5.6F).  

Similarly, there were no differences in the percentages of elastin, collagen and smooth muscle 

between female and males in the left carotid arterial wall.  
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Figure 5.6. Percentage of tissue area of elastin (top panel), collagen (middle panel) and smooth 

muscle content (bottom panel) within arterial walls of the thoracic aorta (A, B and C) and left 

carotid artery (D, E and F) in preterm (n=7 female, n=6 male) and term (n=7 female, n=5 male) 

lambs 2 days after birth. Pink shading represents females and blue shading represents males. 

Data were analysed using a 2-way ANOVA with gestational age at birth (PG; preterm or term), 

sex (PS; male or female) and their interaction (PS*G) as factors, followed by a Tukey’s post-hoc 

test. *P<0.05 between preterm vs. term within the same sex. Values are means ± SEM. 
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5.3.1.6 Collagen content (Figure 5.7) 

 
To analyse percentage of collagen within the arterial walls via the hydroxyproline assay 

method, frozen tissue samples were utilised. Sex differences could not be examined as there 

were insufficient numbers of samples and therefore t-test analyses were performed to 

investigate differences between preterm female and term female lambs only.  

 

Thoracic aorta 

 
Figure 5.7A shows that the percentage of collagen was not significantly different in the 

thoracic aorta between preterm female and term female lambs 2 days after birth.  

 

Left carotid artery 

 
There was also no difference in the percentage of collagen in the left carotid artery between 

preterm and term female lambs (Figure 5.7B).  
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Figure 5.7. Percentage of collagen in the walls of the thoracic aorta (A) and left carotid artery (B) 

of preterm female (n=6; pink) and term female (n=7, pink hashed) lambs 2 days after birth. Data 

was analysed using a student’s t-test. Values are means ± SEM. 
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5.3.2 In adulthood (14.5 months of age) 

 
In the long-term cohort of sheep, there was no evidence of injury, such as overt lesions (that 

have been repaired) within the arterial walls of the thoracic aorta or the left carotid artery in 

any group. Vessels collected were excised from the same anatomical site in all sheep and also 

the same site as in the short-term cohort. Therefore, comparisons on the changes of 

morphometric and structural measurements can be discussed between lambs in the 

immediate period after birth and the sheep in young adulthood. 

 

5.3.2.1 Lumen area (Figure 5.8A and 5.8D) 

 

Thoracic aorta 

 
There were no significant differences in the lumen area of the thoracic aorta between 

preterm and terms (Figure 5.8A). When adjusted for body weight, lumen area was also not 

significantly different between preterm and term lambs. 

There were also no differences observed in the absolute or relative lumen area between 

females and males in adulthood. 

In contrast, there was a significant interaction effect (PS*G<0.01), where preterm males had a 

significantly narrower lumen area (P=0.041) when compared to term males only, whereas no 

difference was observed between females. However, when adjusted for body weight, the 

interaction effect no longer reached statistical significance (PS*G=0.053). 

 

Left carotid artery 

 
There were no significant differences observed in lumen areas between preterm and term 

sheep, nor when adjusted for body weight (Figure 5.8D).  

Similarly, female and male sheep had similar absolute and relative lumenal areas. 
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5.3.2.2 Media area (Figure 5.8B and 5.8E) 

 

Thoracic aorta 

 
Media area was not significantly different between preterm and term sheep in the thoracic 

aorta (Figure 5.8B). Media area relative to body weight was also not significantly different 

between preterm and term sheep. 

Importantly, however, there was a significant interaction effect (PS*G=0.042), whereby 

preterm males had significantly reduced medial areas (P=0.023) compared to term males, but 

medial areas between females remained similar. 

 

Left carotid artery 

 
Figure 5.8E shows preterm sheep had smaller medial areas in the left carotid artery compared 

to term sheep, but this did not quite reach statistical significance (PG=0.063). There was no 

difference in the relative medial areas between preterm and term sheep. 

Furthermore, there were no differences observed in the absolute and relative medial areas in 

the left carotid artery between female and male sheep.  

 

5.3.2.3 Media-to-lumen ratio (Figure 5.8C and 5.8F) 

 

Thoracic aorta 

 
Figure 5.8C shows that media-to-lumen ratio was not significantly different in the thoracic 

aorta between preterm and term sheep. 

There were also no differences in media-to-lumen ratio between female and male sheep. 
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Left carotid artery 

 
Similar to the thoracic aorta, there was no significant difference in media-to-lumen ratio in the 

left carotid artery between preterm and term sheep (Figure 5.8F).  

Media-to-lumen ratio of the left carotid artery in female and male sheep was also similar. 
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Figure 5.8. Absolute lumen area (top panel), absolute media area (middle panel) and media-

to-lumen area (bottom panel) measurements for the thoracic aorta (A, B and C) and left 

carotid artery (D, E and F) in preterm (n=7 female, n=7 male) and term (n=6 female, n=7 male) 

sheep at 14.5 months of age. Pink shading represents females and blue shading represents 

males. Data were analysed using a 2-way ANOVA with gestational age at birth (PG; preterm or 

term), sex (PS; male or female) and their interaction (PS*G) as factors, followed by a Tukey’s 

post-hoc test. *P<0.05 between preterm vs. term within the same sex. Values are means ± 

SEM. 
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5.3.2.4 Wall thickness (Figure 5.9) 

 

Thoracic aorta 

 
Overall, there was no significant difference in absolute (Figure 5.9A) or relative wall thickness 

(Figure 5.9B) of the thoracic aorta in preterm sheep compared to term sheep. However, there 

was a significant interaction effect (PS*G=0.023) with a marked reduction in aortic wall 

thickness in preterm males versus term males, whereas there was no difference between 

preterm and term females. Preterm males had significantly thinner thoracic aortic walls 

(P=0.013) compared to term males, but when adjusted for body weight, there was no longer a 

significant difference.  

 

Left carotid artery 

 
There were no significant differences in absolute or relative wall thicknesses of the left carotid 

artery between preterm and term sheep in adulthood (Figure 5.9C and 5.9D).  

Likewise, female and male sheep exhibited a similar absolute and relative wall thickness in the 

left carotid artery.  
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Figure 5.9. Absolute (top panel) and relative (bottom panel) wall thickness measurements for 

the thoracic aorta (A and B) and left carotid artery (C and D) in preterm (n=7 female, n=7 male) 

and term (n=6 female, n=7 male lambs) at 14.5 months of age. Pink shading represents 

females and blue shading represents males. Data were analysed using a 2-way ANOVA with 

gestational age at birth (PG; preterm or term), sex (PS; male or female) and their interaction 

(PS*G) as factors, followed by a Tukey’s post-hoc test. *P<0.05 between preterm vs. term within 

the same sex. Values are means ± SEM. 

 

5.3.2.5 Layers of elastin (Figure 5.10) 

 

Thoracic aorta 

 
Preterm birth impacted the number of elastin layers within the thoracic aorta in adulthood. 

Sheep born moderately preterm had significantly fewer elastin layers in the thoracic aorta 

(Figure 5.10A, PG=0.027) compared to sheep born at term. This was attributed to marked 

effects specifically in preterm males with a significant interaction effect observed (PS*G=0.032); 

preterm males had significantly fewer (P=0.008) elastin layers compared to term males but 

there was no difference between preterm and term female sheep. 
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When comparing between short-term and long-term cohorts, the number of elastin layers 

within the thoracic aortic wall increased significantly over time for sheep born at term (short-

term: 59 ± 1 layers vs. long-term: 70 ± 2 layers; PT=0.017). However, there was no difference 

in the number of elastin layers in the preterm group over time (short-term: 58 ± 2 layers vs. 

long-term: 60 ± 7 layers; PT=0.667). 

 

Left carotid artery 

 
Preterm sheep had significantly fewer elastin layers in the left carotid artery (Figure 5.10B, 

PG=0.012) compared to term sheep. 

There were no significant differences found in the number of elastin layers in the left carotid 

arterial wall between female and male sheep.  

When comparing between the short-term and long-term results, the number of elastin layers 

remained similar for both the preterm group and the term group in the short-term and long-

term cohorts.  

Overall, however, as the number of elastin layers was not significantly different in the short-

term cohort, but significantly reduced by 14.5 months of age in both vessels of preterm sheep 

compared to term sheep; this shows that the development of elastin layers over time was 

affected by moderately preterm birth.  
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Figure 5.10. Number of elastin layers in the thoracic aorta (A) and left carotid artery (B) in 

preterm (n=7 female, n=7 male) and term (n=6 female, n=7 male) sheep at 14.5 months of 

age. Pink shading represents females and blue shading represents males. Data were analysed 

using a 2-way ANOVA with gestational age at birth (PG; preterm or term), sex (PS; male or 

female) and their interaction (PS*G) as factors, followed by a Tukey’s post-hoc test. *P<0.05 

between preterm vs. term within the same sex. Values are means ± SEM. 
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5.3.2.6 Composition of arterial wall (Figure 5.11) 

 

Thoracic aorta 

 
The percentage of elastin, collagen and smooth muscle area in the thoracic aorta was not 

significantly different between preterm and term sheep (Figure 5.11A, 5.11B and 5.11C). 

Similarly, there were no significant differences in the composition of the thoracic aortic wall 

between female and male sheep.   

In comparing the biochemical composition of the thoracic aortic wall over time, from short-

term to long-term, there were no significant changes to the percentage of tissue area of 

elastin, collagen or smooth muscle content in the preterm animals. However, in the thoracic 

aorta of the term groups, percentage of collagen was significantly reduced over time 

(PT=0.001) and there was a significant interaction effect (PS*T=0.003), with term male lambs in 

the short-term having significantly higher (P<0.001) percentage of collagen compared to term 

male sheep in the long-term. Additionally, there was a strong trend for the percentage of 

elastin to be higher (PT=0.063) in the long-term sheep compared to the short-term lambs in 

the term group.  

 

Left carotid artery 

 
Elastin deposition was found to be significantly reduced (PG=0.0003) in the left carotid artery 

of preterm sheep compared to term sheep (Figure 5.11D). In contrast, smooth muscle content 

was found to be significantly greater (PG=0.002) in the left carotid arterial walls in preterm 

sheep compared to term sheep (Figure 5.11F). However, no differences were observed in 

collagen deposition between preterm and term sheep (Figure 5.11E).  

Overall, there were no differences in the percentage of elastin, collagen and smooth muscle 

area in the left carotid arterial wall between female and male sheep.  

There was a strong trend for an interaction effect (PS*G=0.055); with preterm females having 

significantly less (P=0.001) elastin compared to term females.  

Over time, the percentage of elastin and collagen within the left carotid artery wall was 

significantly reduced in the long-term cohorts compared to the short-term cohorts (preterm 
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group: PT<0.0001 (elastin), PT=0.001 (collagen); term group: PT=0.003 (elastin), PT=0.006 

(collagen)). However, smooth muscle content was significantly higher (preterm group: 

PT<0.0001; term group: PT<0.0001) in the left carotid artery over time in both preterm and 

term sheep. 
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Figure 5.11. Percentage of tissue area of elastin (top panel), collagen (middle panel) and 

smooth muscle content (bottom panel) within the arterial walls of the thoracic aorta (A, B and 

C) and left carotid artery (D, E and F) in preterm (n=7 female, n=7 male) and term (n=6 female, 

n=7 male) sheep at 14.5 months of age. Pink shading represents females and blue shading 

represents males. Data were analysed using a 2-way ANOVA with gestational age at birth (PG; 

preterm or term), sex (PS; male or female) and their interaction (PS*G) as factors. Values are 

means ± SEM. 
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5.3.2.7 Collagen content (Figure 5.12) 

 

Thoracic aorta 

 
The percentage of collagen, determined by the amount of hydroxyproline amino acid present 

within the blood vessel wall, was not significantly different in the thoracic aortic wall between 

preterm and term sheep at 14.5 months of age (Figure 5.12A).  

Overall, the percentage of collagen was found to be significantly lower (PS<0.005) in female 

sheep compared to male sheep.   

 

Left carotid artery 

 
The percentage of collagen was not significantly different in the left carotid artery between 

preterm and term sheep (Figure 5.12B).  

There was also no difference in the percentage of collagen in the left carotid artery between 

female and male sheep. 
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Figure 5.12. Percentage of collagen in the thoracic aorta (A) and left carotid artery (B) of 

preterm (n=7 female, n=9 male) and term (n=6 female, n=11 male) sheep at 14.5 months of 

age. Pink shading represents females and blue shading represents males. Data were analysed 

using a 2-way ANOVA with gestational age at birth (PG; preterm or term), sex (PS; male or 

female) and their interaction (PS*G) as factors. Values are means ± SEM.  
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5.4 Discussion 

 

5.4.1 Summary 

 
This chapter investigates the effect of moderate preterm birth in an ovine model on the 

structure of the thoracic aorta and left carotid artery in the immediate period after birth and 

in early adulthood. In this study, there was no evidence of overt arterial injury to the aorta or 

left carotid artery in the immediate period following moderate preterm birth. At this time, the 

lumen of both the thoracic aorta and left carotid artery were narrower in preterm lambs 

compared to term lambs and there was a reduction in the intima-media thickness of the left 

carotid artery. These differences were not apparent when adjusted for body weight (with 

lumen area relative to body weight actually increased in the thoracic aorta) and therefore, 

were likely attributed to the reduced body size in the preterm lambs. Additionally, there were 

no differences in the composition of the blood vessel wall in either the thoracic aorta or left 

carotid artery between preterm and term lambs, except the proportion of collagen within the 

wall of the thoracic aorta was reduced in preterm males compared to terms. This difference 

was not observed between preterm and term females and was confirmed in the 

hydroxyproline analyses.  

In adulthood, the number of elastin layers and thus overall elastin content were significantly 

reduced in the left carotid artery of preterm sheep, whereas the smooth muscle content 

increased. Importantly, there was sexual dimorphism in the long-term effects of preterm birth 

on aortic structure. There were significant reductions in lumen size, medial area, intima-media 

thickness and layers of elastin in the thoracic aorta in adult male preterm sheep compared to 

terms, whereas in adult females, there were no apparent differences in aortic structure 

between sheep born preterm and term.  

 

5.4.2 No evidence of arterial injury in the immediate period 

after preterm birth 

 
Previous studies in our laboratory have demonstrated that moderate preterm birth in sheep 

leads to injury in the ascending aorta (Bensley et al., 2012). Hence, at the commencement of 

my studies, it was considered likely that there may be widespread arterial injury to immature 

conduit arteries prematurely exposed to high postnatal arterial pressures. Encouragingly, 

however, we did not observe injury in the thoracic aorta or the left carotid artery of lambs 2 
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days after birth. Therefore, it is conceivable that the ascending aorta might be the only 

vascular region severely affected, as postnatally it is the region of highest dynamic pressures. 

Of concern, however, although there was no overt structural injury in the arterial walls of the 

conduit blood vessels examined, concomitant gene expression studies (performed by research 

assistant, Ms. Tracey Flores) demonstrated that there was increased mRNA expression of P-

selectin (P=0.004) in the thoracic aorta and elevated mRNA expression of Caspase-3 (P=0.032) 

and IL-1β (P=0.046) in the left carotid artery of preterm lambs compared to term lambs. P-

selectin is a cell adhesion molecule on endothelial cells and platelets. It is a key marker of 

endothelial injury as it plays a major role in the initial recruitment of leukocytes at sites of 

injury during inflammation (Kansas, 1996, Blann et al., 2003, Manka et al., 2004). Activated 

Caspase-3 is a key mediator of cellular apoptosis (Mallat and Tedgui, 2000), and IL-1β is a 

cytokine protein involved with the acute inflammatory response (Newton and Dixit, 2012). 

Hence, although there was no evidence of visible structural damage to the thoracic aorta or 

left carotid artery in my morphological analyses, there is clearly evidence of arterial injury at 

the molecular level.  

 

5.4.3 Preterm birth impacts the biochemical composition and 

wall thickness of conduit arteries 

 
In humans, it is well known that towards the end of gestation (near term), the large conduit 

arteries structurally prepare for the haemodynamic transition that occurs at birth (Berry et al., 

1972, Martyn and Greenwald, 1997). In characterising the structural changes within the 

arterial wall that occur at this time, Bendeck and Langille (1991) reported significant and rapid 

accumulation of elastin and collagen in the thoracic and abdominal aorta of fetal sheep during 

the perinatal period (between 140 days gestation and 3 days after birth; term was 145 days 

gestation). In contrast, my findings suggest that by 0.9 of term (132 days gestation), the layers 

of elastin within the conduit artery wall have already been laid down, as there were no 

significant differences in the number of elastin layers, or proportion of elastin in the aorta or 

left carotid artery between preterm and term lambs at 2 days of age; likewise, the percentage 

smooth muscle content was not different. This difference in findings in relation to elastin 

deposition between my study and those reported previously by Bendeck and Langille (1991) 

may relate to the fact that in my study the fetal lambs were exposed to antenatal 

corticosteroids; this may have led to accelerated maturation and thus accelerated deposition 

of elastin within the conduit arteries of the preterm lambs.  
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Indeed, corticosteroids have been previously shown to stimulate elastin and collagen 

accumulation in the blood vessel wall (Leitman et al., 1984, Bendeck et al., 1994). For 

example, Bendeck et al. (1994) reported that administration of dexamethasone to fetal sheep 

upregulated (approximately 2 to 3-fold) mRNA expression of tropoelastin in the abdominal 

aorta, carotid and mesenteric arteries by 140 days gestation. These investigators therefore 

hypothesised that cortisol could stimulate elastin accumulation in late gestation. In addition, 

in the studies by Bensley et al. (2012), it was suggested that the increased elastin deposition in 

the aorta found in moderately preterm lambs at 9 weeks PTEA, may have been due to 

antenatal corticosteroid exposure of betamethasone rather than preterm birth per se. 

Moreover, exposure of blood vessels to corticosteroids has also been linked to impairment of 

endothelial and vascular smooth muscle function (Pulgar and Figueroa, 2006, Roghair et al., 

2007). Hence, it may be the exposure of the fetus to betamethasone that has mediated the 

injurious gene expression changes (as described previously) to the thoracic aorta and left 

carotid artery in my preterm lambs at 2 days after birth. In future experiments, it would be 

beneficial to perform further studies to investigate a cohort of term lambs exposed to 

betamethasone or a cohort of preterm lambs not exposed to betamethasone; however, the 

latter option would require additional postnatal ventilation of the lambs in order for them to 

be viable.  

Interestingly, unlike that observed in elastin deposition, collagen deposition was found to be 

significantly increased in the thoracic aortic wall of the term lambs in my study compared to 

preterm lambs; thus supporting the concept that collagen is laid down in the perinatal period 

and also suggesting that antenatal corticosteroid exposure does not affect vascular collagen 

deposition at this time. Given that, the function of collagen in the wall of the conduit artery is 

to provide strength and prevent elastic blood vessels from stretching beyond their 

physiological limits (Ooshima et al., 1974), the reduced collagen content in the thoracic aorta 

of preterm sheep has the potential to adversely impact aortic function in the neonatal period. 

Overall, the elasticity, flexibility and strength of the arterial wall are highly dependent on the 

ratio of elastin to collagen deposition. Hence, given that the percentage collagen was 

decreased in the preterm aorta, this may impact on the mechanical properties of the aortic 

wall and on function. Importantly, at the end of my experiment, segments of the abdominal 

aorta were freshly excised at necropsy for functional analyses using myography. These studies 

were performed by Prof. Helena Parkington and Dr. Marianne Tare from the Department of 

Physiology at Monash University, but data has not yet been analysed. It will be interesting to 
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see, in their studies, whether there are functional differences in the abdominal aorta of 

preterm lambs versus terms.  

In my study, there was no difference in wall thickness of the thoracic aorta between preterm 

and term lambs in the immediate period after birth. Interestingly, however, the left carotid 

arterial wall was significantly thinner in preterm lambs compared to term lambs. The thinner 

arterial walls appear to be attributed to the smaller body size of the preterm lambs, given that 

wall thickness was not significantly different when adjusted to body weight. Nevertheless, as 

arterial pressure was not significantly different between preterm and term lambs in the 

immediate period after birth, exposure to the same arterial pressures as term lambs, when 

the wall is thinner in the preterm carotid artery, may lead to adaptive remodelling in the 

neonatal period and to potential adverse consequences in the long-term. 

Human studies have shown that arterial wall thickening occurs in infants after preterm birth. 

For instance, ultrasound studies in the first 6 months of life of babies born very preterm have 

shown significantly higher aortic and carotid intima-media thickness in relation to vessel 

diameter compared to those born at term (Schubert et al., 2013). Furthermore, Skilton et al. 

(2011) reported increased carotid intima-media thickness in young adults born preterm 

(before 37 weeks of gestation) compared to those born at term. The thickening of the arterial 

walls is reportedly due to smooth muscle hypertrophy which results in thickening of the 

intima-media layer (Gaballa et al., 1998). This increased arterial wall thickness in subjects born 

preterm, may render the vasculature vulnerable to cardiovascular disease and could be a 

significant predictor for future cardiovascular risk (Berenson et al., 1998). Hence, it appears 

that vascular adaptations may occur in the vasculature of the preterm infant in the early 

neonatal period, which may lead to long-term adverse consequences.  

In accordance with the human findings, Bensley et al. (2012) reported maladaptive 

remodelling of the aortic wall following moderate preterm birth, with increased elastin 

deposition, but reduced smooth muscle content in the aorta of preterm lambs at 9 weeks 

PTEA. In that study, the number of elastin layers within the aortic wall was not counted. 

Interestingly, in my study, when using a similar model of moderate preterm birth in sheep as 

Bensley et al. (2012) (except that the antenatal dose of betamethasone was higher), the 

number of elastin layers within both the thoracic aorta and left carotid artery was significantly 

less in preterm adult sheep, with an overall significantly reduced percentage elastin content in 

the left carotid artery compared to term adult sheep.  
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Collectively, my findings in the short-term and long-term cohorts showed that the number of 

elastin layers in the thoracic aorta (but not the left carotid artery) significantly increased from 

birth to adulthood in term sheep. Interestingly, however, the number of layers in the blood 

vessel wall was not significantly increased in either of the preterm vessels studied over time 

and as a result there were significantly fewer layers of elastin in both the aorta and left carotid 

artery in adulthood compared to terms. Notably, there was a gain in the number of aortic 

elastin layers in the term males (approximately +20 layers), whereas there was no significant 

change in the number of layers in the preterm males. In females, there was an intermediate 

increase in the number of aortic elastin layers (approximately +10 layers) for both groups. The 

findings in the preterm sheep suggest that the postnatal growth of the conduit arteries and 

deposition of elastin may be influenced by body growth, with the sheep born preterm 

remaining significantly smaller through to adulthood. The significantly fewer elastin layers in 

both conduit arteries in adulthood (and reduced percentage elastin in the left carotid artery) 

is clinically important because reductions in elastin properties have been shown to promote 

arterial stiffness, especially with advancing age (Izzo and Shykoff, 2001, Hamilton et al., 

2007b). Of concern, arterial stiffness has been associated with the development of a number 

of cardiovascular complications such as hypertension, atherosclerosis, heart disease and 

stroke (de Groot et al., 2004, Mattace-Raso et al., 2006, Payne et al., 2010, Wagenseil and 

Mecham, 2012, Liu et al., 2015). For example, such changes in arterial wall structure can 

adversely impact the function of the arteries as they lose their elasticity and therefore have 

reduced compliance. The stiffer the artery, the more pressure that is required to distend the 

walls and this can lead to hypertension (Wagenseil and Mecham, 2012).  

Interestingly, although there was a significant reduction in the number of elastin layers of the 

thoracic aorta in male preterm sheep compared to male term sheep in adulthood, the 

percentage tissue area of elastin was not significantly different between these two groups. 

This implies that the thickness of the elastin layers was greater in the male preterm sheep but 

further studies are required to confirm this. 

 

5.4.4 Effect of preterm birth on lumen size in the conduit 

arteries 

 
In this study, the lumen of the thoracic aorta and left carotid artery was significantly reduced 

in preterm lambs compared to term lambs in the immediate period following birth. This was 
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attributed to the smaller body size of the preterm lambs, given that lumen area when 

adjusted to body weight was not significantly different. My findings of a narrower arterial 

lumen size in the conduit arteries are in accordance with a narrower lumen area in the 

arteries of infants born preterm. A study investigating aortic and carotid artery growth in very 

preterm infants reported arterial narrowing in the first 6 months of life when compared to 

term infants (Schubert et al., 2011).   

In the postnatal period, Bensley et al. (2012), using a similar sheep model of preterm birth, 

found that the lumen of the ascending aorta was significantly narrower in preterm lambs at 9 

weeks PTEA when compared to terms, thus indicating that the narrowed aortic lumen persists 

into childhood. In accordance with these findings, imaging studies of the vasculature in 

adolescent girls and adults born preterm (mean gestational age of 29 weeks) also report a 

narrower lumen area in the thoracic aorta and abdominal aorta compared to those born at 

term; in conjunction with significantly higher arterial pressures (Bonamy et al., 2005, Edstedt 

Bonamy et al., 2008). In accordance with these findings, in my studies, I also found a 

significant reduction in the size of the lumen in the aorta of preterm male lambs in adulthood 

compared to terms; however, this was not evident in the aortae of preterm females and the 

lumen of the left carotid artery was not affected by preterm birth in either sexes.  

Although there was no difference in arterial pressure in the preterm and term sheep at 14.5 

months of age, given my findings of altered aortic wall structure, as well as narrowed lumen, 

in the aortae of male preterm lambs, it is conceivable that elevations in arterial pressure may 

ensue. In this regard, it will be important in future studies to compare the structure of the 

resistance vessels in my preterm and term sheep. It is well established that narrowing of the 

lumen of resistance vessels leads to a rise in total peripheral resistance and to a subsequent 

rise in arterial pressure (Korner et al., 1989, Intengan and Schiffrin, 2000, Taherzadeh et al., 

2010). Hence, it is possible that it may be narrowing of the resistance vessels in subjects born 

preterm that render them vulnerable to hypertension. Importantly, in this regard, at the end 

of my experiments, in both the short-term and long-term studies, I did collect segments of 

resistance vessels (third-order mesenteric arteries) at necropsy. Examination of the structure 

and composition of these vessels will potentially provide valuable insight into the mechanisms 

leading to hypertension in preterm subjects.  
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5.4.5 Implication of findings to long-term arterial pressure 

 
Certainly, there have been many recent epidemiological studies that have reported an 

association between preterm birth and the development of hypertension in later life 

(Johansson et al., 2005, Bonamy et al., 2007, Crump et al., 2011, Kerkhof et al., 2012, 

Sutherland et al., 2014, Gunay et al., 2014), with increases in arterial pressure in adulthood 

directly linked with decreasing gestational age at birth. For example, in a Swedish study of 

young men born preterm (average age of 18.2 years), there was a 0.31 mmHg increase of 

systolic blood pressure for every week born less than 37 completed weeks of gestation 

(Johansson et al., 2005).  Unlike the studies described in humans, in my study the arterial 

pressure in my preterm sheep was not elevated at any time during the experimental period, 

and in early adulthood (14.5 months of age) there was no difference in arterial pressure 

between the preterm sheep and term sheep. Given that the sheep were born at 0.9 of 

gestation (moderately preterm), the human data would suggest that the effects on arterial 

pressure are likely to be subtle and they may not manifest until older age. Indeed, studies of 

the structure of the resistance vessels in my sheep model (described previously) will help to 

ascertain whether long-term elevations in arterial pressure are likely to occur and given my 

long-term vascular findings, it may be only males that develop long-term adverse 

consequences.  

 

5.4.6 Sexual dimorphism in the effects of preterm birth on 

long-term vascular structure 

 
In my long-term studies, there were significant reductions in lumen area, media area, intima-

media thickness and number of elastin layers in the thoracic aorta of male sheep born 

preterm when compared to terms, but these differences were not apparent in females. This 

may relate to the ‘male disadvantage’ that is associated with preterm birth, where male 

infants have been shown to be particularly vulnerable to preterm birth and are at higher risk 

of developing health issues compared to females after preterm birth (Ingemarsson, 2003, 

Elsmén et al., 2004b). It is hypothesised that this is due to the delayed development of organ 

systems in males and so render the preterm male infants’ vulnerable in early life (Peacock et 

al., 2012). Alternatively, there may be specific hormonal effects in preterm offspring (for 

example, relating to changes in testosterone in males and/or estrogen in females) that have 

led to the sexual dimorphism in long-term vascular structure. 
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Interestingly, in my findings, there was no observable structural immaturity in the thoracic 

aorta and left carotid arteries of preterm male lambs compared to term male lambs in the 

immediate period following birth; however, marked changes did develop by adulthood. 

Adaptations in vascular structure made by males born preterm may be beneficial in the short-

term, but if they persist into adulthood such as the differences seen in my long-term study, 

they may lead to adverse cardiovascular consequences. It is known in the general population 

that hypertension more commonly affects males compared to females in early adulthood 

(Pemu and Ofili, 2008). The findings in my study showing structural differences in the thoracic 

aorta and left carotid artery of male preterm sheep may contribute to the underlying 

aetiology of hypertension in young men and their increased vulnerability compared to young 

women.  

 

5.4.7 Conclusion 

 
In conclusion, the findings of my study have clearly shown that there are structural 

differences in the thoracic aorta and left carotid structure following moderate 

preterm birth, particularly prevalent in adult male sheep. The reductions in lumen 

area, media area, wall thickness and number of elastin layers in the thoracic aorta of 

adult preterm male sheep compared to term male sheep are likely to render the 

adult preterm male vulnerable to secondary insults that may develop in later life. 

Interestingly, given that arterial pressure was similar between preterm and term 

sheep in early adulthood, thinner arterial walls and fewer elastin layers may also 

render adult preterm males more vulnerable to potential deleterious vascular 

consequences. Additionally, the narrowing of the lumen area in the thoracic aorta 

(but not in the left carotid artery) is interesting and suggests that other blood vessels 

should be explored. Importantly, it would be beneficial to investigate the structure 

of the resistance vessels of my preterm sheep as narrower resistance vessels are 

known to lead to a rise in total peripheral resistance and ultimately elevated arterial 

pressure.  



 

 
 

 

 

 

 

 

Chapter 6: 

General Discussion 
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The findings of this thesis provide important insight into how moderate preterm birth affects 

the structure of the cardiovascular system. The findings highlight differences in the structure 

of the heart and large conduit arteries in the immediate period following moderate preterm 

birth compared to terms and show evidence of altered structure by early adulthood, 

particularly in males born preterm. 

 

6.1 Preterm birth: a major insult to immature organ 

systems 

 
Prior to the studies conducted in our laboratory (studies by Bensley et al. (2010) and those 

described in this thesis), there have been very few studies that have looked specifically at the 

effects of moderate preterm birth on the cardiovascular system. Most studies to date, looking 

at the effects of preterm birth on immature organ systems, have focused on the effects of 

extremely and very preterm birth, as it is these infants that develop the most adverse 

complications and are at higher risk of morbidity and mortality (Basso and Wilcox, 2010, Stoll 

et al., 2010). Indeed, as gestational age at birth decreases the adverse consequences to 

neonatal health increases; the earlier a baby is born, the more immature the organ systems 

are, and the greater risk of injury and compromise in organ function. Regardless of gestational 

age at birth, all preterm survivors are at high risk of developing adverse health complications, 

with the adverse consequences to these very vulnerable babies numerous (Boyle et al., 2012). 

Males born preterm have been found to be particularly vulnerable to preterm birth exhibiting 

a heightened risk of death and disability after preterm birth when compared to females born 

preterm (Stevenson et al., 2000, Kent et al., 2012, Roy et al., 2014). As well, there is a higher 

incidence of preterm birth in male infants (Ingemarsson, 2003). 

Much of the research to date has investigated the effect of preterm birth on the immature 

lungs and brain, as it is complications in these organs that have the greatest impact on 

neonatal survival and long-term quality of life. Clinical complications associated with preterm 

birth in the lungs include respiratory distress syndrome, bronchopulmonary dysplasia and 

asthma (Moss, 2006, Joshi and Kotecha, 2007, Mwansa-Kambafwile et al., 2010, Been et al., 

2014), and in the brain, common complications are  intraventricular haemorrhage, white 

matter injury and cerebral palsy (Counsell and Boardman, 2005, Ment and Vohr, 2008, 

Doesburg et al., 2011, Lindstrom et al., 2011, Douglas-Escobar and Weiss, 2012, Robinson, 

2012, Boardman et al., 2014, Kemp, 2014, Tronnes et al., 2014). Other serious adverse 
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consequences to neonatal health following preterm birth include: feeding problems; 

necrotising enterocolitis (Lin et al., 2008, Gregory et al., 2011); infection due to a comprised 

immune system (Stoll et al., 2004, Levy, 2007, Strunk et al., 2007, Melville and Moss, 2013); 

renal dysfunction that can lead to renal failure when severe (Brenner and Mackenzie, 1997, 

Keller et al., 2003, Rodriguez et al., 2004, Hoy et al., 2008, Sutherland et al., 2011, Stelloh et 

al., 2012); hearing and vision deficits (Gabbard and Schryer, 2003, Hintz et al., 2005, Vohr and 

Allen, 2005, Vohr et al., 2005, Hellström et al., 2013) and cardiovascular problems such as 

patent ductus arteriosus and hypotension. For example, US data collected in the neonatal 

period from 9575 extremely preterm infants (22-28 weeks), born between 2003 to 2007, 

illustrate the severe range of neonatal complications; 93% had respiratory distress syndrome, 

46% had a patent ductus arteriosus, 16% had severe intraventricular haemorrhage, 11% had 

necrotising enterocolitis and 36% had late-onset sepsis (Stoll et al., 2010). These extremely 

preterm babies also required many more clinical interventions neonatally to facilitate survival 

(Gilbert et al., 2003). Many of these neonatal morbidities and/or neonatal treatments of these 

morbidities can subsequently result in lifelong deleterious consequences to health. For 

instance, mechanical ventilation is necessary in many preterm infants that cannot breathe 

independently after preterm birth; yet this can lead to severe lung injury (Brew et al., 2013) 

and is consequently a major contributing factor to the development of bronchopulmonary 

dysplasia. Bronchopulmonary dysplasia is a chronic inflammatory lung disease in preterm 

infants which can lead to long-term problems in respiratory health (Moss, 2006, Laughon et 

al., 2011, Hacking et al., 2013).   

The majority of the morbidities associated with preterm birth occur in extremely and very 

preterm births, and these infants represent a minority of overall preterm births (5.2% and 

10.4% of all live preterm births, respectively) (Blencowe et al., 2012). Up until recently, data 

on the effects of moderate preterm birth has been limited, even though the majority of 

preterm births (84%) fall within this category (Shapiro-Mendoza and Lackritz, 2012). Infants 

born moderately preterm experience very few complications in the immediate period after 

birth and there is little requirement for medical assistance compared to those born at lower 

gestational ages. Therefore, it has been generally accepted that neonatal health outcomes of 

moderate preterm babies are not different to babies born at term. However, new research 

highlights that moderately preterm infants are at increased risk of long-term adverse health 

consequences, likely due to the fact that their organs are still relatively immature compared 

to term infants at the time of birth (Jaiswal et al., 2011, Leone et al., 2012, Brown et al., 2013). 
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For instance, Boyle et al. (2012) reported that in infants born from very preterm to full term 

(23 - 41 weeks of gestation), there was a gradient of increasing adverse health problems, 

including respiratory and gastrointestinal disorders, with decreasing gestational age at birth. 

Notably, however, this study showed that individuals born moderately preterm (32 - 33 weeks 

of gestation) and early term (37 - 38 weeks of gestation) at 3 and 5 years of age are the 

greatest contributors to the disease burden due to the large numbers of these subjects in 

these categories. 

 

6.2 Impact of moderate preterm birth to an immature 
cardiovascular system 

 
In the immediate period following preterm birth, the most common cardiovascular 

complications result from a patent ductus arteriosus and/or the presence of hypotension. The 

ductus arteriosus is a shunt from the pulmonary trunk to the aorta in the fetus that allows 

oxygenated blood to bypass the pulmonary circulation; this normally closes within 48 hours 

after birth (Schneider and Moore, 2006). In preterm infants, the shunt often remains open 

resulting in an inefficient circulation to organ systems and in severe circumstances can lead to 

heart failure (Dice and Bhatia, 2007). A patent ductus arteriosus has also been associated with 

increased risk of developing bronchopulmonary dysplasia, intraventricular haemorrhage in the 

brain and necrotising enterocolitis (Ohlsson and Shah, 2011).  

Hypotension, low arterial pressure, is frequently observed in preterm infants in the immediate 

period after birth and is thought to be the result of immature cardiovascular control of arterial 

pressure; immaturity of the cardiac muscle is also likely to be a contributing factor (Harper, 

2000, Kluckow and Evans, 2000, Dannevig et al., 2005). When hypotension is present, 

inotropic support, such as dopamine or dobutamine therapies are often required to raise 

arterial pressure levels (Ibrahim, 2008).  

Although many preterm infants experience hypotension immediately after birth, there is a 

large body of evidence now showing that in later life, many subjects that are born preterm go 

on to develop hypertension. The initial hypotension in the neonatal period is in contrast to the 

many studies that report an association between preterm birth and the development of 

hypertension (elevated arterial pressure) in later life. Indeed, it is likely that the structural 

adaptations that occur in the immature cardiovascular system of preterm infants in early life 

may be beneficial in the short-term; however, if they persist into adulthood, they may result 
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in adverse cardiovascular consequences. In this regard, studies in animal models and in 

human subjects, are now emerging demonstrating significant alterations in the structure of 

the heart and blood vessels which is often accompanied by an  elevation of arterial pressure in 

those born preterm (Bonamy et al., 2005, Lewandowski and Leeson, 2014, Sutherland et al., 

2014, Lewandowski et al., 2015).  

In an ovine model of moderate preterm birth, Bensley et al. (2010) showed that preterm birth 

results in maladaptive remodelling of the myocardium with evidence of cardiomyocyte 

hypertrophy, altered cardiomyocyte maturation and induction of cardiomyocyte polyploidy in 

lambs at 9 weeks of age when compared to term controls. In studies of human subjects, there 

have been reports of increased left and right ventricular mass and abnormal ventricular shape 

in the hearts of young adults born very preterm and this was accompanied by impaired 

ventricular function (Lewandowski et al., 2013a, Lewandowski et al., 2013b).  

The findings of my thesis clearly show that the myocardium of the moderately preterm lambs 

is more immature compared to terms in the immediate period after birth, with a significantly 

increased proportion of immature cardiomyocytes and a reduced proportion of mature 

cardiomyocytes within the LV+S. Ventricular size (wall volume, chamber volume and wall 

thickness) was also found to be significantly reduced in the preterm lambs compared to term 

lambs; this appeared to be  attributed to the smaller body size of preterm lambs. By early 

adulthood, these structural changes were no longer evident in preterm female sheep; 

however, preterm male sheep still exhibited significantly reduced LV wall volume and LV wall 

thickness and this was accompanied by a significant reduction in the complement of 

cardiomyocytes within the LV myocardium. This reduction in LV growth in the male preterm 

sheep in early adulthood is in contrast to the findings of Lewandowski et al. (2013a) in young 

human subjects. The differences in findings may be species related or may be due to the long-

term attenuation of growth and normal arterial pressure in the preterm male sheep in my 

study. 

There are also a number of studies now emerging reporting the impact of preterm birth on 

the structure of blood vessels during postnatal life. Studies by Bensley et al. (2012) examined 

the aorta and pulmonary artery of lambs born moderately preterm at 9 weeks of age PTEA 

and reported increased thickness and smaller lumenal areas of the ascending aorta compared 

to term lambs. These moderately preterm lambs also exhibited increased elastin deposition in 

both the aorta and pulmonary artery when compared to term lambs. Of concern, severe injury 



C h a p t e r  6  

191 | P a g e  
 

to the blood vessel wall was also observed in the ascending aorta. This overt injury could be 

seen histologically as large intimal lesions which extended into the underlying media and 

repaired by deposition of collagen and smooth muscle. 

Additionally, reports in human subjects have shown that children and adolescent girls born 

preterm exhibit a narrower aortic lumen area and adults born preterm also displayed an 

increased carotid intima-media thickness compared to term controls (Edstedt Bonamy et al., 

2008, Polak et al., 2011, Schubert et al., 2013). In accordance with these findings, in my 

studies, in the immediate period following preterm birth I observed a significantly narrower 

lumen area in the thoracic aorta and left carotid artery and increased wall thickness relative to 

body weight in the thoracic aorta. There was no evidence of overt injury in the walls of these 

blood vessels; however, concomitant gene expression studies (conducted by a research 

assistant in our laboratory) showed upregulation of P-selectin in the thoracic aorta, and 

Caspase-3 and IL1β in the left carotid artery of preterm lambs compared to term lambs; 

indicative of covert vascular injury. 

In early adulthood, preterm sheep exhibited fewer layers of elastin and reduced elastin 

content in the left carotid artery compared to term sheep, whereas smooth muscle content 

was increased. Sexual dimorphism was evident in the thoracic aorta as there were significant 

reductions in lumen area, media area and intima-media thickness of male sheep born preterm 

when compared to terms, but this was not observed in females. However, similar to LV 

growth in adulthood, this is likely attributed to the long-term attenuation in body growth in 

preterm male sheep.  

Given the persistent narrowing of the aorta in male sheep born preterm, it will be important 

in further studies to investigate the structure and postnatal growth of other blood vessels. In 

particular, the resistance vessels, as it has been well established that narrowing of the lumen 

of these blood vessels leads to a rise in total peripheral resistance and thus a subsequent rise 

in arterial pressure. 

 

6.3 Impact of antenatal corticosteroid exposure 
 
It is important to emphasise when interpreting the findings of my study that the fetal lambs 

were exposed to a clinical dose of betamethasone prior to delivery. This was in order to mimic 

the clinical scenario where pregnant women at risk of delivering prematurely are 

administered corticosteroids to facilitate survival of the infant if preterm delivery ensues 
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(Althabe et al., 2012, Roberts and Dalziel, 2013). Given that all preterm lambs in my study 

were exposed to antenatal betamethasone, it is not possible for me to definitively conclude 

that my findings were the result of moderate preterm birth; instead, my findings may have 

been the result of exposure to antenatal corticosteroids. Certainly, antenatal corticosteroids 

have been shown in many studies to influence organ development (Liggins, 1994, Huang et al., 

2001, Morrison et al., 2012) including cardiomyocyte growth. In this regard, in vivo and in vitro 

studies have demonstrated that corticosteroids influence fetal cardiomyocyte growth, 

although the findings are conflicting. For example, a study in fetal sheep reported accelerated 

maturation of the cardiomyocytes (Kim et al., 2014), whilst another reported enhanced 

proliferation (Giraud et al., 2006). The difference in findings between studies may relate to the 

timing and dose of the antenatal corticosteroid administration. Corticosteroids have also been 

shown to influence the deposition of extracellular matrix within the blood vessel wall; both 

increased elastin and collagen accumulation have been observed in the blood vessel wall 

following exposure to corticosteroids (Leitman et al., 1984, Bendeck et al., 1994). In future 

studies, it is important to independently examine the effect of antenatal corticosteroids on 

fetal cardiac growth and on the structure of the vasculature. 

Corticosteroids are routinely administered to pregnant women at risk of delivering preterm in 

order to accelerate the maturation of the lungs of the fetus, which in turn facilitates survival if 

preterm birth ensues. The current antenatal corticosteroid treatment protocols commonly 

used in the clinics are: (1) betamethasone 12 mg intramuscularly, 2 doses 24 hours apart or 

(2) dexamethasone 6 mg intramuscularly, 4 doses 12 hours apart (Hofmeyr, 2009, Surbek et 

al., 2012). Many trials have assessed the efficacy of different corticosteroids and regimens; for 

instance, the comparison of single versus repeated dosages and betamethasone versus 

dexamethasone (Brownfoot et al., 2008, Brownfoot et al., 2013). There are advantages and 

disadvantages to all the different protocols and they continue to be debated (Crowther and 

Harding, 2007). Indeed, further research is required to assess the benefits and risks in the 

short-term and long-term of the alternative corticosteroid therapies, including which drug, 

what dosage, administration and timing. Overall, however, there is a general consensus of 

opinion that corticosteroids reduce the risk of mortality and morbidities following preterm 

birth. It is well recognised that antenatal administration of corticosteroids reduce the 

incidence of not only respiratory distress syndrome but also intraventricular haemorrhage, 

necrotising enterocolitis, systemic infections and childhood development delay (Crowley, 

2000, Chatterjee et al., 2007, Mwansa-Kambafwile et al., 2010, Brownfoot et al., 2013, 
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Roberts and Dalziel, 2013). Treatment between 26 and 35 weeks of gestation are reported to 

be the most beneficial in mitigating severe health outcomes of preterm birth (Hofmeyr, 2009). 

As in clinical practice, it has been shown that administration of antenatal corticosteroids is 

necessary in preterm sheep studies in order to facilitate the survival of the lambs after birth. 

Hence, in the design of the studies in this thesis, we chose to treat the ewes that were 

assigned to deliver preterm with a clinically relevant dose of betamethasone (11.4 mg 

intramuscularly, 2 doses 24 hours apart), to reflect common practice in the clinic. An 

important finding of this study was that when compared to previous studies in moderately 

preterm lambs, where they were administered a much lower dose of betamethasone (3.7 mg) 

(De Matteo et al., 2010), there was no improvement in the survival rate of moderately 

preterm female lambs in my studies (with the higher dose of betamethasone; 22.8 mg) (76% 

survival 2 weeks after birth and 75% survival 2 weeks after birth, respectively). In contrast, 

there appeared to be improved survival in the male preterm lambs with the increased dose of 

antenatal betamethasone used in my studies when compared to the previous studies by De 

Matteo et al. (2010) (75% survival compared to 44% survival 2 weeks after birth). As follow up 

to these findings, further research is required to examine the differences in survival rates 

between the sexes following antenatal administration of corticosteroids, especially given that 

corticosteroid exposure can lead to adverse side effects in the mothers and offspring in later 

life (Gwathmey et al., 2011, Singh et al., 2012, Romejko-Wolniewicz et al., 2014, Weiss and 

Niemann, 2015). There may be the potential to lower the dose of corticosteroids if the mother 

is carrying a female fetus. Certainly, although the benefits far outweigh the negative side 

effects, it is well established that antenatal corticosteroid treatments can lead to adverse side 

effects in the mother and her offspring, particularly after administration of high dosages of 

corticosteroids. For instance, anaemia and leukocytosis has been reported in mothers 

administered a higher single corticosteroid dose prior to delivering prematurely (Romejko-

Wolniewicz et al., 2014) and in offspring born preterm, a higher heart rate and elevated 

arterial pressure has been reported in those exposed to antenatal corticosteroids (Doyle et al., 

2000, Gwathmey et al., 2011, Singh et al., 2012, Weiss and Niemann, 2015). Given my findings 

compared to De Matteo et al. (2010), in future studies it would be valuable to further explore 

the corticosteroid dosages administered antenatally with respect to the sex of the fetus. 
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6.4 Males are more vulnerable to the effects of preterm 
birth 

 
It is now well recognised that male infants are more vulnerable to preterm birth than female 

infants, exhibiting higher rates of neonatal mortality and morbidity and long-term morbidity 

compared to females born at the same gestational ages (Stevenson et al., 2000, Hoyert et al., 

2006, Zisk et al., 2011). In the immediate period after birth, it has been reported that 

complications, such as respiratory distress syndrome, jaundice and hypoglycaemia are more 

prevalent in preterm male babies compared to preterm female babies (Peacock et al., 2012, 

Tundidor et al., 2012, Lawn et al., 2014). Furthermore, preterm male neonates exhibit an 

increased risk of intraventricular haemorrhage and sepsis with poorer neurological outcomes 

by 2-3 years of age (Kent et al., 2012). This ‘male disadvantage’ is particular evident in infants 

born extremely and very preterm (Elsmén et al., 2004b, Zisk et al., 2011), but importantly, it 

has also been observed in moderately preterm, late preterm and term infants. For instance, 

the prevalence of respiratory distress syndrome is significantly higher in preterm males 

compared to preterm females following preterm birth up to 38 weeks of gestation (Anadkat et 

al., 2012, Altman et al., 2013). In addition, preterm males generally require more initial 

respiratory and circulatory support and neonatal care, which subsequently have the potential 

to lead to other adverse long-term outcomes compared to preterm females (Elsmén et al., 

2004a). In addition, males born preterm exhibit a worse outcome in regards to long-term 

survival (Hoyert et al., 2006).  

The male disadvantage has been linked to delayed development of organ systems in males 

compared to females and this is likely to be a contributing factor to the increased rates of 

mortality and morbidity in preterm males (Peacock et al., 2012). For example, the prevalence 

of respiratory complications is more common in preterm male infants than preterm female 

infants after birth and it has been shown that males have slower lung maturation compared to 

females (Fleisher et al., 1985, Torday and Nielsen, 1987), with females producing pulmonary 

surfactant at least one week earlier in gestation compared to males (Seaborn et al., 2010). 

Similarly, delayed maturation of the heart muscle has been described in the fetal heart of 

males when compared to females. In a study conducted in fetal lambs, Lumbers et al. (2009) 

found a significantly higher proportion of mature cardiomyocytes in the developing 

myocardium of female fetal sheep when compared to male fetal sheep at the same 

gestational age. Interestingly, however, in my study although there was a decreased 

proportion of mature (binucleated) cardiomyocytes in the LV+S of the preterm lambs in the 
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immediate following birth, I did not observe any differences in the proportion of mature and 

immature cardiomyocytes, between preterm male and preterm female; indicating no 

difference in the maturation of the cardiac muscle between sexes. Of course, there remains 

the possibility that there was accelerated maturation of the cardiomyocytes in the male 

hearts in the 2 days after birth in response to the increased functional demands after birth. 

Further studies are required to determine whether this is the case. Likewise, in my studies, 

there was no evidence of delayed maturation of the conduit arteries that I examined in male 

preterm lambs when compare to females. At 2 days after birth, there were no differences in 

the number of elastin layers or in the proportions of elastin, collagen and smooth muscle in 

the arterial wall of the thoracic aorta and left carotid artery between male and female 

preterm lambs.  

Interestingly, in my study, the majority of long-term differences in cardiovascular structure 

following preterm birth (including cardiomyocyte growth and vascular structure) were 

observed in males; only a few differences were apparent in females. The long-term 

differences in cardiovascular structure between term and preterm males were not evident in 

the immediate period after birth; by adulthood, however, marked differences in 

cardiovascular structure were observed. In the heart, preterm male sheep exhibited a 

significantly thinner LV wall comprising of a reduced number of cardiomyocytes within the 

LV+S compared to term male sheep; this is likely attributed to the smaller body size of the 

preterm male sheep. Of concern, however, the significantly fewer cardiomyocytes within the 

wall of the LV+S is likely to impact both on cardiac functional reserve and the adaptive 

capabilities of the heart. Whilst the preterm sheep remain small in adult life, this may not be 

problematic but deleterious consequences are likely to ensue if there is enlargement of the 

heart (for example, following induction of hypertension or obesity) or if there is injury to the 

heart muscle (for example, following myocardial infarction). Given the very limited capacity 

for cardiomyocyte proliferation in adulthood, under such circumstances, the functional 

capacity and ability for physiological cardiac hypertrophy would be severely compromised 

when there is already a cardiomyocyte deficit. In future studies, it would be interesting to 

induce hypertension or obesity in male preterm and term sheep and investigate both the 

functional and structural cardiac response.  

In the blood vessels, adult preterm male sheep exhibited a smaller lumenal area, medial area 

and arterial wall thickness and fewer elastin layers in the thoracic aorta compared to term 

male sheep. These differences are also likely to be attributed to the long-term attenuation in 
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body size of the preterm male sheep. Regardless of this, when taking into account that arterial 

pressure remained similar between preterm and term sheep in early adulthood, the 

differences in vascular structure are likely to render the preterm males more vulnerable to 

deleterious vascular complications. Given that the aortas of the preterm male sheep exhibit 

thinner walls and fewer layers of elastin, you would expect that they will be particularly 

vulnerable to aneurysm with age (Bloomer et al., 2012); aneurysm results from weakening of 

the aortic wall, which is due to the inadequate elastic components within the blood vessel 

(Isselbacher, 2005). In addition, it is expected that there would be adverse remodelling with 

age and especially if there is an increase in arterial pressure (which is often observed following 

preterm birth). Under these circumstances, when the aortic wall is required to thicken in 

response to increased wall stress, it is likely that there will be inadequate deposition of elastin 

within the aortic wall, given that the number of layers of elastin is markedly reduced in the 

preterm males compared to terms. Instead, it is likely that the adaptive thickening of the 

aortic wall would result from an accumulation of collagen; this in turn would lead to increased 

stiffness and reduced compliance of the aortic wall. The thinner aortic wall in the male 

preterm sheep may also render the aorta more vulnerable to an elevation in arterial pressure, 

which in turn, could lead to arterial injury, further weakening of the wall and vulnerability to 

atherosclerosis and aneurysm.  

My findings of a narrower aortic lumen in offspring born preterm is in accordance with the 

clinical findings in subjects born preterm (Edstedt Bonamy et al., 2008, Schubert et al., 2011); 

however, the persistent narrowing of the aorta through to adulthood was only observed in 

the males born preterm. Importantly, the persistent narrowing of the aorta has the potential 

to adversely impact on LV function; especially given the observed cardiomyocyte deficit in the 

LV+S which has the potential to compromise cardiac contractility even further. In this study, I 

did not see narrowing of the lumen in the left carotid artery, suggesting that the vascular 

narrowing may be specific to the aorta. However, it will be of interest to explore this further in 

blood vessels throughout the arterial tree; other blood vessels were collected at necropsy in 

order to do this. It will be especially important to examine the resistance vessels, given that 

narrowing of resistance vessels can result in an increase in total peripheral resistance and 

subsequently lead to hypertension.  

 
 



C h a p t e r  6  

197 | P a g e  
 

6.5 Further studies derived from this thesis 
 
In this thesis, I have conducted two comprehensive sheep studies (in a short-term cohort and 

long-term cohort) and subsequently analysed cardiac structure and vascular structure of the 

thoracic aorta and left carotid artery in the immediate period following birth and in early 

adulthood. It is important to point out that these comprehensive sheep studies have not been 

limited to these analyses. Several experiments were performed concurrently with my own, 

including cardiovascular functional assessments. Additional organs/tissues from both the 

short-term and long-term cohorts were collected at necropsies, and these have been 

subsequently analysed or stored for future investigations.  

Firstly, it is important to mention the accompanying PhD project of Mr. Paul Lombardo, from 

the Department of Medical Imaging and Radiation Sciences at Monash University (who is also 

under the co-supervision of Prof. Jane Black). Mr. Lombardo performed cardiac, vascular and 

renal ultrasounds on all the lambs in both the short-term and long-term cohorts at selected 

time-points. For the short-term group, ultrasounds were conducted on all lambs prior to 

necropsy at 2 days of age, and for the long-term group, they were conducted at 2 days after 

birth, 2 weeks of age for (preterm lambs only; term equivalent age), 3 months of age, 6 

months of age, 12 months postnatal age and just prior to necropsy. The cardiac parameters 

measured included: systolic and diastolic LV anterior wall thickness, LV posterior wall 

thickness, LV chamber short axis internal diameter and interventricular septum thickness. 

Additional ultrasound measurements conducted were: length, width and thickness of the 

kidneys; resistive index in renal arteries; internal diameter and maximum blood flow of the 

aortic root, pulmonary arteries and carotid arteries; and external diameter, intima-media 

thickness and adventitia thickness of the carotid arteries. Overall, his study provides in vivo 

measurements of cardiovascular structure and function in all the lambs (short-term cohort) 

and sheep (long-term cohort) used in this thesis.  Ultimately, his ultrasound analyses will 

complement the findings of my study and together, produce a series of comprehensive 

publications giving insight into the effect of moderate preterm birth on the cardiovascular 

system. In addition, there is currently an Honours student, working within our laboratory who 

is analysing the structure of the RV from the sheep in my studies. These findings will be of 

importance, considering the recent study by Lewandowski et al. (2013b) reported that the 

structural differences after preterm birth were greater in the RV compared to the LV. 
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Additionally, metabolic studies were performed on the sheep of the long-term cohort at 

approximately 14 months of age. Glucose tolerance and insulin secretion were measured by 

an intravenous glucose tolerance test and insulin sensitivity assessed using a 

hyperinsulinaemic euglycaemic clamp. These were performed by Dr. Robert De Matteo from 

the Department of Anatomy and Development Biology at Monash University, whilst 

collaborating with Dr. Kathy Gatford from the Robinson Research Institute at the University of 

Adelaide in South Australia. Fixed and frozen pancreas and muscle samples were also sent to 

the University of Adelaide, for morphology and gene expressive analyses by Honours student, 

Mr. Daniel Hodgson. These metabolic studies have been completed and are ready for 

publication.  

On the day of necropsy for both short-term and long-term cohorts, myography analysis of 

vascular endothelial and smooth muscle function were performed in freshly excised blood 

vessels (inferior abdominal aorta, left descending coronary artery, basilar artery and third 

order mesenteric arteries) by Prof. Helena Parkington, Dr. Marianne Tare and Dr. Beth Allison. 

Data from these studies have not yet been analysed, but in due course will provide 

information on the differences in sensitivity to vasodilator and constrictor agents and give a 

measure of maximal response in these vessels. Once more, these vascular functional studies 

will complement the vascular structure analyses conducted in this thesis and ultimately lead 

to comprehensive publications of both vascular structure and function.   

The remaining tissues that were snap frozen and/or fixed at necropsy included the brain, 

lungs, kidneys, gastrointestinal tract, liver, thymus, muscle tissues in the hind limb, pancreas 

and various blood vessels (abdominal aorta, aortic arch, renal arteries and third order 

mesenteric arteries). These have been stored for future analysis or already distributed to 

other researchers for current analysis. Ms. Tracey Flores (a research assistant in our 

laboratory) has been conducting gene expression studies, using Real-time Polymerase Chain 

Reaction, examining markers of endothelial injury, inflammation and apoptosis on frozen 

tissue samples of RV, LV, thoracic aorta, left carotid artery and third order mesenteric arteries. 

Histological analyses on the renal and third order mesenteric arteries are also currently being 

performed to investigate the structure and size of the resistance vessels. Additionally, Ms. 

Tracey Flores (during her Honours year in 2013) performed functional, immunohistochemistry 

and histological analyses on sections of the ileum collected from these animals. These studies 

have also been completed and are ready for publication.  
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Importantly, it is only by conducting studies like mine (in a clinically relevant animal model) 

that the effects of moderate preterm birth can be directly addressed, free of the many 

confounding factors associated with studies in human infants. Overall, my PhD project has 

drawn together a multi-faceted research team, which has enabled the gathering of data, not 

just for my cardiovascular structural studies, but from many organ systems. Ultimately, the 

collective findings from my preterm sheep experiments will lead to a much better 

understanding of the effects of moderate preterm birth in the immediate period after birth 

and in early adulthood. Together, the findings will provide insight into how different organs 

systems respond to being born early and thus identify potential strategies to alleviate the risk 

of adverse health outcomes in individuals born preterm.  

 

6.6 Future directions 
 
As briefly eluded to in the previous sections of this final discussion, the findings of this thesis 

have evoked multiple ideas for future directions of research. In particular, based on my 

findings, I consider that it is imperative to further explore: 1) the direct effects of antenatal 

corticosteroid exposure on the developing cardiovascular system (which was a confounder in 

my studies); 2) the impact of secondary cardiovascular insults in adulthood (in particular 

obesity, hypertension and myocardial infarction) 3) the short-term and long-term effects 

when preterm birth is combined with IUGR (which is a common co-morbidity of preterm birth) 

and finally 4) the short-term and long-term effects on the cardiovascular system when the 

severity of preterm birth is increased.   

 

Betamethasone exposure 

 
In my studies, it has not been possible to determine whether the cardiac and vascular 

structural differences observed between preterm and term sheep were due to preterm birth 

per se or due to exposure to antenatal corticosteroids, because administration of 

betamethasone to ewes delivering preterm was necessary to facilitate the survival of the 

preterm lambs after birth. It was not feasible to examine a preterm group without antenatal 

administration of corticosteroids to the ewes, as the majority of the lambs would not have 

survived and if they did, additional neonatal interventions (such as ventilation), would likely 

have been required in order for lambs to survive; thus introducing another confounding 

factor. However, given that corticosteroids have been shown to exert trophic effects on fetal 
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cardiomyocyte growth and on the composition of the arterial wall, it is important in future 

studies to differentiate the specific effects of antenatal exposure to corticosteroids on the 

immature cardiovascular system of preterm offspring, independent of preterm birth. A good 

way to approach this would be to administer the antenatal corticosteroids to the ewe and 48 

hours later (or other nominated time) euthanise the fetus in utero and then subsequently 

examine the effects on the cardiac and vascular structure of the fetus. Using this approach, 

labour would not be induced in the ewes and the lambs would not be exposed to the 

haemodynamic transition that occurs at birth. Importantly, using this study design, it would be 

possible to explore the effects of antenatal corticosteroids in both sexes at different 

gestational ages (for example, equivalent to moderately preterm, very preterm and extremely 

preterm) and at varying doses.  

Additionally, given that I showed improved survival of male preterm lambs in my studies 

(where I used an antenatal dose of corticosteroids of 11.4 mg) compared to the studies of De 

Matteo et al. (2010) (where they used a lower dose of antenatal corticosteroids) but no 

improvement was observed in the survival of female preterm lambs, I would like to explore 

this further. It would be beneficial to explore whether even higher doses of antenatal 

corticosteroids (>11.4 mg) can further improve survival in the male preterm lambs and 

alternatively, whether the dose of antenatal corticosteroids can be lowered even further (<3.7 

mg) and not adversely affect the survival of preterm female lambs. These findings would have 

important implications for the treatment of women ‘at risk’ of preterm birth. 

 

Response of the male adult preterm heart and aorta to secondary cardiovascular insults  

 
The cardiomyocyte deficit within the LV+S of male adult preterm sheep compared to term 

sheep is of concern. As cardiomyocytes have limited proliferative capacity postnatally, the 

reduced complement of cardiomyocytes will impact on lifelong functional reserve and on the 

adaptive capabilities of the heart. Therefore, in future studies, it is imperative to gain an 

understanding of how the LV+S of the preterm male, that has a reduced complement of 

cardiomyocytes compared to terms, remodels in response to induction of  obesity or 

hypertension. In particular, it is important to look at how the heart responds to induction of 

hypertension given that preterm birth is strongly associated with elevated arterial pressure in 

adulthood. It is expected that with fewer cardiomyocytes within the myocardium that when 

the LV+S is stimulated to hypertrophy there will be pathological remodelling leading to 
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greater deposition of extracellular collagen (fibrosis) and subsequent stiffening of the heart 

muscle. In addition, it is important to examine the extent of myocardial injury following 

myocardial infarction in adult preterm male sheep compared to adult term males. It is 

expected that the injury to the myocardium will be greater in the preterm males given that 

they have a reduced functional reserve.  

Furthermore, it is important to better understand how the aortas of adult preterm males 

respond to the increased functional demands and arterial pressure associated with obesity 

and hypertension. Under these conditions, the thinner medial wall, with fewer layers of 

elastin, is likely to render the aorta vulnerable to injury, aneurysm and adverse remodelling. 

 

IUGR combined with preterm birth 

 
IUGR is a common co-morbidity of preterm birth (Zeitlin et al., 2000, Gardosi, 2005). 

Importantly, it has been shown that there is a reduction in the number of cardiomyocytes in 

the IUGR heart at birth (Corstius et al., 2005, Botting et al., 2012) and recent evidence in our 

laboratory has shown that this cardiomyocyte deficit persists into adulthood, with the number 

of cardiomyocytes in the adult heart directly proportional to birth weight (unpublished, 

Honours thesis: Stacey Vranas 2014). Given that my studies have shown that there are 

significantly fewer cardiomyocytes within the LV+S of adult preterm male sheep when 

compared to adult term sheep, it is likely that when IUGR is combined with preterm birth that 

there would be an additional adverse impact on the complement of cardiomyocytes. It is 

therefore imperative to conduct further animal studies where IUGR is combined with preterm 

birth to investigate the overall effects on cardiovascular structure and in particular on the 

growth of the cardiomyocytes. 

 

Impact at early gestational ages  

 
In my thesis, the preterm sheep did not show any evidence of developing hypertension in 

early adulthood, with no difference in arterial pressure between preterm and term sheep. 

This is contrary to the findings of many epidemiological studies which have reported that 

preterm birth is associated with the development of hypertension in adulthood. The absence 

of elevated arterial pressure in my adult preterm sheep compared to humans born preterm 

may be a species effect, age effect or the fact that they have been born moderately preterm. 
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Indeed, the degree of prematurity has been shown to influence the level of adult arterial 

pressure, with adult pressure inversely associated with gestational age at birth. Therefore, it 

would be beneficial to examine cohorts of sheep born at earlier gestational ages to see if 

hypertension develops by early adulthood and if the differences in the structure of the 

cardiovascular system are exacerbated. Of course these experiments would require neonatal 

intensive care facilities for the lambs in the period after birth.  

Although hypertension was not evident in the preterm offspring in early adulthood, there 

were a number of cardiac and structural differences in the males that were born moderately 

preterm, which will likely render them vulnerable to cardiovascular insults and disease. It is 

expected that these adverse cardiovascular structural effects would have been far more 

severe, if the lambs had been delivered even earlier (as very or extremely preterm). It is 

imperative that this is explored in future studies. 

 

6.7 Conclusions 
 
In conclusion, using a clinically relevant ovine model of moderate preterm birth combined 

with antenatal corticosteroids, the findings of this study clearly demonstrate immaturity of 

the heart muscle and of the aorta and left carotid artery in the immediate period following 

preterm birth. In the long-term, the findings clearly show an impact on cardiovascular 

structure following moderate preterm birth, with these effects almost exclusively in males; 

likely due to their long-term attenuated growth. In particular, the cardiomyocyte deficit in the 

LV+S and thinner aortic wall with fewer layers of elastin is likely to render the cardiovascular 

system of adult preterm males vulnerable to secondary insults. As all offspring were exposed 

to antenatal corticosteroids, further studies are required to elucidate whether any of the 

adverse effects are directly attributed to the early life corticosteroid exposure.  

Historically, interpretation of the findings in studies of preterm infants has been difficult due 

to differences in the etiology and degree of severity of preterm birth, as well as differences in 

their postnatal care. Using this animal model, we have eliminated many of these confounding 

factors to specifically examine the effects of moderate preterm birth on the immature 

cardiovascular system; however, there remained the need to use antenatal corticosteroids to 

facilitate survival after birth. Using the sheep model where the development of the 

cardiovascular system is similar to the human, the study design was beneficial in permitting 

the immediate and long-term follow-up of preterm born offspring. This approach enabled the 
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detection of the potential amplification or amelioration of changes in the cardiovascular 

system of preterm offspring over life. Importantly, both sexes were studied to investigate 

potential sexual dimorphism in the response to preterm birth. As is common to most 

experiments, there were limitations in my study design that need to be considered when 

interpreting the findings of this study; in particular, the sensitivity of arterial pressure 

measurements using an inflatable cuff, confounding effects of antenatal betamethasone and 

the inability to extrapolate findings in large elastic arteries to resistance blood vessels. 

Nevertheless, the findings are of utmost clinical importance given the high number of 

individuals that are born moderately preterm; it is expected that with increasing severity of 

prematurity that there would be even greater adverse cardiovascular consequences. Overall, 

my findings highlight the long-term cardiovascular vulnerability in offspring born prematurely, 

even those born moderately preterm, and highlight the importance of long-term 

cardiovascular follow up in individuals born preterm.  
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Appendix 

 

Verhoeff van Gieson’s stain 

Reagents:   

1. 5% alcohol haematoxylin  20 ml 

A freshly prepared solution is desirable. 

Add to this in the order given: 

  10% aqueous ferric chloride  8 ml 

  Lugol’s iodine solution   7 ml 

  Prepare this mixture immediately before use. 

2. 2% aqueous ferric chloride  10 ml 

3. Van Gieson’s stain 

Picric acid saturated aqueous  93 ml 

1% acid fuchsin    7 ml 

Method: 

1. Bring paraffin sections to water. 

2. Stain on slide with reagent 1.  15 mins 

3. Wash in water. 

4. With a cloth wipe surplus water from around section. 

5. Differentiate with reagent 2 (2% aqueous ferric chloride) a few seconds at a time, stop 

the process in tap water and examine microscopically until elastic fibres are defined 

on a slightly overstained background. 

6. Wash in water. 

7. Rinse in 95% ethanol. 

8. Wash in water. 

9. Counterstain in reagent 3 (Van Gieson’s stain) 2 mins 

10. Rinse briefly in water. 

11. Blot section with No.1 Whatman paper 

12. Dehydrate in absolute ethanol 

13. Clear in xylene and mount. 
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